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Abstract

Experiments were conducted to determine the effect o f deposition conditions on 

the performance o f solid oxide fuel cell anodes manufactured by polarized 

electrochemical vapour deposition (PEVD). The effect o f  deposition time, deposition 

temperature and bias voltage were investigated. To determine the effects o f  these 

variable on anode performance polarization measurements were conducted on the cells, 

and the resulting anode structure was examined using scanning electron microscopy, and 

energy dispersive x-ray spectroscopy. It was found that by maintaining a deposition 

temperature o f 900 to 950°C it was possible to avoid electrode densifieation, and get an 

overall increase in anode performance if  the bias voltage was sufficient. At low bias 

voltages the deposition process was too slow to have a significant effect, and at higher 

deposition temperatures densifieation o f the electrode occurred before a deposit could be 

formed.
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Chapter 1 Introduction

A fuel cell is an electrochemical device for the conversion o f chemical energy 

directly to electrical energy. The underlying principle of electrochemically combining 

fuel and oxidant to make electricity was first demonstrated by Sir William Grove in 1839 

[1]. Compared to conventional techniques for the generation o f electricity, fuel cells do 

not require intermediate conversion of chemical to thermal or kinetic energy; therefore, 

the efficiency o f fuel cells is theoretically higher than traditional power plants [2]. To 

achieve this conversion, a species present in both inlet gases must be ionized. For 

electrolytes that transport protons, the hydrogen atom is stripped o f its electron at the 

anode. The proton then passes through the electrolyte to the cathode, where it reacts with 

oxygen. The electron meanwhile passes through an external electrical circuit, creating a 

DC current. Eventually the electron is returned to the cathode, where it participates in the 

reduction of oxygen atoms to oxide ions. These oxide ions are what react with the 

protons, forming water.
1
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In the alternate case where the electrolyte transports oxide ions, the fuel is again 

oxidized at the anode, and the electrons released by this process migrate through the 

external circuit to the cathode. At the cathode they are used to form O2' ions, which are 

then transported back through the electrolyte to the anode. Here they can react with the 

fuel, which need not be hydrogen, releasing more electrons and forming an exhaust gas. 

This process is illustrated in figure 1. In general the processes shown in figure 1 are 

common to all fuel cells; however, the actual mechanisms involved in the various steps of 

the reaction vary among cell types.

There are five main types o f fuel cells that have been developed for various 

energy generation applications. These cells are typically identified by the electrolyte 

material used. There are three types of low temperature fuel cells, which operate below 

200°C [3]. These are the phosphoric acid fuel cell (PAFC), polymer electrolyte fuel cell 

(PEFC), and the alkaline fuel cell (AFC). O f these cells, the PAFC and the PEFC both 

use proton conducting electrolytes, while the AFC electrolyte conducts hydroxide ions. 

All of these cells require hydrogen as the fuel, with the PEFC and, especially the AFC, 

being very sensitive to CO poisoning of the anode catalyst [3].

a) b)

Figure 1: Schematic of a fuel cell (a) proton conducting electrolyte (b) oxide ion 
conducting electrolyte

2
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Because of the low operating temperature, precious metal catalysts must be used to give 

sufficient performance for commercial applications. On the reverse side the low 

operating temperatures allow for rapid startup and simplify design.

The other two types o f fuel cells under investigation are the high temperature 

solid oxide (SOFC) and molten carbonate fuel cells (MCFC). Both types operate at 

temperatures above 500°C and use oxide ion conducting electrolytes, although in the 

MCFC it is actually a carbonate ion that is transported through the electrolyte [3].

Because the high temperatures lead to rapid reaction kinetics, no precious metal catalysts 

are required, and both types of cells are capable of producing electricity from CO-based 

fuels since the electrolytes conduct O2" ions. However the high operating temperature 

creates numerous materials problems when designing commercial cells. The following 

two chapters focus on the materials and manufacturing techniques used to fabricate 

SOFC’s, for operation at 1000°C as well as at reduced temperatures.

1.1 Solid Oxide Fuel Cells
Like all fuel cells the solid oxide fuel cell consists o f three main components. The

electrolyte is a ceramic oxide layer that usually conducts oxygen ions. The primary 

function of the electrolyte is to conduct a single ionic species from one electrode to the 

other, while blocking gas diffusion and electronic current. Most ceramic electrolytes do 

not attain sufficient ionic conductivity for use in a fuel cell at temperatures in the 500- 

1000°C range. For this reason cells were initially designed to operate at 1000°C. The 

anode provides a site for oxidation of the fuel, and, therefore must have good stability in 

the highly reducing anode atmosphere, as well as exhibit good electronic conductivity 

and catalytic activity for fuel oxidation. The cathode, on the other hand, must be stable in 

a highly oxidizing atmosphere, have good electronic conductivity and show good 

catalytic activity for the reduction o f oxygen.

Each cell, consisting of the three layer anode/electrolyte/cathode structure, is 

capable o f producing about 1 volt; thus in order to obtain higher voltages individual cells 

are joined together in series to form what is known as a stack. Electrical connection is

3
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made by a so-called interconnect. The interconnect makes electrical contact between the 

anode o f one cell and the cathode of the next; therefore, it needs to be stable in both the 

anode and cathode environments. Additionally, it must have high electronic 

conductivity, and be folly dense to prevent mixing of foel and oxidant gases.

Apart from these functional requirements, each cell component must be stable 

with respect to the other components it contacts, and not degrade over the lifetime of the 

cell, which is targeted at over 50 000 hours [4]. At 1000°C there are very few materials 

that meet these strict requirements, and those that do tend to be expensive. For these 

reasons there has been a significant amount o f research done over the past decade with 

the goal of lowering the operating temperature to 850°C or less. While this solves a lot 

of materials problems it leads to reduced performance of the cell. In order to counteract 

this loss of performance it is important to optimize the electrode behaviour and minimize 

ohmic losses in the cell. This has led to a vast amount o f literature on novel materials for 

all cell components, as well as numerous techniques to obtain the optimum structure at 

minimal cost.

1.1.1 Traditional Cell Materials
As a starting point to understanding how SOFC’s work, it is good to have an idea

of the materials used in their fabrication. This section gives a brief introduction into the 

materials that make solid oxide foel cells work. More detail on the materials listed here 

will be given in the appropriate section on cell materials later on. The current state-of- 

the-art SOFC uses an electrolyte o f yttrium oxide doped zirconia. This is a highly stable 

material which exhibits primarily ionic conductivity for the oxygen partial pressure range 

of 1 to 10' 18 atm [5], In other words, the material does not develop electronic 

conductivity in either the oxidizing cathode atmosphere or the reducing anode 

atmosphere, which is important for attaining maximum performance. One drawback to 

YSZ as an electrolyte material is its aging behaviour at temperatures around 1000°C. It 

is believed that this is due to ordering of defects, and the possible formation of a 

pyrochlore phase, which cause an increase in the resistivity o f the electrolyte. The other 

drawback of YSZ as an electrolyte material its low ionic conductivity, which requires cell

4
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operation at 1000°C, or the use of thin, dense films of YSZ in order to sufficiently reduce 

ohmic losses in the cell during operation.

Because traditional thick film YSZ electrolytes require such a high operating 

temperature, there are very few options available for the other cell components.

The most common cathode material used is strontium doped lanthanum manganite 

(LSM), a perovskite type oxide (ABO3 ), which exhibits p-type electronic conductivity. 

The charge is carried by a small polaron hopping mechanism among the B site cations 

[6 ]. This material is relatively stable in contact with both the oxidizing atmosphere, as 

well as with the YSZ electrolyte.

The anode is exposed to a highly reducing fuel atmosphere, so nickel, which 

provides high electronic conductivity as well as catalytic activity for fuel oxidation, can 

be used, hi order to prevent sintering of the nickel over the target cell lifetime and to 

improve the thermal expansion match with the electrolyte, YSZ is mixed with the nickel 

forming a cermet structure. The Ni-YSZ anode is quite stable with respect to the 

electrolyte.

The most demanding requirements in the fuel cell stack are placed on the 

interconnect, which contacts both the anode and cathode atmospheres. Since they rapidly 

oxidize in the cathode environment, non-precious metals cannot be used as the 

interconnect at 1000°C, while there are very few ceramic electronic conductors that can 

survive the harsh reducing conditions in the anode chamber. One material that meets 

these requirements is strontium doped lanthanum chromite (LSC), which like LSM is a p- 

type perovskite oxide. This oxide has been extensively used as the interconnect in SOFC 

stacks designed to operate at 1000°C [7],

1.1.2 Operating Temperature
Among the numerous advantages o f lowering the operating temperature o f

SOFC’s are lower thermal stresses in the stack, lower cell material and fabrication costs, 

and less long term degradation [8 , 9,10], On the down side, at lower temperatures the 

conductivity o f the electrolyte is lower, and polarization losses in the electrodes are 

greatly increased [11], Therefore, in order to attain the desired power output at

5
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temperatures at or below 800°C it is necessary to have a high conductivity electrolyte and 

high performance electrodes [11]. Additionally, operation at near 1000°C is 

advantageous for SOFC power plants fed by coal gas [12],

1.1.3 Polarization
When current is drawn from a cell, non-reversible reactions occur which lead to a

deviation from 100% efficiency. These losses are manifested as electrode polarization 

and tend to take on one o f two forms, concentration polarization and activation 

polarization. Activation polarization corresponds to a potential shift in the electrode in 

order to stimulate the electrode reaction, whether it be oxidation or reduction [13]. This 

type o f polarization affects all electrodes, and is strongly influenced by temperature. At 

higher temperatures reaction kinetics tend to be much faster; therefore, as the cell 

operating temperature is reduced activation polarization becomes more severe. This is 

the major cause o f losses in modem reduced temperature cells. In order to lower this 

effect it is important to design electrodes with a high catalytic activity and maximum 

active electrode area. This is best accomplished with a fine, porous electrode structure.

Concentration polarization is a shift in electrode potential caused by mass transfer 

limitations [13], This occurs because reacting species must diffuse through the gas phase 

to the active electrode sites. Although it does not affect all electrodes, in cases where a 

high enough current density can be achieved it becomes a limiting factor [13], 

Concentration polarization is dependent on the diffusion coefficient o f the active species 

but, because the fuel and oxidant are gaseous, temperature has less o f an effect than the 

electrode structure and gas flow rates. By increasing gas flow rates, the thickness o f the 

depleted layer that the active species must diffuse through can be reduced. Large well 

connected pores in the structure allow for easy gas migration to and from the active sites. 

Therefore a compromise must be made between a maximum active area and an electrode 

that allows rapid diffusion of reactant and product gases to and away from those active 

sites.

A third form of polarization is resistance polarization, which in the case of 

SOFC’s is primarily associated with the electrolyte resistance, but also includes contact

6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



resistances. Resistance polarization is caused by the ohmic losses of passing a current 

through the electrolyte or electrodes [13]. Generally, the conductivities o f the electrodes 

are orders o f magnitude larger than that of the electrolyte; however, in cell configurations 

where the current paths through the electrodes are quite long, it can be important to 

maximize electrode conductivity. Because the ionic conductivity o f ceramic electrolytes 

strongly decreases with temperature, it is vital to make a low resistance electrolyte for 

cell operation at reduced temperatures. This can be done by finding an electrolyte 

material with a high conductivity at the desired operating temperature, or by shortening 

the current path through the electrolyte by using a thinner material.

1.1.4 How the SOFC Works
In the simplest sense an SOFC is an oxygen concentration cell, in which a

ceramic electrolyte separates an oxidizing atmosphere at the cathode from a reducing 

atmosphere at the anode. The open circuit potential of this cell is determined by the 

oxygen pressure difference between the electrodes and is given by the Nemst equation 

(equation 1)[14],

d t  p
  r v r  0 2cathode

f t p  P
0 2anode

Equation 1: Nernst equation

Here R is the universal gas constant, T the absolute temperature, F is the Faraday 

constant, and n the number of electronic charges exchanged [13]. In a hydrogen fuel cell 

this voltage is approximately one volt. In this section the individual steps of the reaction 

process of an SOFC will be examined.

For the cathode reaction there are two possible reaction pathways [15], the surface 

reaction pathway and the bulk reaction pathway. These are illustrated in figure 2. The 

reaction steps are as follows [16]: i)diffusion o f gaseous oxygen to the surface of the 

electrode, ii)dissociative adsorption o f oxygen molecules to OadS- After this point the 

next step depends on the electrode properties. If  the electrode material is a pure 

electronic conductor (does not conduct ions), the oxygen atom is transferred via surface

7
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diffusion to the three phase boundary (3PB); that is, the point where the electronic 

conductor, ionic conductor and the gas phase are in contact. At the 3PB all of the 

products and reactants can co-exist, allowing the oxygen atoms to be reduced to O2' and 

transported through the electrolyte to the anode. If the electrode conducts both ions and 

electrons to an appreciable extent (i.e., a mixed ionic-electronic conductor - MIEC), the 

oxygen can be ionized and incorporated into the bulk of the electrode. From here the O ‘ 

ion migrates to the electrode/electrolyte interface, and is transferred to the electrolyte.

The 3PB, which is the active area o f the electronic conducting electrode [17], 

exists directly on the electrolyte, at the pore surfaces. Therefore by having a finer pore 

structure it is possible to increase the active area, and improve the electrode performance. 

Taking this concept a step further by adding an ionic conducting phase to the cathode 

itself, the 3PB can be extended from the two dimensional electrode-electrolyte interface 

to the three dimensional cathode volume [17], This is the same effect as seen in the bulk 

reaction pathway for mixed conducting electrodes.

Electrodi

Electrolyte Electrolyte

a) b)
Figure 2: (a) Bulk Cathode reaction pathway (b) surface cathode reaction pathway

By doing this it is possible to greatly increase the number o f active sites in the 

electrode, which serves to reduce the activation polarization [15], Further reductions in 

activation polarization can be obtained by using a cathode material that has good catalytic 

activity for reduction o f the oxygen [15]. Additionally, the cathode must be chemically 

stable with respect to the atmosphere, the electrolyte and the interconnect, with which it 

is in intimate contact.

8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The primary function of the electrolyte is to separate the anode and cathode gases, 

and to pass current via a single ionic species. Most ceramic electrolytes that have been 

investigated for fuel cell use are oxygen ion conductors, which allows for the 

consumption of fuels other than hydrogen [18]. Fluorite-type electrolytes conduct 

oxygen ions by a vacancy diffusion mechanism. An excess of oxygen vacancies is 

created by aliovalent doping. To reduce the resistance of the electrolyte even further, it 

should be made as thin as possible while maintaining near theoretical density. This 

prevents direct mixing o f the anode and cathode gases and improves the open circuit 

voltage (OCV). Additionally, the electrolyte should be an electronic insulator in both 

reducing and oxidizing atmospheres. This prevents short circuiting of the cell through 

the electrolyte, which lowers OCV and decreases efficiency [19]. Because o f its 

requirement to be crack free, it is very important to match the coefficient o f thermal 

expansion (CTE) of other cell components to that of the electrolyte. This allows the cell 

to go through multiple thermal cycles, such as startup and shutdown, without damage.

The functional requirements of the anode are very similar to those of the cathode. 

Its primary job is to provide reaction sites for the oxidation o f fuel, and like the reduction 

o f oxygen, this takes place at the 3PB between the electrolyte, electrode and gas phase. 

Because the anode atmosphere is a reducing one, it is possible to use metals to provide 

electronic conduction as well as catalytic activity for fuel oxidation. However, at fuel 

cell operating temperatures, most metals tend to sinter quite rapidly which destroys the 

fine structure required to maximize active area [20,21]. Metals also tend to have higher 

CTE’s than the electrolyte material; therefore, during thermal cycles cracking of cell 

components or delamination o f the layers can occur. The most common solution to these 

problems is to use a ceramic-metal composite, or cermet, electrode. In these types of 

anode a ceramic material, usually the same material as the electrolyte, is added to the 

electrode, which gives several advantages. As well as improving the CTE match between 

the electrode and electrolyte, the ceramic phase supports the metal, preventing it from 

sintering and closing off pores. And because the ceramic phase is usually the same 

material as the electrolyte, it allows for extension of the 3PB into the electrode. In order 

for a 3PB site to be active, it must be on a percolation path for ions, electrons and the gas 

phase.

9
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The interconnect is used to pass electrons from the anode of one cell to the 

cathode o f the next, which means it must have good electronic conductivity in both anode 

and cathode environments, and must prevent gas leakage. At 1000°C only a few ceramic 

materials are suited to this task; however, at lower temperatures some heat resistant metal 

alloys can be used [22]. The savings in cost by using metallic interconnects is one of the 

major reasons for the drive to lower the SOFC operating temperature.

1.1.5 Cell Designs
Apart from various cell materials, there are also different cell designs with their

own advantages and limitations [23]. There are two basic types o f cell design being 

considered, the tubular design and the planar configuration [2]. The difference is that, in 

tubular designs the cells are in the form of tubes, with one gas flowing inside the tube and 

the other on the outside while, in planar designs, the fuel and oxidant gases are separated 

by cell components that are arranged as a series of plates. Each o f these types of cells has 

two main variants. The tubular cells are divided into the sealless tubular design, and the 

segmented cell in series design. The most common types o f planar cells are the flat plate 

cells and monolithic cells [2]. Cell designs can be further broken down in terms of the 

major structural component, i.e., anode supported, cathode supported or electrolyte 

supported designs [24],

In 1962 Westinghouse began developing solid oxide fuel cell technology with the 

ultimate objective o f creating a fuel cell power plant capable o f running on coal derived 

fuel [14], Their original design was a tubular stack of cells that came to be known as the 

segmented cell in series design. Individual cells are deposited in bands around a porous 

ceramic support tube. Adjacent to the calcia stabilized zirconia support tube is the anode, 

which is then covered with the interconnect material and the electrolyte. Finally the 

cathode is deposited on the surface. This arrangement is shown in figure 3. An 

alternative arrangement for the segmented cell in series design is known as the bell and 

spigot arrangement [23]. In this design a self-supporting electrolyte is used, which 

reduces gas transfer losses due to the support tube; however, the increased thickness of 

the electrolyte increases resistive losses. Individual cells must be tapered to allow them

10
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to be fitted together to make a stack in the bell and spigot arrangement. The main 

advantage o f  the segmented cell in series design is improved efficiency compared to the 

sealless tubular design due to the series gas flow. Because the first cell in this 

arrangement will have higher output voltage, the resistive losses o f the cell will be lower. 

However, this advantage is lost if  the stacks contain more than about five or six cells 

[23].

In 1980 Westinghouse developed the sealless tubular cell design in order to 

address some practical problems with the segmented cell in series design and to take full 

advantage o f  a new manufacturing process [14], In this design each cell consists of a 

single tube with one closed end [23], The heart of this is a support tube made of the 

cathode material. The porous cathode tube has an inner diameter o f about 12 mm, over 

which is deposited a thin, dense layer o f YSZ, save for a strip about 9 mm wide, running 

the entire active cell length, which can be up to 150 cm [25], The exposed strip of 

cathode is then coated with the interconnect material, LSM. Finally the anode is 

deposited on the outer surface of the electrolyte, leaving the interconnect exposed. This 

design requires that the fuel be passed over the outside of the tube, rather than through 

the tube. Because o f this it is possible to use inexpensive metallic electrical contacts, 

rather than thick ceramic conductors or precious metals as required for the segmented cell 

in series design [14]. When the cells are bundled to make stacks, they are connected in 

parallel as well as series to allow the stack to continue working should any individual 

cells fail [23]. One drawback to this design, shown in figure 4, is the long path the 

current must travel through the electrodes, allowing electrode resistance to make an 

appreciable contribution to power losses. For this reason it is important that the 

electrodes, especially the thinner anode, have a very high electronic conductivity.

11
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Figure 4: Schematic of sealless tubular design

The alternative to the tubular type of fuel cell is the planar design, where the

anode, electrolyte and cathode are a series o f plates. This arrangement allows for higher

power densities than can be achieved with the tubular designs, but also requires high

temperature sealing to prevent mixing of the fuel and oxidant gases [23]. Like the tubular
12
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cell designs, planar cells are divided into two categories, the monolithic type and the flat 

plate type.

The monolithic design calls for two sets o f multilayered ceramics, which 

incorporate corrugations to allow gas flow over the electrodes. The corrugations can be 

configured to allow for co-flow or cross-flow of the fuel and oxidant gasses, the co-flow 

arrangement giving higher power densities and the cross-flow making for simplified gas 

manifolding. This arrangement allows for small cell size and large active area which 

both contribute to the high power densities that can be achieved. Additionally, current 

paths are much shorter than in the tubular design, so resistive losses are reduced. The co

flow arrangement o f a monolithic cell is shown in figure 5. As can be seen, this type of 

cell requires the fabrication of some fairly complex ceramic parts, which can be difficult 

and expensive.

Electrolyte Anode

Interconnect Cathode

Figure 5: Co-flow monolithic design

The flat plate design reduces the complexity of the anode and cathode required for 

the cell. In this design the anode, electrolyte and cathode are a series o f flat layers, 

sandwiched together. Traditionally, the electrolyte has been the structural component 

and, therefore, a thickness o f greater than 200 pm was required. In recent years this has 

changed in order to lower resistive losses in the cell, so that state-of-the-art flat plate cells 

are electrode supported. The gas distribution in the cell is attained by using a ribbed 

interconnect as shown in figure 6 . Because of the need for gas flow channels, it can be 

difficult to fabricate the interconnect from ceramic materials, but this is partially offset by
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the fact that the electrode/electrolyte structure and the interconnect do not need to be co- 

fired [23]. As cell operating temperatures are lowered, it becomes possible to use 

metallic materials, which are much easier to form, as interconnects. The primary 

advantages o f  this arrangement are ease of fabrication and increased power density when 

compared to tubular cell designs. The major drawback is the requirement for high 

temperature sealing o f the plate edges. To date no entirely satisfactory sealing 

mechanism has been reported.

Gas flow 
channel Electrolyte

Anod<
Cathode

Interconnect
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Chapter 2 Cell Components

2.1 Electrolyte Materials

There have been a large number o f electrolyte materials proposed for use in 

SOFC’s in the past several years [26, 27, 28, 29]. O f these the fluorite-type materials, 

YSZ and doped ceria, and the perovskite, doped lanthanum gallate show the most 

promise for commercial applications. In order for a material to be useful as an 

electrolyte, it should have an ionic transference number (tion) o f at least 0.99 over the 

entire range o f operating conditions [30], That is 99% of the charge passed through the 

electrolyte should be carried by ions, with only 1 % carried by electronic charge carriers 

(i.e., electrons or holes). Additionally, the electrolyte should not react with the oxidizing 

and reducing atmospheres present in the cathode and anode, respectively, nor with the 

anode and cathode materials themselves. It should also have good thermo-mechanical
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stability to avoid damage to the cell during thermal cycling, and ideally will be easy and 

inexpensive to manufacture into thin, dense layers. Any gas leakage across the 

electrolyte will lead to a lowering of the open circuit voltage, as will any electronic 

leakage. In this section some of the aspects o f three different types of electrolytes will be 

discussed; these are zirconia-based electrolytes, ceria-based electrolytes and perovskite 

electrolytes. There are several other electrolyte materials; however, most development 

has focused on these three materials.

2.1.1 Zirconia Electrolytes
The structure o f zirconia is monoclinic at room temperature, transforming to

tetragonal above 12Q0°C, and finally to a cubic fluorite structure from 2300°C to its 

melting temperature [31], Addition o f certain aliovalent oxides, such as yttria, stabilizes 

the high temperature fluorite structure, in which the cations occupy face centered cubic 

sites, and the oxygen ions fill in the tetrahedral sites (figure 7). At yttria levels of about 7 

mol%, the cubic structure becomes fully stabilized [31] which allows for thermal cycling 

of the cell without inducing phase transformations, which usually have a volume change 

associated with them.

formation of oxygen ion vacancies in order to compensate for the charge differences on 

the cation sublattice. The incorporation reaction for yttria into zirconia is shown in 

equation 2 [2], and for calcia into zirconia in equation 3 [32]. The fluorite structure has 

relatively low activation energies for anionic migration, and the ability to dope them so as

0  Cations 

O Anions

Figure 7: Fluorite crystal structure

In addition to stabilizing the fluorite structure, aliovalent dopants, such as Y3+, cause

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



to form large concentrations o f anion vacancies makes them highly useful as electrolytes 

[32].

Y20 3 > 2YI + V~ + 30g

Equation 2: Incorporation reaction for yttria into zirconia

CaO Zr0' > Ca"Zr + V" + Ox0

Equation 3: Incorporation reaction for calcia into zirconia

As would be predicted from equations 2 and 3, the conductivity o f doped zirconia 

increases with an increase in the dopant concentration; however, when conductivity is 

plotted as a function o f dopant concentration a maximum is exhibited. This maximum 

has been attributed to interactions between the large number o f defects in highly doped 

zirconia. It is found that for any o f the common aliovalent dopants these maxima fall 

near the minimum dopant concentration required to fully stabilize the fluorite structure 

[32]. Above this dopant level it is believed that coulombic attraction between the dopant 

cations and oxygen ion vacancies leads to short range ordering of the vacancies, reducing 

conductivity [33], The size ratio of the dopant cations to the host cation also plays a role 

in determining ionic conductivity. Sc3+, which is 1.03 times larger than Zr4+, gives a 

conductivity two and a half times that o f YSZ, which has a cation size ratio of 1.18 [34, 

35]. Unfortunately, scandia stabilized zirconia (SSZ) undergoes chemical aging at high 

temperatures and is much more expensive than YSZ [2]. Currently, YSZ is the most 

commonly used zirconia-based electrolyte due to its combination of excellent electrical 

and mechanical properties, having higher conductivity than calcia stabilized zirconia due 

to weaker defect interactions [31, 35]

In ceramic fuel cells the typical composition of a YSZ electrolyte is 8-10 mol% 

yttria. This is denoted, in the case of 8  mol% yttria stabilized zirconia, as 8 YSZ. This 

composition is at the low yttria end of the fully stabilized cubic structure domain, and is 

very close to the maximum conductivity attainable in YSZ. At this composition a
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conductivity o f 10'1 S/cm is attained at about 1000°C [36], which allows for use of 

electrolytes up to about 200 pm thick. This is important for the planar cell designs 

because at this thickness the electrolyte can be the supporting member o f the cell 

structure. In other words the cells can be electrolyte supported. When the temperature is 

reduced to 800°C the conductivity in turn drops to about 10' 2 S/cm. Thus, if  YSZ is to be 

used as an effective electrolyte at temperatures o f 800°C or less, its thickness must be 

reduced to the order o f 50 pm [2], In order to achieve this some other component must 

be made the supporting element. For the planar design, anode supported cells are most 

commonly used, so the thin, dense electrolyte must be deposited onto a porous anode 

substrate.

The chief drawbacks of YSZ as an electrolyte are its low conductivity at 

temperatures below 1000°C and its aging behavior. According to one investigation the 

resistivity o f 8 YSZ increased from 18 to 32 Qcm after annealing in hydrogen for three 

days at 1000°C [31]. Studies of the effect of aging various compositions of YSZ at 

various temperatures show that, as the aging temperature decreases, the effect of aging 

increases [33], and above a certain temperature no aging is observed. The value of this 

critical temperature decreases as the yttria content o f the ceramic rises; however, at a 

composition o f 8  mol% Y 2 O3 the critical temperature is on the order o f 1200°C, much 

higher than the SOFC operating temperature. Explanations put forth for the aging 

behaviour o f stabilized zirconia include phase transformation, precipitation o f second 

phases, segregation o f a glassy phase to the grain boundaries, and short range ordering of 

oxygen ion vacancies [37].

YSZ with less than 8  mol% yttria exists in a two-phase field and is, therefore, 

expected to decompose, from fully cubic after sintering, to a mixture o f cubic and 

tetragonal zirconia. The tetragonal phase has much lower conductivity than the cubic, 

and this definitely contributes to loss o f conductivity in partially stabilized zirconia. 

Tetragonal zirconia has also been detected in small amounts in 8 YSZ [37]; however, it 

does not seem to be the cause o f the loss o f conductivity here. A detailed study of 

various aspects o f aging o f YSZ [33, 37, 38] showed that aging was also not likely due to

formation of long range ordered second phases such as Y jL iiO i, as cation migration at
18
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lower temperatures, where aging is most severe, is too slow. Nor was it found that a 

glassy phase at the grain boundaries was contributing significantly to aging. Therefore, 

the prime suspect is short range ordering of oxygen ion vacancies. This can occur for one 

o f two reasons. Firstly, the coulombic attraction between dopant cations with a net 

negative charge, and O2' vacancies, with a net positive charge, can lead to trapping of the 

vacancies. Secondly, it is possible that the vacancies are trapped by zirconium cations, in 

order to reduce the anisotropy o f the lattice distortion in YSZ. Extended x-ray absorption 

fine structure (EXAFS) analysis showed that indeed, with aging time, there was a 

decrease in the coordination number of Zr ions. This suggests that trapping of oxygen 

ion vacancies is the most likely cause of the loss o f conductivity o f YSZ over time at 

intermediate temperatures (800-1000°C).

Currently YSZ is the best choice for use as the electrolyte in the SOFC, in part 

due to the large amount of research that has gone into optimizing the performance of 

electrodes that are compatible with YSZ. The search for alternative electrolyte materials 

has focused primarily on finding electrolytes that have a higher conductivity than YSZ, 

allowing them to be used at lower operating temperatures without sacrificing 

performance.

2.1.2 Ceria Based Electrolytes

Ceria (CeC^) is a fluorite-type oxide that, like zirconia, can be doped to give high 

ionic conductivity. Common dopants include samaria (Sm^Os), gadolinia (Gd2 C>3 ), 

calcia (CaO), and yttria (Y2 O3) [39, 40, 41]. All of these aliovalent dopants create 

oxygen ion vacancies in order to maintain charge neutrality according to one o f the 

following incorporation reactions, depending on the valency o f the cation dopant.

M2Ol — + V" + 30g

Equation 4: Incorporation reaction for M20 3 into ceria
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MO CM> >M"Ce+Vg +Og

Equation 5: Incorporation reaction for MO into ceria

The conductivity o f these doped ceria electrolytes is significantly higher than the 

conductivity of YSZ, particularly at reduced temperatures [39], and as is the case for 

zirconia electrolytes the maximum attainable conductivity is dependent on the nature of 

the dopant. It has been shown [42] that the conductivity increases with the radius of the 

dopant cation up to a point, then falls off again. The best dopant in terms of attaining 

maximum ionic conductivity is samaria, 1 0  mol% gives a peak oxide ion conductivity at 

800°C comparable to that ofY SZ at 1000°C [39]. This should allow for operation of 

SOFC’s at temperatures down to around 700°C. This combined with the CTE of ceria, 

which is comparable to that of ferritic stainless steels at high temperature, would allow 

the use these relatively low cost alloys as the cell interconnect, greatly reducing costs [43, 

44],

The primary weakness o f doped ceria as an electrolyte for SOFC’s is its narrow 

electrolytic range. Under reducing conditions ceria becomes nonstoichiometric(i.e. Ce0 2 - 

x) according to:

Ox0-+y202(g) + V?+ 2e’

Equation 6: Oxygen vacancy equilibrium

The electronic defects created by this reaction, although less plentiful than the total 

number of ionic defects (oxygen vacancies), have a much higher mobility and, therefore, 

make a significant contribution to the total conductivity of the material [40]. Under 

conditions where this happens, ceria becomes a mixed ionic-electronic conductor 

(MIEC). It has been estimated [40] that, at a temperature o f 800°C, the ionic domain of 

ceria (i.e., tlon=0.99) does not extend below a P0 2  of about 10' 5 atm; however as the 

temperature is lowered the electrolytic domain extends to much lower oxygen activities.

Doping ceria with aliovalent oxides is known to reduce the effects o f n-type

conductivity in reducing atmospheres, partly because of its effect o f increasing the

material’s ionic conductivity. The dopant used also has an effect on the reducibility of
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ceria electrolytes, as has been shown by thermogravimetric analysis [39, 42], Samarium 

oxide dopants give the lowest weight loss as a function o f oxygen partial pressure, 

particularly in the range of 1 0 ' 9 to 1 0 ' 12 atm; however, at lower oxygen pressures, as 

experienced in the anode o f the fuel cell, this advantage appears to vanish [42].

Because o f the mixed conducting nature of ceria electrolytes there are some 

additional design considerations for its successful use as the electrolyte o f an SOFC. The 

cell voltage becomes dependent on the properties o f the electrolyte at the given operating 

conditions, and can no longer be predicted by the Nemst equation (equation 1). The 

equation must be modified to account for the leakage current according to:

MIEC is 0.5 [41], The leakage current tends to increase as the electrolyte thickness is 

lowered since the electronic conductivity increases, as does the relative thickness o f the 

reduced portion of the electrolyte. This is in stark contrast to purely ionic conducting 

electrolytes where the performance is optimized by minimizing electrolyte thickness. In 

order to attain the optimum combination of efficiency and power density, a procedure has 

been suggested by Godickemeier and Gauckler [19]. The procedure takes into account 

various aspects o f cell operation, including the electrochemical properties o f the 

electrodes.

One approach used to overcome the limitations incurred when using a MIEC as 

the electrolyte for SOFC’s has been to employ a two-layer electrolyte. Tsai and Barnett 

[45] deposited a very thin layer o f YSZ onto the anode side o f  a ceria electrolyte and 

were able to attain near theoretical OCV, and high power densities at temperatures as low 

as 550°C. This may lead to a problem for long term operation, since it provides one more 

interface to degrade over long times at the operating temperature. Because o f the

Equation 7: Nernst equation modified for electronic leakage current

*

where Pox is the oxygen partial pressure where the ionic transference number of the
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drawbacks o f zirconia and ceria electrolytes new electrolyte materials have been sought. 

One class o f materials that shows promise is the perovskite type electrolyte.

2.1.3 Doped Lanthanum Gallate

A large number o f oxides crystallize in the perovskite structure, which takes on 

the general formula ABO3 . In this structure (figure 8 ) the oxide ions and the A cations 

take on a cubic close packed arrangement [34], Lanthanum gallate (LaGaOs) has a 

distorted perovskite structure, and like the fluorite structure electrolytes, high oxide ion 

vacancy concentrations can be introduced by doping with lower valence cations. Ishihara 

et al. [46] showed that the maximum ionic conductivity for the lanthanum gallate system 

was obtained by substituting strontium for lanthanum on the A site, and magnesium for 

gallium on the B site. The substitution reaction for these dopants is shown in reactions 8  

and 9.

2SrO  - c ,~ - >  2Sr'La + 2 0 *  +  V ”

Equation 8: Incorporation of SrO into lanthanum gallate

2MgO LaGu0' > 2Mg'aa + 2 0 x0 + V"

Equation 9: Incorporation of MgO into lanthanum gallate

From these equations it is apparent that the conductivity should increase with the dopant 

concentration. When SrO is added to LaGa0 3  to form the compound Lai.xSrxGa0 3 -x/2 , it 

was found that secondary phases began to appear above x values o f 0.1 [46], which have 

low conductivity, and, therefore limit the extent to which doping can be used to increase 

conductivity. In order to further improve conductivity it is possible to dope the B site as 

well. Mg2+ is soluble on the B site of La0 .9 Sro.iGai.xMgx0 2 .9 5 -x/2 up to an x value of about 

0.2, at which point the conductivity o f the material becomes a maximum. Thus the 

composition that gives the optimum performance as an electrolyte is 

Lao.9 Sro.1Gao.8Mgo.2 O2 .8 5  (LSGM9182). The electrolytic domain o f this material at 

1000°C extends from a P0j of 1 atm down to 10' 2 0  atm, more than sufficient for use as an

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



electrolyte in SOFC’s [46]. In addition to a wide electrolytic range, the conductivity of 

LSGM at 80Q°C (-0.1 S/cm)is comparable to that of 8 YSZ at 1000°C [28],

Q  A cations

%  O anions

#  B cations

Figure 8: Perovskite structure centered on the B cation

The reason for the exceptionally high ionic conductivity is not immediately 

apparent, since the activation energy for ionic conduction (-1.07 eV) is slightly higher 

than it is for YSZ(~0.98 eV), and much higher compared to Ceria electrolytes (-0.76 eV) 

[28, 39, 40]. It has been seen that the pre-exponential factor o f the Arrhenius equation 

for conductivity is about 20 times greater for LSGM than it is for YSZ. It is thought that 

the large pre-exponential factor is due to a temperature dependent component of the 

activation energy related to an order-disorder transition which leads to short range 

ordering of oxygen vacancies below 600°C [28]. The properties o f LSGM discussed so 

far make it an almost ideal candidate for SOFC’s operating at or below 800°C; however, 

there are some questions as to its stability in the fuel cell operating environment and with 

respect to other cell components.

Feng and Goodenough showed that no loss o f conductivity was found over a

period o f 140 h at 650°C [28], but other studies have raised concerns about the stability

of LSGM in an operational foel cell [47, 48], Yamaji et al reported roughening of the

electrolyte surface in both the anode and cathode environment, and found second phases

on the anode side that contained silicon, likely from the Pyrex seal used [48], Depletion

of gallium and magnesium from the anode side was also observed. The loss o f gallium

has been attributed to the high vapour pressures o f Ga and Ga2 0  in the anode atmosphere,
23
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as well as reaction with other cell components. Other tests have shown a significant 

reduction in cell performance after only 2 0  hours; however, some o f this loss may be due 

to electrode degradation [47].

An examination o f the stability of LSGM in reducing atmospheres [49] found that 

evaporation o f Ga was a concern at elevated temperatures. Strontium additions increased 

the rate of Ga loss, while Mg additions reduced the effect o f Sr. Tests on an electrolyte 

material without Sr doping on the A site showed that Ga loss could be significantly 

reduced at elevated temperatures, with only a slight decrease in conductivity. This could 

be useful for an electrolyte used in the 800°C range. At temperatures below 750°C no 

gallium loss was found after a 10 h test for LSGM9182, so cells designed to operate at 

such low temperatures may be able to employ this material without incurring critical 

shortfalls in cell lifetime.

LSGM as an electrolyte for reduced temperature solid oxide fuel cells shows 

significant promise; however, there are some problems that must be worked out. 

Development o f suitable electrode materials for use with LSGM electrolytes, and ceria 

electrolytes for that matter, is well behind that for zirconia electrolytes. In order to 

develop a commercial fuel cell that uses an alternative electrolyte material, it is important 

to develop electrodes, interconnects and sealant materials that are compatible with the 

electrolyte and have good performance. The next two chapters focus on the electrodes 

that have been tried in conjunction with these three electrolyte materials and optimization 

o f their structures.

2.2 Cathodes

As we have already seen, the active cathode area is the three phase boundary 

(3PB) where the electronically conducting electrode, ionically conducting electrolyte and 

the gas phase are all in contact. In order to maximize the 3PB area, the cathode should 

have high electronic as well as high ionic conductivity. Additionally, it needs to have 

high catalytic activity for oxygen reduction, good chemical and thermal stability with the 

atmosphere and other cell components, and ideally should be easy to manufacture
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inexpensively, with a processing temperature as near as possible to other cell components 

[15]. Because of these requirements, suitable cathode materials depend on the properties 

of the electrolyte, and to a large extent the performance o f any cathode is determined by 

its structure, which is dependent on the manufacturing route used. In the next section we 

will discuss the idealized structure for a cathode. The manufacturing techniques used to 

attempt to achieve this structure will be discussed later.

2.2.1 Cathode Structure

The purpose o f the cathode is to provide a reaction site for reduction of oxygen.

In order to design a cathode that does this efficiently, it is important to understand the 

steps involved in this reaction. However these reaction steps depend on the electrical 

nature o f the cathode. That is, whether it is an electronic conductor, a MIEC, or a 

composite electronic/ionic conducting electrode. In this section the reaction paths and 

the resulting ideal structure for each o f these types of cathode will be discussed.

The following processes have been identified as possible rate determining steps in 

the reduction o f oxygen at the cathode o f an SOFC [50]:

1) Migration o f oxygen ion vacancies in the electrolyte

2) Oxygen diffusion in the gas phase or the pores of the electrode

3) Oxygen chemisorption and dissociation at the electrode surface

4) Oxygen diffusion at the electrode surface, the electrode grain boundaries or along 

the electrolyte surface

5) Dissolution and diffusion of oxygen into the electrode phase

6 ) Oxygen chemisorption and dissociation at the electrolyte surface followed by 

diffusion

7) Dissolution and diffusion of oxygen in the electrolyte

8 ) Migration o f electrons in the electrolyte
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9) Electrochemical reaction, consisting o f the transfer of electrons across the 

electrode/electrolyte phase boundary

These steps are shown in figure 9 [50], which illustrates the possible reaction pathways at 

the cathode.

Pore

'ads

Electrolyte

Figure 9: Cathode reaction processes

These reaction pathways are broken down into the bulk reaction path, which is active 

when there is appreciable oxygen mobility in the electrode, the surface path, and the 

direct reaction path. In the direct reaction path, oxygen reacts directly on the surface of 

the electrolyte, and is reduced to form oxygen ions. Because all o f  the electrolytes that 

are commonly used for SOFC’s have negligible electronic conductivities in the cathode 

environment this, reaction path will not make a significant contribution to the overall 

cathode activity.
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The surface reaction path can occur on any electrode; however, in electrodes with limited 

ionic mobility, it will be the dominant reaction path. First the oxygen molecules are 

dissociatively adsorbed onto the electrode surface forming adsorbed oxygen atoms. Then 

these atoms diffuse along the surface to the 3PB. Here they are ionized and incorporated 

into the electrolyte according to the following reaction:

O't+u+v;-*o*0
Equation 10: Incorporation of adsorbed oxygen into the electrolyte

Therefore, in the case o f purely electronic conducting electrodes, the possible rate 

limiting steps are diffusion in the gas phase(2), dissociative adsorption(3), surface or 

grain boundary diffusion(4), and vacancy migration through the electrolyte(l). Vacancy 

migration in the electrolyte will not be considered here, since it should be unaffected by 

the materials used for the cathode, while diffusion in the gas phase and through the pores 

is determined by the electrode structure rather than the material. Thus the primary 

functional concerns o f an electronically conducting cathode are that its catalytic activity 

for the dissociative adsorption o f oxygen and its oxygen surface diffusion coefficient be 

as high as possible. This will allow for rapid supply of oxygen to the 3PB.

From the above it is clear that the optimum structure for an electronic conducting 

SOFC cathode has a maximum number o f 3PB sites, as well as easy gas diffusion paths. 

Unfortunately, 3PB sites are maximized by having a very fine porous microstructure, 

while gas diffusion is facilitated by large open pores. The stability o f the electrode 

material must also be taken into account. In finer microstructures the diffusion distances 

are shorter so, if  the material is not stable, densification o f the electrode and severe 

degradation o f performance can occur.

For typical porous fuel cell electrodes, which operate at around 1 atm pressure 

and have pore sizes greater than 1 micron, continuum diffusion is the main contributor to 

gas flux. Thus concentration polarization effects in the cathode tend to be controlled by 

the binary diffusion coefficient for a mixture o f oxygen and nitrogen [36, 51]. It should 

be noted that, at the anode side, the diffusion coefficient o f interest is that of an H2 /H 2 O
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mixture, which is higher than for O2 /N2 mixtures; therefore, concentration polarization is 

generally less important at the anode. If  pore sizes become smaller than a micron, 

Rnudsen diffusion, which is slower, begins to play a role and concentration polarization 

worsens. For this reason the cathode microstructure should incorporate a large amount of 

open porosity, with an average pore size greater than 1 pm. Having a pore size as close 

to this value as possible will result in a maximum number o f 3PB sites.

Another consideration in cathode design is thickness. Up to a point increasing the 

thickness increases the activity of the electrode and decreases ohmic losses in the 

electrode [52] Above this optimum thickness, losses again tend to increase and 

concentration overpotential becomes important in electrodes over 100 pm thick [53, 54]. 

However, in cathode supported cell designs, it is necessary to have a thicker electrode. 

When this is the case, it is sometimes useful to have a graded porous structure, with 

coarse porosity in the support layer, then next to the electrolyte a finer active layer. This 

allows for rapid gas transport through the supporting layer, while having a maximum 

number o f active sites near the electrolyte. Thickness also plays a role in determining the 

ohmic losses in the cell. A thick electrode will have little effect on the resistance of a 

planar cell, since the electrode conductivity is generally much higher than that of the 

electrolyte; however, in tubular designs where the current path through the electrode is 

much longer, it is important to have a certain minimum thickness. This is done in order 

to give sufficiently low in plane resistance.

It has also been shown that in order to maximize the performance of the cathode

the final structure should be as homogenous as possible [52, 55]. A starting powder with

a narrow particle size distribution will lead to a more homogeneous distribution of

current through the electrode and a larger number o f 3PB contacts. This increases the

active area o f the cathode, reducing polarization losses and reducing current constriction

in the cathode which has the effect o f lowering ohmic losses. A uniform microstructure

does not mesh well with the concept o f a graded electrode structure discussed above;

however, the coarse outer layer o f the cathode acts as a current collecting layer rather

than an active cathode layer and, therefore, needs only good conductivity and large, open

porosity. It has been shown that a shorter contact spacing in the current collecting layer
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also helps to reduce cathodic losses; thus, providing the active layer is uniform and of the 

optimum thickness, a graded cathode can function effectively.

If  the material used for the cathode exhibits both ionic and electronic conductivity 

then the structural requirements of the electrode may be altered. Instead of ionization 

occurring at the 3PB, it can occur over the entire free surface depending on the rate 

determining step (rds), and ions can be transferred to the electrolyte at the two phase 

boundary (2PB) between the electrode and electrolyte, rather than the 3PB [56]

Referring back to figure 9, it is possible for both the surface and bulk reaction paths to be 

active. This means, in addition to the steps seen above, that ionization o f oxygen and 

incorporation into the electrode, as well as ionic transport through the electrode, can 

become rate limiting. The factors affecting the surface reaction mechanism remain 

unchanged from the case o f the electronically conducting cathode material, and will not 

be discussed further here. The bulk path will be affected by the catalytic activity o f the 

electrode material for the adsorption, dissociation and reduction of oxygen from the gas, 

as well as the ionic conductivity o f the electrode. Models of MIEC cathodes [56] have 

shown that, in the case where the transport of oxygen ions through the cathode is rate 

limiting, the reaction area is still confined to a very narrow region around the 3PB. 

Therefore, the same structural guidelines that apply to electronic conducting cathodes 

should be applied to an MIEC cathode o f this type. However, if  transport o f oxygen ions 

through the cathode material becomes faster than surface oxygen diffusion, then the 

entire 2PB becomes active and structural requirements change.

When the 2PB is more active than the 3PB, it is desirable to increase its area as 

far as possible [57]. This is done by applying a dense layer o f the MIEC cathode over the 

electrolyte. A porous outer layer can be applied over this to act as a current collector.

The current collector should have relatively large pores (>10 pm) to avoid gas diffusion 

limitations, maintain high electronic conductivity and leave as much o f the dense MIEC 

surface exposed as possible In order for this to be effective, it is important that the ionic 

and electronic conductivity o f the cathode are quite high; however, it is often the case 

with MDEC’s that when one type o f conductivity is high the other is low. Also, since a
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dense electrode layer has a much lower surface area, surface reactions (3 and 5 in figure

9 ) may become rate limiting, in which case a porous electrode again becomes beneficial.

In order to solve this problem, composite electrodes have been proposed [50, 58, 

59] in which an electronically conducting phase and an ionically conducting phase are 

applied as interpenetrating networks. Such an arrangement is shown schematically in 

figure 10. This arrangement allows for the creation of 3PB sites throughout the electrode. 

As expected it has been found that the activity o f such electrodes increases with the 

content of ionic conductor up to a point [58], This gives the maximum number of 

contacts between ionic conductor, electronic conductor and gas phase. However, these 

contacts can only be active reaction sites if  they lie on percolation paths for electrons, 

oxygen ions and the gas phase. This means that the ionic conductor must connect to the 

electrolyte, the electronic conductor to the current collector (or interconnect) and the 

pores must be open. Additionally, it has been shown that the performance o f such an 

electrode is dependent on the ionic conductivity o f the electrolytic phase, with minimum 

losses corresponding to maximizing the conductivity o f the ionic conductor [58]. As the 

amount of electrolytic phase is increased the electronic conductivity o f the electrode will 

also decrease, leading to power losses.

O Ionic Conductor 

•  Electronic Conductor
Electrolyte

Figure 10: Composite electrode

Mixing particles o f  ionic conductor with electronic conductor gives a large area 

for interdiffusion and reactions to occur between the two phases. Therefore, it is 

important that the two phases be stable with respect to each other at the operating 

temperature if  optimum performance is to be obtained [58]. Proper design o f composite 

electrodes can give significant improvements in cell performance, which has led to their 

use in several high performance cells [51].
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2.2.2 Cathode Materials
2.2.2.1 Platinum

Platinum is one o f the few metals that is stable in the harsh cathode environment. 

As a metal it has very high electronic conductivity and good catalytic activity for the 

oxygen reduction reaction [2]. Because of this, it is frequently used as a counter 

electrode or reference electrode in developmental work [61] Platinum is not very useful 

in commercial high temperature cells due to its high cost, its non-zero evaporation rate 

and because the high cell operating temperature means platinum is not required as a 

catalyst.

2.2.2.2 Doped Lanthanum Manganite

As mentioned before, the perovskite type oxide strontium doped lanthanum 

manganite (LSM) is the most common cathode material for SOFC’s based on YSZ 

electrolytes. In this oxide, divalent strontium replaces bivalent lanthanum on the A site 

(see figure 8). In its undoped state lanthanum manganite (LaMnOi) exhibits 

semiconductor type behaviour [30], By the addition of appropriate dopants, the 

conductivity can be further increased. An investigation by Kerstesz et al [62] showed 

that even at only 80% o f theoretical density, the composition Lao.8 4 Sro.i6 Mn0 3  has a 

conductivity of 133 S/cm at 1000°C. This is orders o f magnitude larger that the 

conductivity of any o f the electrolyte materials being examined, so LSM cathodes have 

little impact on the overall ohmic losses of the cell.

Strontium additions enhance the intrinsic p-type conductivity o f lanthanum

manganite by replacing La3+. This leads to the transformation o f Mn3+ to Mn4+ in order

to maintain charge neutrality and leads to an electronic reordering, described by

Goodenough [63], which creates electron holes. While doping lanthanum manganite

gives it very high electronic conductivity, it does not enhance its ionic conductivity. This

is because no increase in oxide ion vacancy concentration is associated with doping. The

creation of oxide ion vacancies, such as by reducing atmospheres, leads to an overall

decrease in conductivity as Mn4+ is reduced back to Mn3+, reducing the number of

electronic charge carriers. This is not an issue in the cathode environment though.
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Because o f  its lack of ionic conductivity (5.9x1 O'8 S/cm at 800°C) [64], proper electrode 

design with LSM requires maximization o f 3PB sites at the electrode/electrolyte 

interface.

The electrical conductivity of LSM seems to peak when strontium occupies 30% 

of the A sites [65], but the chemical and mechanical compatibility o f LSM with the YSZ 

electrolyte must also be considered. For the compound Lai_xSrxMn0 3  the thermal 

expansion coefficient (TEC) is a function o f the value x [6 6 ]. In any case the TEC of 

LSM is greater than that o f YSZ; however, this difference is minimized in the strontium 

doping range o f x = 0.1-0.2. This puts important constraints on the allowable doping 

level if  the cell is to undergo numerous thermal cycles without delamination. It has also 

been found that undoped lanthanum manganite can react with YSZ to form poorly 

conducting La2 Zr2 0 7  at the cathode/electrolyte interface [58], The amount formed is 

dependent on the sintering temperature, with higher sintering temperatures giving more 

La2 Zr2 0 7  formation. However, even at sintering temperatures as low as 1100°C, there is 

some evidence o f La2 Zr2 0 7  in the x-ray diffraction spectrum. One way to avoid the 

formation o f this second phase is to use an A-site deficient perovskite such as 

Lao.8 5Mn0 3  [58, 67]. This leads to a reduction in diffusion of lanthanum into the 

electrolyte, and allows for cofiring of the electrode/electrolyte structure at temperatures 

up to 1300°C. The behaviour o f LSM is similar to that o f undoped lanthanum manganite; 

however, additional reaction products Sr2Zr0 4  and SrZrCL exist [53, 67], The stability of 

the interface between the electrode and electrolyte materials can still be improved 

through the use o f A site deficient materials [67], and the use of appropriate doping 

levels. It should also be noted that the conditions in an operating cathode can be quite 

different than the conditions used in examinations o f the chemical compatibility o f LSM 

and YSZ [6 8 ],

The activity o f LSM for the cathodic reaction seems sufficient. Yamamoto et al 

[53] compared the performance of cathodes made from several different perovskite-type 

oxides both with each other and with platinum and found that only lanthanum cobaltite 

(LaCoCb) and A-site doped lanthanum cobaltite outperformed LSM. Thus, with proper 

control of the composition of LSM, including doping levels and A-site deficiency, and
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sufficient attention to electrode morphology, it is a highly suitable cathode material for 

use in SOFC’s.

Numerous other perovskite type materials have been tested as cathodes for solid 

oxide fuel cells, including lanthanum ferrite and lanthanum chromite [53]. Cathodes 

have also been made by doping these oxides on the B site as well as the A site. Examples 

include Lao.6 Sro.4 Coo.sFeo.2 O3 [69] and (Lao.7Sro.3)o.9 Mni-yCry 0 3  [6 ], Other cathodes based 

on the perovskite structure include manganites with lanthanoids other than La on the A 

site, such as Pr, Nd and Sm [70], For various reasons such as performance, reactivity and 

cost, none o f these materials has had the same acceptance as LSM as the cathode for YSZ 

cells.

2.2.2.3 Doped Lanthanum Cobaltite

Strontium doped lanthanum cobaltite (LSCo) with the formula Lai_xSrxCo0 3  has a 

very high electrical conductivity, which tends to increase with temperature at low 

temperatures and low Sr levels. As the Sr dopant concentration increases beyond x = 0.5 

or the temperature rises above around 500°C, the conductivity o f the oxide decreases with 

temperature [71, 72], For compositions with x = 0.1-0.2 the maximum observed 

conductivity is around 1500 S/cm. This, combined with high activity for oxygen 

reduction [73] and high oxygen diffusivity [11], make it a superior cathode material 

compared to LSM . Cell tests show that the best performance comes from a cathode 

structure with a fine pore structure and well connected particles [1 1 ], which suggests that 

oxygen transport within the electrode is rate limiting. The TEC o f LSCo is in the range of 

20x10'6/°C [74] which is significantly beyond the suggested acceptable difference in TEC 

between electrode and electrolyte o f 20% [43] (for YSZ, T E C ^lO -llx l0 '6/°C) [75] and it 

is chemically unstable with respect to that electrolyte [2, 27, 76]. It has been shown [75] 

that when YSZ and lanthanum cobaltite are in contact at high temperature the highly 

resistive phase 'L&z'ZxzOi forms.

Doping of LaCoC>3 has been shown to have an effect on the TEC of the material 

[43, 74, 75], and with proper composition control it may be possible to obtain a material
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that will be compatible with ceria (TEC = 12.6xlO~6/°C) or LSGM (TEC = 11.5xlO'6/°C) 

electrolytes. There has been no observed reaction product between LSCo and ceria 

electrolytes [2, 15, 77], There have not been any reports of adverse reactions between 

LSGM and LSCo either, but the TEC mismatch is still of concern for both ceria and 

LSGM electrolytes. One solution might be a composite electrode, which should have an 

overall TEC closer to that of the electrolyte.

2.2.2A LSCF Cathodes

A variation on the theme o f LSCo is LSCF, (Lai -xSrx)(Coi _yFey)0 3 , which has also 

been investigated recently. Like LSCo it has high conductivity, greater than 100 S/cm at 

temperatures above 600°C [78], with charge being carried by both electronic and ionic 

carriers [69]. LSCF also shows good catalytic activity for oxygen reduction in the 

temperature range of 600-800°C [78]. The reactivity of LSCF with YSZ was evaluated 

over 120 h at 1100°C by Kostogloudis et al. [79], and it was found that reaction products 

similar to those for LSCo-YSZ formed. Reactivity tests at lower temperatures [78] 

showed that at 800°C no reaction products formed over 96 h, but longer reaction times 

[80] did result in the formation o f strontium zirconate (SrZrCb). A final factor that 

prevents the use o f this electrode composition with YSZ is the TEC, which is in the range 

of 20xl0"6/°C [78],

An examination of the compatibility o f LSCF with a samaria doped ceria 

electrolyte showed no reaction between the two at temperatures up to 1200°C [80]. The 

same study also showed that LSCF has a lower interfacial resistance with ceria 

electrolytes than either platinum or LSM electrodes. Despite the larger TEC of ceria 

compared to YSZ, thermal mismatch between electrode and electrolyte is still a potential 

problem. Another problem that has been identified is sintering o f the LSCF structure. 

Cells running at as little as 500°C with this electrode material, while showing excellent 

early behaviour, experienced significant losses with time [81]. These losses have been 

attributed to loss o f 3PB area after sintering o f the LSCF. In addition to reducing the 

TEC mismatch, a composite electrode o f LSCF and doped ceria would likely inhibit the 

sintering of LSCF [82],
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2,2.2.5 YSZ - LSM Cathodes

In an effort to find a cathode material that will improve the performance of YSZ 

based cells operating at reduced temperature, without the formation o f insulating phases, 

several investigators have suggested the use o f LSM-YSZ composite electrodes [17, 54, 

6 8 , 83], In this type of electrode the LSM provides electrical conductivity, while the 

YSZ transports ions formed throughout the electrode to the electrolyte. Adding YSZ to 

undoped lanthanum manganite (LaMnCL) led to a large improvement in electrode 

performance [58]. As the conductivity o f the YSZ added was increased by controlling 

the dopant concentration, the performance also increased. By mixing LSM and YSZ in 

the electrode, it is also possible to prevent the formation o f interfacial compounds at the 

electrode-electrolyte interface. Instead the reaction product La2 Zr2 C>7 formed within the 

electrode itself which, although not desirable, hurts the performance less than formation 

of that compound at the interface. Further it is possible, still, to prevent formation of 

zirconates by using A-site deficient lanthanum manganite. Because electrode 

performance tended to improve with increasing electrode thickness, it appears that more 

reaction sites are being formed within the electrode itself.

Work on LSM-YSZ composites indicate similar behaviour to that o f the undoped 

manganite [59]. Again it was found that cathode performance increased with increasing 

YSZ content up to at least 40% YSZ, and it was also found that electrode/electrolyte 

adhesion also improved with the addition o f YSZ. However, it is possible that, if  the 

YSZ content o f the electrode is too high, then La sub-stoichiometry may not be sufficient 

to prevent the formation of resistive zirconates. As the zirconia content o f the electrode is 

increased, its electrical conductivity also drops [54], but this loss is overcome by an 

increase in 3PB sites. Thus there should be a compromise between optimum 

performance, which is favoured by high YSZ content, and cell lifetime, which is 

extended by the elimination of resistive second phases. Tests o f LSM-YSZ cathodes [17] 

have shown that the effective thickness o f these electrodes is less than 2 0  pm, which is in 

agreement with findings that performance o f composite electrodes improved with 

thickness up to a value of about 10-15 pm [6 8 ]. The performance o f cells using LSM-
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YSZ composite electrodes, combined with appropriate anodes and electrolytes, is very 

promising for operation o f SOFC’s at temperatures at or even below 800 °C [51].

One of the major reasons for the success of YSZ electrolyte cells is the advanced 

state o f electrode development. Despite higher ohmic losses than ceria or LSGM 

electrolytes, the high performance and stability o f cathode materials like LSM-YSZ make 

YSZ cells the best performers even at temperatures below 800 °C. Further development 

of appropriate electrode materials for different electrolytes should one day allow high 

power densities to be achieved at even lower temperatures; however, there is still a 

significant amount o f work to be done.

2.3 Anode Materials

Like the cathode, the primary function of the anode of a solid oxide fuel cell is to 

provide reaction sites for electrochemical processes. As such many of the design 

requirements are similar. In the case o f the anode, the electrochemical reaction is the 

oxidation o f the fuel; however, because o f the fuel flexibility o f the SOFC, it may be 

necessary for the anode to perform several other roles. In any case the anode should 

provide as many active reaction sites as possible for the oxidation reaction, which like the 

reduction reaction in the cathode, takes place at the 3PB. It should have high electronic 

conductivity, must not react with the electrolyte or interconnect/current collector, should 

have high catalytic activity for fuel oxidation, be stable for long times in a reducing 

atmosphere, and have a similar TEC to other cell components. The principles for 

maximizing 3PB sites are the same as for the cathode; therefore, they will not be 

discussed again here.

One major difference between anode and cathode is that the anode may also be 

called upon to play the role of reforming catalyst. The high operating temperature and 

oxide ion conductivity o f the electrolyte lead to the possibility o f directly using 

hydrocarbon fuels in SOFC’s. This is seen as a major advantage since it eliminates the 

need for costly and complicated pre-reformers. It also means that an effective anode 

should have good catalytic activity for the appropriate fuel reforming reaction, whether
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that be steam reforming, partial oxidation, or direct electrochemical oxidation of 

hydrocarbons. This presents numerous technical problems, as we shall see, but once 

these are addressed it will make the SOFC highly applicable to remote power generation 

applications using existing infrastructure.

Another difference between anode and cathode is the operating environment. The 

fuel atmosphere is highly reducing, and there are comparatively few oxides that can 

withstand the rigors o f long-term operation. Any metal that does not show excessive 

evaporation at the operating temperature, however, can be used. This opens the door to 

many transition metals that act as inexpensive catalysts for fuel oxidation and/or 

reforming. A problem can arise with TEC mismatch; therefore, it has become common 

practice to use ceramic-metal composites (cermets) as anodes. Typically, the metal is 

chosen for catalytic activity and the ceramic chosen for stability and compatibility with 

the electrolyte. Thus often the simplest choice for the ceramic is the electrolyte material 

itself. This has the added benefit o f expanding the active electrode area into the bulk 

electrode volume, as we saw with the composite cathode.

The most common alternative to a composite anode is a mixed ionic-electronic 

conducting (MIEC)anode. These materials should have the same effect of expanding the 

active area as they do for the cathode, and minimize TEC mismatch with the electrolyte. 

Commercially, there is no focus on purely electronic conducting materials for the anode; 

however, in laboratory scale investigations focusing on either cathode or electrolyte 

properties, it is not uncommon to see platinum used as the anode material for added 

simplicity in cell fabrication. The remainder o f this section will focus on the common 

materials used for SOFC anodes, and their properties in various operating conditions.

2.3.1 Ni-YSZ anodes

The standard anode material for YSZ based cells is a cermet consisting of nickel 

and YSZ (Ni-YSZ). The performance of these anodes is strongly affected by the relative 

amounts of nickel and YSZ [84], As the Ni level is increased, the conductivity o f the
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electrode increases, giving lower ohmic loss; however, polarization loss of the anode has 

been shown to increase at nickel concentrations greater than 40 vol%. There is also a 

sharp increase in electrode resistance below about 40 vol% Ni, due to poor contacting 

between nickel particles. Apart from increasing polarization losses, high nickel contents 

can also have a negative effect on cell lifetime due to sintering o f the nickel. This 

agglomeration of Ni and its dewetting o f the YSZ has been identified as a major cause of 

anode performance degradation [21, 85, 8 6 ], The higher the nickel content of the anode, 

the greater the microstructural change even over relatively short periods of operation 

(e.g., 100 h). Some research has shown that performance degradation o f the cermet 

anodes is worse at 850°C than at 1050°C [4], This suggests that it is not only nickel 

sintering that contributes to performance loss, but also some other process. One 

possibility is aging o f the YSZ component o f the electrode, which we have already seen 

is a more significant problem at reduced temperatures [33, 37, 38],

The structure of the cermet anode is very important in determining the 

degradation characteristics o f the electrode, with some structures showing noticeable 

degradation in as little as 100 h [85], while others [87] with higher nickel contents have 

been shown to be stable for at least 5500 h. The major determining factor then seems to 

be the ability o f the zirconia phase to interfere with Ni agglomeration. In order to 

improve its ability to do this, the interfacial bond between the metallic and ceramic 

phases must be improved, or structural characteristics should be incorporated into the 

electrode which will prevent sintering. One example of such a structure is the 

preferential coating o f the nickel grains with small grains o f YSZ. Thus the ceramic 

phase, which does not sinter [8 6 ], can more easily impede nickel agglomeration. 

Typically, as the ceramic phase becomes more able to slow nickel sintering, the 

resistance through the metallic component increases due to interference in the electronic 

pathway from YSZ.

Another effect o f nickel content on the anode is in terms o f  TEC. The TEC of 

metallic nickel is on the order o f 13-14xlO"6/°C [44, 8 8 ], (as high as 16.5xlO'6/°C [89]), 

which is high enough to cause problems during thermal cycling o f cells. It has been 

shown that the TEC of a porous Ni-YSZ cermet varies linearly with the nickel content
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[90], and that for good mechanical compatibility it should be kept as low as is practical in 

terms of conductivity. The relatively poor interfacial bond between Ni and YSZ also 

affects the TEC mismatch problem [89]. Because the YSZ phase is not strongly attached 

to the metal it does not have as strong a mitigating effect on the TEC mismatch as would 

be expected for a perfectly bonded interface.

Apart from its role as an electronic conductor in the anode, nickel is also a 

catalyst for the fuel oxidation reaction. The most common fuel used in the literature to 

date has been hydrogen; however, due to its availability it is expected that the first 

commercially successful SOFC’s will run on natural gas. For hydrogen oxidation, nickel 

has fairly good activity [91], and it has been shown that the anodic overpotential is 

independent o f the hydrogen partial pressure [92, 93]. Somewhat surprising is the fact 

that the polarization resistance o f the anode can be decreased significantly by adding 

water vapour to the fuel [92, 94, 95]. Jiang and Badawal [96] suggest that the increased 

oxygen partial pressure that results from the addition of water to the fuel can lead to the 

formation of adsorbed oxygen or sub-oxides on the Ni surface. This in turn enhances the 

dissociative adsorption/diffusion o f hydrogen. Such a mechanism does require that the 

metal surface favour dissociative adsorption and/or sub oxide formation; therefore, the 

effect is expected to be lessened on noble electrodes. An alternative mechanism is that 

oxygen ions from the electrolyte initially oxidize the metallic electrode, which is 

subsequently reduced by the fuel [91]. The higher oxygen partial pressure in humidified 

hydrogen allows this to happen more easily, making the electrode reaction more rapid.

In the event that natural gas is to be used as the fuel, the catalytic requirements of 

the anode are quite different. The anode must be able to either reform the fuel into a 

useable mixture o f CO and H2 , or directly electrochemically oxidize the methane. 

Additionally, the anode must be tolerant to sulfur in the fuel, since sulfur compounds are 

added to pipeline natural gas as odorants. Several methods for internally reforming 

natural gas have been proposed [97], including steam reforming, partial oxidation and 

auto thermal reforming. The steam reforming reaction is the most widely accepted for 

SOFC’s. In this reaction, methane is combined with water vapour in the anode chamber 

to produce a mixture o f CO, CO2 , H2 and H 2 O. Metallic nickel is a good catalyst for this

39

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



reaction [91], but it may be too good. Because the steam reforming reaction is 

endothermic, it can lead to significant cooling of the anode near the fuel inlet if  the 

reaction occurs too quickly [98], Additionally, it may become necessary to incorporate 

heat recovery systems to pre-heat the fuel [99].

Carbon deposition is a major problem for cells running on methane, since it 

blocks pores and deactivates the anode. The presence o f even a small amount o f steam in 

the fuel feed greatly reduces the amount of carbon deposited [1 0 0 ]; however, it also 

decreases efficiency and power density. A steam to methane ratio o f less than 1 leads to 

C deposition on the anode [99], but it has been suggested that a ratio as high as 3:1 is 

required to completely eliminate carbon deposition [101]. It is also possible to remove 

the deposited carbon and recover the initial anodic performance by running oxygen 

through the anode chamber.

Partial oxidation o f methane is an exothermic reaction which does not require a 

catalyst [97, 102], The fuel is mixed with oxygen and partially combusted to form 

hydrogen and carbon monoxide; therefore, the anode need only have catalytic activity for 

the oxidation o f these two fuels. Advantages to this technique derive from its oxidative 

nature, which lessens the likelihood of carbon deposition and improves tolerance to sulfur 

containing impurities. The high oxygen partial pressures involved in this type o f reaction 

can, however, lead to oxidation o f the nickel catalyst.

Autothermal reforming is a combination o f partial oxidation and steam reforming 

in which the fuel is mixed with both steam and oxygen. The heat released by the partial 

oxidation reaction is used to drive the steam reforming reaction [97], The major 

variables affecting carbon deposition here are temperature and amount o f steam added to 

the fuel. The final option is to feed dry methane directly into the anode and 

electrochemically oxidize it. The major problem with this is that it leads to significant 

carbon deposition at temperatures above 800°C [103]. At temperatures below about 

650°C, however, little or no carbon deposition was observed on Ni-YSZ based anodes 

over a period o f 100 h. Some pre-reforming of the fuel may still be required in order to 

maintain anode conditions that will not result in the oxidation o f nickel.
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Variations o f the Ni-YSZ anode have been suggested by several researchers for 

various reasons. The addition o f a few mole percent H O 2  to the YSZ network increases 

it electronic conductivity and improves its bonding with nickel [89]. Other authors have 

shown that, by replacing nickel with ruthenium, the sintering resistance of the electrode 

and the activity for hydrogen oxidation can be improved [104], although at significant 

financial penalty. Replacing Ni with copper [101], eliminated carbon deposition in dry 

methane, but gave poor performance. Other studies have tried to improve anode 

performance by replacing the YSZ with other electrolytes [91], or mixed ionic-electronic 

conductors [105]. There have also been investigations using mixed conducting interfacial 

layers to reduce interfacial resistance ofNi-YSZ anodes at reduced temperatures [106]. 

Such interfacial layers have also been used to enhance anode performance in dry methane 

in the temperature range of 500-700°C, where carbon deposition is less prevalent [103],

2.3.2 Perovskite Anodes

There have been several investigations into using perovskites as anodes for 

zirconia-based cells running on methane [107, 108]. The goal o f this research is to 

develop an anode that is resistant to carbon deposition in dry methane, or with lower 

catalytic activity for steam reforming than Ni-YSZ, which will prevent unacceptable 

temperature gradients in the cell. Research has shown that materials with a small degree 

of both n- and p-type electronic conductivity, combined with large oxide ion conductivity 

show favourable catalytic activity for methane oxidation [109]. While investigations into 

actual electrode/electrolyte systems have shown they have a resistance to carbon 

deposition, the performance o f these materials in hydrogen or methane is inferior to that 

ofNi-YSZ [110] which is at least partly due to their much lower total conductivity [111]. 

Additionally, the performance of these anodes degrades severely over time in reducing 

atmospheres, in some compositions due to the formation o f interfacial reaction products 

[1 1 0 ], and in others in an unidentified manner which is reversible by oxidation of the 

anode [111]. Doped lanthanum chromites have a low activity towards methane steam 

reforming, thereby avoiding potential thermal gradients, and no carbon deposition was
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detected at temperatures up to 850°C [112]. Composite electrodes o f this material mixed 

with YSZ have been examined, but the low catalytic activity makes them unacceptable 

for use in the virgin state. Addition o f a dispersed ruthenium catalyst improved the 

electrode properties without leading to carbon deposition [112]. Similar improvements 

have been shown with the addition of Ni catalyst particles, but the performance is still 

inferior to that of traditional Ni-YSZ anodes [111].

2.3.3 Ni-Ceria Anodes

Cermet anodes o f nickel and ceria or doped ceria have been investigated for use in 

cells with LSGM electrolytes [11,, 105,113,114, 115]. The mixed conducting properties 

o f doped ceria in reducing atmospheres are expected to greatly extend the reaction area, 

while the nickel phase should enhance the electrode activity. Also the addition of doped 

ceria to a metallic nickel electrode improves the contact between electrode and 

electrolyte, resulting in a lower electrode resistance [114]. Tests o f the initial ageing 

behaviour o f these anodes show little degradation, and in some cases even a slight 

improvement o f performance [47], However, at temperatures higher than the typical 

operating temperature, there is evidence o f interdiffusion between electrode and 

electrolyte [115]. Lanthanum diffusion from the electrolyte into the anode can lead to 

the formation o f highly resistive phases, and reactions between LSGM and Ni are known 

to lead to LaNiCL formation. One way to prevent this is to use lanthanum oxide-doped 

ceria (LDC) as the ceramic phase. At the proper doping level, this removes the driving 

force for La diffusion from the electrolyte into the electrode; however, LDC has lower 

conductivity than either samaria- or gadolinia-doped ceria. Even with LDC as the 

ceramic phase, it was still necessary to have a Ni free interlayer between the LSGM 

electrolyte and the composite anode to prevent LaNi0 3  formation.

These types o f electrodes have also been used with ceria [81, 116] and zirconia 

[117] electrolyte cells with good results. Operation tests indicated that, when compared 

with other sources o f voltage loss in such SOFC’s, the anodic loss was negligible. In 

ceria electrolyte cells it is even more important to have high performance electrodes,
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since at open circuit conditions there is a leakage current that leads to polarization losses. 

Because o f this requirement, nickel-ceria cermet anodes have become a leading choice 

for the anode o f these cells.

2.3.4 LSGM-Ni Anodes

An alternative anode material for LSGM cells is a Ni-LSGM anode, since LSGM 

provides high ionic conductivity and cannot react with the electrolyte. Tests of cells with 

Ni-LSGM anodes show initial high performance [47, 113], with these anodes 

outperforming Ni-ceria ones in hydrogen. Unfortunately the anode potential drop 

doubled in only 20 h at 800°C. Although no definitive conclusions have been reached as 

to the cause o f this degradation, it seems likely that either Ni sintering, or interaction 

between the LSGM and Ni to form LaNiCL, are the culprits.

2.4 Interconnect Materials

Perhaps the most demanding conditions in the SOFC are those at the interconnect. 

The interconnect allows for the series electrical connection o f the anode of one cell with 

the cathode o f the next. In order to do this effectively, it must have high electronic 

conductivity in both anode and cathode environments, and no ionic conductivity. It must 

also be chemically and mechanically stable in these environments, and with respect to 

both the anode and cathode, with which it is in direct contact. In planar cell designs the 

interconnect also plays an important role in gas separation and distribution. To prevent 

mixing of fuel and oxidant gases it should be fully dense, while to allow for even 

distribution o f the gases, it should be easily shaped to incorporate gas flow channels. At 

a traditional operating temperature o f 1000°C there are very few materials that meet all of 

these requirements, and none that can meet them economically. This is a major reason 

why research into planar cells has focused on reducing the operating temperature. In 

tubular designs the interconnect is only a narrow strip and plays no role in gas 

distribution, so the problems associated with finding economical materials are not so 

daunting.
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At high temperatures the choices are limited to electronically conducting 

ceramics, while at lower temperatures it becomes possible to use some heat resistant 

metallic alloys. This section will focus on the properties of more common materials used 

in each o f these two classes, and on their interactions with cell components.

2.4.1 Perovskite Interconnects

As we have seen in the chapter on cathode materials, perovskite-type oxides can 

be doped to give high electronic conductivity. There are, however, very few of these 

types o f oxides that are stable in the reducing conditions o f the anode compartment. As a 

result the most common choice for the interconnect is lanthanum chromite (LaCrCb) with 

strontium doping on the A site, so called LSC. LSC has good electrical conductivity, is 

resistant to both oxidizing and reducing atmospheres [2 2 ], and is reasonably compatible 

with the electrode materials [118]. Unfortunately, these seem to be its only advantages as 

an interconnect material. It has low thermal conductivity, which can lead to the 

formation o f thermal gradients in the stack [2 1 ], and it is very brittle and expensive to 

manufacture due to its low workability. Additionally, it expands in reducing atmospheres 

[119], which can cause cracking or loss of electrical contact, both o f which will hurt cell 

performance. Its conductivity is also much lower in reducing atmospheres than in 

oxidizing atmospheres. The problems with mechanical properties are aggravated by its 

poor sinterability [120]; however, the addition o f small amounts o f vanadium to the B site 

can aid in sintering [112], From this brief analysis it is clear that finding a more suitable 

interconnect material is crucial to the development o f the planar SOFC. That being said 

LSC has been quite successful as the interconnect in high temperature tubular cells 

designed by Westinghouse.

2.4.2 ODS Alloy Interconnects

At lower temperatures metals that form a protective oxide scale in the cathode 

atmosphere can be used as the interconnect. The most common scale forming elements
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are chromium and aluminum. In oxidizing atmospheres these elements form chromia 

(Cr2 C>3) and alumina ( A I 2 O 3 ) ,  respectively. These surface scales inhibit further oxidation 

o f the underlying metal. Pure chromium has a TEC similar to that of the YSZ electrolyte 

[121], and compared to ceramics is less expensive and much more workable. Uniformity 

o f heat distribution in the stack is also improved, particularly when endothermic 

reformation reactions take place in the anode chamber [122]. Despite its mechanical 

advantages over ceramic materials, chromium has relatively poor mechanical properties, 

including a ductile to brittle transition temperature well above ambient [122]. In order to 

improve its mechanical properties, alloying additions of iron or cobalt can be used; 

however, to maintain high temperature corrosion resistance the amounts must be kept 

relatively low. The properties of the chromia scale are also less than ideal for fuel cell 

use. The conductivity o f chromia is on the order of lCf'-lO ' 2 S/cm at 900°C, so it can 

make a significant contribution to the ohmic resistance of the stack [122], Scale growth 

also becomes much more rapid at temperatures above 900°C, and during thermal cycling 

TEC mismatch between the scale and the underlying metal can lead to spalling, which 

then can cause pore blockage and electrode deactivation [1 2 1 ], as well as loss of 

chromium from the alloy which leads to rapid oxidation of the metal. Oxide dispersion 

strengthening (ODS), the addition o f small amounts of oxide to the metal, can improve 

the adherence of the scale [ 1 2 2 ] and dramatically slow the growth rate o f the oxide scale 

[121]. For these reasons the ODS alloy Cr-5Fe-l Y 2 O3 has been examined as a potential 

metallic interconnect material [119], Although most of its properties are acceptable at 

temperatures as high as 900°C, tests in actual cell operating conditions have shown that 

deposition of Cr containing species at the cathode occurs [123]. This is due to the high 

vapour pressure o f hexavalent chromium compounds in the cathode atmosphere [2 1 , 

123]. The vapourized species drift to the cathode, where they can react forming 

secondary phases that degrade electrode performance.

The alternative to chromia forming alloys are alumina forming alloys. These 

systems exhibits slower scale growth rates and better scale adherence [123, 124]; 

however, the conductivity o f alumina is about six orders o f magnitude lower than that of 

chromia, so the high resistive losses preclude their use as metallic interconnects[ 1 2 2 ].
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Ideally, fuel cell developers would like to be able to use interconnects based on materials 

that are cheaper than chromium, such as ferritic stainless steels. At temperatures in the 

600-800°C range this may be possible.

2.4.3 Nickel and Iron Based Chromia Formers

There also exist several commercial heat-resisting alloys which form a protective 

chromia layer. Most o f these are based on nickel and are, therefore, still relatively 

expensive, but show good oxidation resistance [124]. Ferritic stainless steel 

interconnects are the most promising interconnect materials under development. They 

combine excellent thermal and electrical conductivity, with good machinability and gas 

tightness, all for a cost less than either chromium- or nickel-based systems [22]. These 

materials should contain more than 14 wt% Cr in order to stabilize the ferritic structure; 

however, this is a much lower content than Cr ODS alloys and, with addition of titanium 

and niobium to form stable carbides, the chromium content can be lowered even further 

[125]. This should lead to a lessening of chromium vapourization and deposition at the 

cathode. Although the conductivity o f these alloys was shown to degrade steadily over 

5000 h at 700°C, the overall performance of the interconnects remained better than that 

of ceramic materials, and at a fraction of the cost [125],

2.5 Sealing Materials

There has been very little published on the materials used to make seals for planar

cell configurations. Most developers use proprietary sealing technologies, and many

laboratories have specially developed glass seals. Sealing technology remains one o f the

major hurdles in SOFC development, with the requirement that seals not react with cell

components and maintain good sealing over a wide range of temperatures through a

number of thermal cycles. The majority o f seals used are glasses or ceramic cements,

with glasses giving the advantage o f some stress relief once they reach their softening

temperature [126], Ceramic cements tend to be porous by nature, and are often incapable

of providing sufficiently good seals [127]. The main alternative sealing technique is the

use of compressive gaskets which for small-scale operations, such as laboratory testing,
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can be made o f gold or for larger scale productions, mica. Investigations o f the 

performance o f mica seals [128] show that as the compressive stress increases, the 

sealing characteristics improve. The form of the mica gaskets is also important; when 

cleaved natural mica sheets are used the smooth surface gives very good sealing 

properties, even at relatively low compressive stress. Mica papers, on the other hand, 

which are made up of small mica platelets in an organic binder are much less smooth and, 

even at high compressive stresses, the seal is not appropriate for use in SOFC’s. There is 

still much additional work to be done to test the compatibility o f these types of seals with 

cell components in cell operating conditions over extended times.
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Chapter 3 Manufacturing Techniques

This chapter will focus on the techniques used to manufacture cell electrodes with 

the ideal structures discussed above, as well as some of the methods that have been used 

for depositing thin, dense electrolyte layers onto porous ceramic substrates. Although 

techniques for producing the ceramic powders often used in manufacturing play a vital 

role in determining the properties o f the final ceramic, they will not be discussed in 

detail, nor will fabrication o f interconnects. The focus will be on the more novel 

techniques used, as opposed to traditional pressing and sintering o f ceramic powders.
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3.1 Electrolyte Manufacturing

In order to reduce cell operating temperature, it has become important to be able 

to deposit dense electrolyte layers with a thickness on the order o f 1 0  pm over porous 

electrode substrates. Here techniques such as vapour deposition, sputtering, sol-gel and 

tape casting, which have all been used more or less successfully will be discussed.

3.1.1 Chemical Vapour Deposition

Several variations on chemical vapour deposition (CVD) have been used to 

fabricate thin electrolyte layers, most notably the electrochemical vapour deposition 

(EVD) technique used extensively by Westinghouse to fabricate their tubular cells.

There are a number o f textbooks and review articles on CVD [129, 130, 131, 132], but 

simply put chemical vapour deposition is a process whereby one or more gaseous species 

react to form a solid deposit on an active substrate. The substrate can be activated in a 

number of ways, with thermal activation being the simplest example. An example of a 

single reactant forming a deposit is the pyrolysis o f silane (SiHO at 1000 °C to form a 

silicon deposit and release hydrogen. For ceramics the most common type o f deposition 

reaction is an oxidative type reaction. Here a gaseous compound reacts with an oxidizing 

gas, usually oxygen, to form an oxide deposit. A common example from the 

microelectronics industry is the oxidation o f silane to form silica (SiCh).

The deposition reaction begins with the adsorption of the reacting species. 

Adsorbed species then diffuse to active sites, where they react. Any undesirable reaction 

product should be gaseous, so that it will not contaminate the film. Film formation 

occurs by a nucleation and growth process, where nuclei o f a few atoms form, then grow 

into larger islands. These islands eventually coalesce to form a continuous film which 

can be polycrystalline, single crystal or amorphous, depending on the deposition 

conditions and nature o f the substrate. At high pressures o f reacting gases, homogenous 

nucleation can occur where the solid reaction product forms directly in the gas phase.

This leads to formation of a fine powder which in most cases is undesirable; however, the

resulting powder tends to be highly sinterable and, in some cases, is the desired product.
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For the fabrication of oxide ceramics CVD has the ability to form thin dense 

layers without resorting to very high sintering temperatures [133], as may be necessary 

with conventional techniques. However, it requires a clean deposition system and 

operating at reduced pressure; therefore, production costs tend to be higher than for more 

traditional slurry techniques or pressing and sintering. Oxide electrolytes provide an 

additional challenge because they are multicomponent systems. For deposition of YSZ, 

two separate reactants are required, one for yttria and the other for zirconia. The 

reactants must be mixed in appropriate amounts to give the desired film composition. 

Equations 11 and 12 are the most common ones used for CVD o f YSZ films, although it 

is not uncommon for oxygen to be replaced by water, which leads to the formation of 

HC1 instead of Cl2 [134].

2FC / 3 + | o 2 ->T 2 0 3 + 3 Cl2 

Equation 11: CVD of yttria

Zf& q + 0 2 —► Z r 0 2 + 2C/Z

Equation 12: CVD of zirconia

The final film composition is controlled by the relative vapour pressures o f the 

chloride vapours; however, kinetic factors have to be taken into account as a mixture with 

16 vof/oYCf will give less than 8  mol%YSZ. There are various forms of vapour sources 

for thin film deposition by CVD including metallorganics [133]; however, for the 

deposition o f YSZ, powders o f yttrium and zirconium chlorides are most often used. 

These powders are heated under reduced pressure to give appropriate evaporation rates 

for the desired deposit composition. The rate of evaporation is given by the Hertz- 

Knudsen equation (equation 13) which relates the molar rate o f evaporation to the 

absolute temperature, T, and the equilibrium vapour pressure at that temperature, p*.

[135]. In the equation A represents the surface area o f the evaporation source, p the 

background pressure in the system, m is the mass o f the evaporant, and a  is the 

evaporation coefficient.
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= a (2 7 m kT ) ^2{p* - p )
Adt

Equation 13: Hertz-Knudsen molar evaporation rate

Although zirconia films have been grown by CVD [133, 136], there is a more 

useful process for growth of thin YSZ films on porous substrates. Electrochemical 

vapour deposition (EVD) in a modified version of CVD which takes advantage of the 

electrolytic properties of the YSZ deposit. This process was developed at Westinghouse 

in the 1970’s and is still used today. Their approach is to start with a porous cathode 

support tube, fabricated by traditional ceramic processing techniques. A thin layer of 

YSZ electrolyte is then deposited onto the outer surface of the tube by EVD. The process 

is actually a combination o f both CVD and EVD. The porous support initially separates 

the metal chloride vapours on the outside o f the tube from the oxidizing gas on the inside 

of the tube. Inside the porous structure the gases mix, leading to the formation of YSZ 

deposits on the pore walls by CVD. Eventually, the deposits close off the pores, giving 

complete separation of the two gases.

After this the reaction proceeds electrochemically, with oxygen being reduced at 

the cathode (inside the tube). The oxide ions then migrate through the YSZ deposit to the 

halide environment where they react with these gases according to the electrochemical 

reactions 14 and 15. Electrons released in this reaction migrate back through the 

electrolyte to the cathode where they reduce more oxygen, and the reaction continues.

The low electronic conductivity o f YSZ leads to relatively slow growth rates; however, 

the nature o f the process itself ensures uniform film thickness. This is because when the 

film grows its resistance increases, which slows the growth rate in thicker areas. Thus 

the thinner areas will grow more quickly and the film thickness will be self-levelling.

The process is illustrated schematically in figure 11. Increasing the electronic 

conductivity o f the deposit by either doping or control of yttria content increases film 

growth rate.
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30  + 2YCl3 -> Y20 3 + 3 Cl2 + 6 e '

Equation 14: EVD of yttria

2 0  + ZrC / 4 -> Z r 0 2 + 2C / 2 + 4e"

Equation 15: EVD of zirconia

Step 1

ZrC>2 deposit
ZrCl4

EVD deposi

Porous support Porous support
b)

Figure 11: (A) Pore closure by CVD (B) Film growth by EVD

Using this process it is possible to grow dense YSZ films over substrates with 

over 30% porosity, assuming the deposit has some degree o f both ionic and electronic 

conductivity. In order to attain sufficient defect mobility in 8 YSZ, a deposition 

temperature o f around 1150°C is required [137], which is significantly lower than typical 

sintering temperatures for electrolytes made from mixed oxide powders (typically 

1500°C). Growth rates at this temperature are acceptable with a 10 pm thickness, the 

typical minimum for fuel cell applications, taking about 3 h [137], Typically, the cost of 

fabrication is higher than with other techniques, but EVD allows the formation of 

uniform, thin, dense films well suited for use as SOFC electrolytes.

3.1.2 Physical Vapour Deposition

The success o f CVD and its derivatives has led to the application o f various other 

thin film deposition techniques to SOFC component fabrication, including the family o f 

processes known as physical vapour deposition (PVD). These techniques include
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vacuum evaporation, laser ablation and r f  sputtering. Reactive magnetron sputtering, 

which is a hybrid o f CVD and PVD, can also be included under this heading. PVD 

includes processes whereby a species in the vapour phase is condensed to form a solid 

deposit on the substrate. In vacuum evaporation a source material is heated either 

resistively or by an electron beam to give a significant vapour pressure. The material in 

the gas phase then condenses on the substrate, and every other surface in the deposition 

chamber, giving a thin film. This is not the most useful technique for depositing 

refractory materials such as zirconia, since the high temperatures required to evaporate 

them may only be attained by electron beam evaporation and at, these temperatures, 

dissociation tends to be combined with the evaporation reaction giving oxygen deficient 

films [135]. An alternative to electron beam evaporation is pulsed laser deposition 

(PLD). In this process a high-energy laser beam is pulsed across the target. This causes 

species from the target (ions, electrons, neutral species, particulate) to be ablated, forming 

a plume, which is intercepted by the substrate. The plume condenses on the substrate 

forming a film. Attempts to grow thin YSZ films on porous anode substrates (NiO-YSZ) 

result in oxygen deficient films at the low oxygen pressures in the gas [138]. This 

problem can be solved by post annealing the film in air. PLD gives very slow film 

growth rates, and the films examined were only 2 pm thick. Although this thickness 

would give exceptionally low ohmic losses, it has proven insufficient to prevent gas 

leakage across the electrolyte.

The final form of PVD which has found some degree of application to the 

fabrication o f thin electrolyte layers is sputtering. Sputtering is a process whereby 

particles from a target are ejected due to momentum transfer upon impact from an 

energetic species. A glow discharge is used to ionize argon to Ar+. In the glow 

discharge, electrons from the cathode (usually the target material) strike argon atoms, 

creating Ar+ by electron impact ionization and releasing more electrons. The argon ions 

are then accelerated towards the target by a negative bias. When the ions hit the target 

they cause the ejection o f atoms and electrons from the target; the atoms then travel to the 

substrate where they hopefully stick and form a film while the electrons are accelerated 

away from the negatively biased target and return to the glow discharge. Two specialized
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forms of sputtering have found the greatest application to fuel cell electrolyte fabrication. 

These are radio frequency (rf) sputtering and reactive magnetron sputtering.

If the target to be sputtered is a non-conducting ceramic, a dc glow discharge 

cannot be maintained due to charge accumulation at the target. For the purposes of 

sputtering YSZ can be considered to be an insulating material; therefore, it is 

immediately apparent that a problem exists. One way to circumvent this difficulty is to 

use an r f  voltage. When this happens the electrode (target) spends some time at a 

positive voltage and some time at a negative voltage. Because electrons have much 

higher mobility than ions they give a much higher current in the positive cycle than the 

ions do in the negative cycle. Thus, in order to conserve charge, the electrode self biases 

to a negative voltage so that the net current over a full cycle is zero. During the now 

much longer negative cycle ions are attracted to the target causing sputtering to occur. 

During the positive cycle, on the other hand, fast moving electrons respond quickly and 

bombard the target; the slower ions do not have time to reverse direction and their 

momentum from the negative cycle carries them on to the target. Although this process 

works, it has a couple o f drawbacks in that it is difficult to scale up and it generates rf 

noise which can interfere with other nearby electrical systems. An attempt to deposit a 

thin YSZ film onto a porous Ni substrate was reported by Fragnaud et al [26]. It was 

possible to use a sintered YSZ disk o f the same composition as the desired product. The 

resulting film was dense and, when the substrate was heated during deposition, crack 

free. The major drawback to this process is its very low deposition rate, which for this 

experiment was only 0.5 pm/h. Deposition rate can be increased by increasing the rf  

power; however, the nature of the bonds in refractory ceramics intrinsically leads to low 

sputter yields.

In order to increase the deposition rate an alternative form o f sputtering,

magnetron sputtering, may be used. Here a magnetic field is used to trap electrons near

the surface o f a metallic target, resulting in increased electron impact ionization in this

region. The result is that more ions bombard the target and more atoms are sputtered

away. Because the target must be conducting, the sputtered species are metallic. In order

to deposit a YSZ layer, the metal atoms must be oxidized. This can be done either after
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deposition by oxidation at increased temperature in air, or in situ by reactive magnetron 

sputtering. Reactive magnetron sputtering can be considered a form o f CVD, rather than 

PVD, since the vapourized species reacts with another species in the vapour and forms a 

deposit; however, unlike other CVD processes there is no exhaust gas produced. To form 

a YSZ layer by reactive magnetron sputtering, a target o f either a yttrium-zirconium alloy 

or a bimetallic target is used. In either case the film composition is determined by the 

target composition and the sputter yields of the two materials in the target.

Oxygen gas is added to the sputtering gas (argon), where it reacts with the 

sputtered metal atoms to produce an oxide deposit. The partial pressure of oxygen in the 

system must be carefully controlled; if  it is too high the target will oxidize and the 

deposition rate will drop off. On the other hand if  the oxygen partial pressure is too low 

an oxygen deficient deposit will result [26]. If this is the case the deposit may be 

oxidized after deposition, although this could lead to cracking of the film due to volume 

changes. Results o f deposition runs on porous NiO-YSZ substrates show that, even at 

oxygen partial pressures as high as 6x1 O’4  torr, tetragonal zirconia was formed in addition 

to the cubic YSZ [139]. A post anneal in an oxidizing atmosphere was required to 

transform the film into a single cubic phase. Helium leakage tests on the as-deposited 

electrolyte layer show that gas tightness increases with electrolyte thickness in the range 

of 1-9 pm; however, in order to achieve sufficient gas tightness for use in SOFC’s, the 

layer has to be sintered in air at temperatures up to 1300°C. Deposition rates for reactive 

sputtering are about half o f what they are for metallic sputtering, and both require post 

annealing in air for the layer to be made functional. The major advantage, therefore, to 

reactive sputtering would be the smaller volume change on oxidation which should 

reduce the stress levels in the film [26, 139].

Compared with CVD techniques, the PVD techniques discussed here give longer 

processing times, including post annealing. However, they do allow for lower processing 

temperatures. For fabrication of planar cells they also have the advantage over EVD of 

not requiring sealing. Sealless tubular cells, on the other hand, are much better suited to 

electrolyte deposition by EVD due to their more complicated geometry and the fact that 

they do not require high temperature seals.
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The two vapour deposition techniques discussed so far require controlled 

atmospheres and very clean deposition systems to avoid film contamination. This makes 

them more expensive and more difficult to scale up than traditional ceramic processing 

techniques. We will now look at three techniques that can be done at atmospheric 

pressure in air, and have been proven capable o f depositing YSZ layers with thicknesses 

in the range o f 1 0  pm: tape casting, sol-gel coating and electrophoretic deposition.

3.1.3 Tape Casting

Tape casting is a scalable, continuous process ideal for manufacturing flat ceramic 

plates and films. A suspension o f ceramic particles in a liquid is spread over a flat, 

moving substrate, such as a polymer sheet, and the solvent is evaporated, leaving a 

flexible tape of ceramic powder in a binder [140]. The green tape can be mechanically 

processed to give more complex geometries or multiple layers, which are then subjected 

to heat treatment to give the final cured ceramic body. The suspension or slip consists of 

the ceramic powder, binders, plasticisers and dispersants in a solvent system. The binder 

forms a film around the ceramic particles, giving the green tape sufficient mechanical 

strength to be handled. Plasticisers are added to reduce binder viscosity and improve tape 

flexibility. Dispersants are used to avoid flocculation in the slip and give a homogenous 

tape. The solvent is chosen to dissolve all of these additives and evaporate slowly after 

the tape is cast.

In a typical tape casting operation, as shown in figure 12, a reservoir of the slip is 

carried under a flat doctor blade which distributes it evenly over the surface o f a moving 

carrier film. The tape is then dried in air to remove the solvent, leaving a flexible green 

tape. Thickness o f the final film is controlled by the size o f the gap between the doctor 

blade and the substrate. In this way a large variety of thicknesses can be realized. By 

shaping the green YSZ tape, researchers have fabricated ribbed electrolytes suitable for 

use in monolithic cells [140]. This technique has also been used to fabricate electrolyte 

films on the order o f tens o f microns thick [8 ]. These films can then be laminated with 

thicker anode tapes in a two roll mill. Careful control o f firing conditions and tape
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shrinkage characteristics are required to obtain flaw free, flat laminates. The resulting 

anode-electrolyte sheets consisted of 20-40 jam dense YSZ layers on porous, 500-750 jam 

NiO-YSZ. These cells, with screen printed cathodes, show excellent performance over 

extended operating times in the operating temperature range o f 750°C. The major 

advantages o f tape casting as a production technique for electrode supported planar type 

fuel cells are its low cost and mass production capability. This technique however is not 

suitable for fabrication of tubular SOFC’s.

Doctor Blade
Air Air

Green Tape
Slip Reservoir

Carrier
Film

Flat

)Feed Spool Take up Spool (

Figure 12: Tape casting apparatus

Tape casting has also been used successfully to deposit 30 jam thick ceria layers 

onto tape cast nickel-ceria cermet anode supports [81]. There was no decrease in OCV 

observed at 500°C when compared to thicker ceria electrolytes at this temperature as the 

electrode is fairly thick and the temperature is quite low. This reasserts the potential of 

ceria to be used as an electrolyte for cells operating in this low temperature range.

3.1.4 Sol-Gel Electrolytes

An alternative route to fabricating thin oxide films is sol-gel processing. This 

non-vacuum technique is described in several textbooks and review articles [141, 142, 

143]. Strictly speaking a sol is a suspension of colloidal particles in a solution. That 

means the particles are so small (less than 1 jam) that they are unaffected by gravity, 

responding only to surface charges and van der Waals forces. Sol-gel processing has

expanded this definition of a sol to include solutions containing hydrolyzable alkoxides.
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This second type o f sol, the so-called polymeric sol, is the type o f interest for the 

fabrication o f ceramic thin films. These consist o f metal alkoxides, in which a metal ion 

is attached to several alcohol molecules in place o f the hydrogen on the hydroxyl group, 

and a suitable solvent. Such an alcohol, called an alkoxy, can be very long and may or 

may not have branch molecules sticking out from the main chain. The number of alkoxy 

groups in a metal alkoxide is determined by the charge on the metal ion; for zirconium, 

with a charge o f 4+, there are four, while yttrium would have only three. Partial 

hydrolysis o f alkoxides leads to the formation of active precursors, which can then link 

by condensation polymerization to form long chain molecules (see equations 16 and 17).

Zr(OR)4 + H 20  -> {OR), Zr  -  OH  

Equation 16: Sol-gel active precursor formation

( O R ) , Z r - O H  + H O - Z r ( O R ), ( O R ) , Z r - O - Z r ( O R ) ,  + H 20

Equation 17: Condensation polymerization reaction

In the case where each metal alkoxide is capable o f forming three bonds, cross-linking 

can occur and a large 3D molecule can form. Gelation, which is induced by an increase 

in alkoxide concentration due to solvent evaporation, occurs at the point where the cross- 

linked polymer molecule extends throughout the solution. Once formed the gel is then 

fired, burning off the organic component and oxidizing the metal. The dimensions of the 

gel are also less than 1  pm, giving a very active surface and allowing the gel to be heat 

treated at lower temperatures than possible in traditional ceramic processing.

The porosity o f the final film is determined by the degree o f branching of the 

alkoxide molecules and the rate o f cross-linking (condensation rate) o f the sol. More 

highly branched alkoxides do not interpenetrate as well as linear ones, so the gel is less 

dense, and so is the fired film. Additionally, if  the condensation rate is slow, then upon 

drying, very few cross links are able to form and the gel formed is very compliant and 

compresses well, leading to a denser film. By manipulating these parameters it is 

possible to obtain films with a wide range of porosities [141].

58

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



There are two common techniques for sol-gel coating that will be discussed 

briefly here. In dip coating the substrate to be coated is immersed in the sol and 

withdrawn at a constant rate. In spin coating the substrate is spun and the sol poured onto 

its centre. Obviously dip coating results in both sides of the substrate being coated, while 

spin coating covers only one side. As a result of this dip coating may be useful for 

application o f electrolytes to tubular cells, while spin coating is more useful for planar 

cells.

W hen a sample to be dip coated is withdrawn from the bath, some o f the sol will 

be trapped in the boundary layer near the substrate surface, while the rest runs back into 

the bath. Evaporation o f solvent from this trapped layer increases the concentration of 

the precursor and leads to polymerization reactions. Eventually a gel will form, coating 

the entire surface o f the substrate that was in contact with the sol. Manipulation of the 

film thickness is best accomplished by altering the withdrawal speed. As this speed 

increases, the viscous drag increases, trapping more sol in the boundary layer and giving 

a thicker film.

For coating one side of a flat substrate spin coating is ideal. An excess amount of 

sol is poured onto the centre of a spinning substrate. The centrifugal force spreads the 

liquid evenly across the surface o f the substrate, with any excess sol spinning off the 

edges as droplets. As the film thins due to the centrifugal force, evaporation becomes 

important in increasing the precursor concentration which once again leads to gelation. 

By increasing the spinning speed the centrifugal force can be increased leading to a 

thinner film. Conversely, increasing the viscosity of the sol will reduce its sensitivity to 

spinning, giving a thicker film. While these two processes seem well suited to the 

fabrication of thin electrolytes on either tubular or planar substrates, there is a problem 

with film thickness. A significant amount o f shrinkage occurs when the film is fired, 

leading to large amounts o f stress which can lead to cracking o f the electrolyte layer. To 

avoid this very thin films of less than about half a micron should be deposited.

Therefore, multiple coatings are required to obtain an electrolyte thick enough for SOFC 

application.
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Attempts to fabricate a thin YSZ layer on a porous LSM substrate by dip coating 

required 10 applications o f the sol in order to achieve a 5 pm film [144], After each 

coating was applied the sample was dried and sintered at 600°C. After the final coating 

was applied the samples were again sintered, this time at higher temperatures, and the 

resulting film was examined by microscopy and hydrogen permeation measurements. 

Microscopic examinations indicated that sintering at a temperature o f around 1100°C 

gave a dense film, while cracking and porosity o f the film were observed at higher 

sintering temperatures. However, even the sample sintered at 1100 °C showed hydrogen 

permittivity. Other attempts to grow thin YSZ films, this time on fused quartz substrates, 

produced similar results with lower sintering temperatures, leading to seemingly more 

dense, crack free films [145]. The explanation put forth for this is that the resulting film 

is not dense at all and, at the higher sintering temperatures, there is enough energy 

available to induce densification. Because the film is constrained by its intimate bond 

with the substrate it cannot shrink in the direction parallel to the substrate surface, which 

leads to what is known as constrained sintering cracking if  the driving force for sintering 

is large enough. This includes the formation of cracks and discrete dense particles. The 

effect o f cracking can be reduced by applying more layers and obtaining a thicker film, 

since shrinkage can then occur in the direction perpendicular to the substrate surface; 

however, the resulting film still exhibits high porosity. A possible solution to this 

problem is to increase the green density o f the gel, which can be as low as 25%, thereby 

decreasing the amount o f shrinkage necessary for densification. At present no reports of 

highly successful sol-gel electrolytes have been published, but another colloidal 

technique, electrophoretic deposition, has shown promise.

3.1.5 Electrophoretic Deposition

Like the sol-gel process, electrophoretic deposition (EPD) is a colloidal 

deposition technique; however, in this process particulate sols are used. The process takes 

advantage of the fact that colloidal particles are primarily affected by surface charge 

rather than gravity. A suspension of the particles to be deposited in an appropriate

60

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



solvent is prepared, and an electric field is used to propel the particles towards the 

substrate where they stick. In order for this to work there are certain requirements of the 

system. First the substrate, which acts as one electrode, must be conductive, and second, 

the particles must have an appropriate surface charge in the given solution to allow them 

to be affected by the applied field. For deposition o f YSZ as the electrolyte for SOFC’s, 

the anode in its reduced state is a suitable substrate since the nickel provides reasonable 

conductivity at room temperature [146]. The apparent surface charge, or zeta potential, 

of the YSZ particles in a given solvent is strongly affected by the pH o f the solution 

[147]. At low pH a sufficient positive zeta potential is reached to deposit thin YSZ films 

from ketone sols.

The amount of deposited powder can be monitored through the current, and 

controlled by the deposition time and voltage [147], There are, however, various factors 

which can affect the relation between current passed and ceramic deposited, and these 

may need to be determined experimentally. Firstly, particularly when the pH is very low, 

some o f the current may be carried by free protons in the solution, rather than YSZ 

particles. Also, as the deposit builds up, it can have a shielding effect which decreases 

the deposition current. In general, increasing deposition time, deposition voltage or 

particle concentration in the sol are the best ways to increase film thickness. If  the 

concentration o f the particles is made too high, however, agglomeration can occur which 

leads to a non-uniform deposit. Also it is important that the electric field be uniform as 

this can also lead to inhomogeneous deposits [147].

The application of this approach to supported electrolyte SOFC’s [146,147] 

shows that the process is capable o f depositing thin, crack free layers on porous 

substrates. In order to achieve this it is important to match the sintering characteristics of 

the deposit and the substrate fairly well. Additionally, microporosity can also be a 

problem as results for single layer EPD films on porous anode substrates show that the 

maximum OCV is less than 85% o f its theoretical value. Through the use o f multiple 

coating-sintering steps, the maximum OCV can be increased to very near the theoretical 

value [147], but the added cost o f multiple heat treatments is a definite disadvantage.

Plus, to maintain conductivity in the substrate for subsequent depositions, the furnace
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atmosphere must be controlled to prevent oxidation of nickel. Multiple deposition runs 

have a minimal effect on the thickness o f the deposit, due to the shielding effect of the 

sintered YSZ layer, but do have a significant effect on its density as pin holes in the 

deposit become preferred deposition sites [147]. As a result 5 pm layers have been 

deposited which give OCV’s very near the theoretical value. In order for EPD to be 

competitive with techniques such as tape casting and EVD, it is important to be able to 

deposit thin, sufficiently dense layers ofY SZ in a single deposition/sintering step, and on 

cathode as well as anode substrates.

3.1.6 Other Electrolyte Systems

Fabrication o f thin electrolyte layers o f ceria and LSGM has not been as hotly 

pursued as it has for YSZ. In part this is because the higher conductivity o f these 

electrolytes allows them to be used a thick layers at lower temperatures. Additionally, for 

the case o f LSGM, the increased complexity o f the electrolyte makes it much more 

difficult to fabricate thin layers with the desired properties. Clearly, if  the thickness of 

these electrolytes can also be reduced to the order o f tens o f microns, then operating 

temperature could be reduced even further to around the 500-700°C mark. In this 

temperature range it is expected that carbon deposition from methane on nickel anodes 

will not be problem [103]. This section will focus on efforts to produce thin layer 

LSGM electrolytes.

Because o f the multi-component nature o f LSGM, EVD is poorly suited to the 

fabrication o f thin layers o f LSGM, and the reactivity of LSGM with nickel makes it 

impractical to deposit a thin layer on an anode substrate by tape casting followed by 

sintering [148], In order to prevent such a reaction a pure, highly porous (>60%), YSZ 

substrate can used [148]. A slurry o f fine LSGM particles is then applied and this 

assembly is fired in order to densify the LSGM film. Final film thickness on the order of 

15 pm can be achieved. After the electrolyte is sintered at high temperature (1400°C), 

the anode substrate can be impregnated with a nickel nitrate solution and dried. After 

drying the assembly is heated to 700°C to decompose the nitrate and leave NiO in the
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pores. Several repetitions o f this process are required to obtain sufficient nickel 

concentration in the anode, before a final sintering step is conducted at 1000°C.

While this process results in thin, dense LSGM layers and a significant reduction 

in reactivity between the anode and electrolyte, there is still significant interdiffusion of 

species from the electrodes and the electrolyte. This leads to higher than anticipated 

electrolyte resistance [148]. Therefore, it is clear that the possibility o f manufacturing 

supported LSGM electrolytes exists; however, it is vitally important to find supporting 

electrode materials that are compatible with LSGM during fabrication as well as at 

operating temperature.

Another attempt to manufacture thin LSGM electrolytes used the EPD process 

with acetone as the solvent [149]. Addition of iodine to the solvent results in sufficient 

surface charging of the LSGM powder to allow deposition at voltages around 30 V.

After deposition the sample is allowed to dry in air before sintering. In order to obtain 

sufficient density, several deposition runs are required and after each deposition the 

sample must be dried in air and sintered at 1400°C. After five repetitions of these 

deposition and sintering steps a dense LSGM layer of about 4 pm thick can be obtained. 

Although the films resulting from this procedure have high conductivity and reasonable 

density, the requirement for multiple sintering steps is a serious drawback, and it is still 

important to find a substrate material that will not react with LSGM during sintering.

3.2 Electrode Manufacturing

As has already been discussed the microstructure of fuel cell electrodes plays a 

major role in determining how well they perform. Therefore, it is important for a 

successful manufacturing process to give highly reproducible results at a reasonable cost. 

In this section several potentially commercially viable procedures will be described and 

their advantages and limitations discussed. Because in many cases one of the electrodes is 

a supporting structural member, they can be fabricated by conventional bulk ceramic 

processing techniques. An example is the extrusion technique used by Westinghouse to
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fabricate cathode support tubes for their sealless tubular cells. However, in all cases at 

least one electrode, be it anode or cathode, is deposited onto the existing cell as a film. 

Many different techniques have been applied to this problem with varying degrees of 

success.

An important factor in determining the structure o f any ceramic or cermet 

structure is the characteristics of the starting powder, which are highly influenced by the 

techniques used to manufacture the powder. These techniques are beyond the scope of 

this work; however, in general a fine homogeneous powder is desired. Finer powders are 

more active for sintering; therefore, shorter sintering times and lower sintering 

temperatures can be used to get the desired structure, whether it be dense or porous. This 

means that there will be less interaction between the various components o f the fuel cell 

during fabrication.

3.2.1 Pressing and Sintering

The simplest technique for fabricating electrode substrates for SOFC’s is to press 

oxide powders into pellets and sinter them to the appropriate density. This technique is 

widely used in experimental studies [20, 54, 90, 95,106,150], where the size of the cell 

is relatively small. Commercial cell development, on the other hand, tends to require 

much larger cell areas. This requires roll pressing in order to manufacture these cells 

efficiently.

A variation o f pressing and sintering is the coat-mix process [151], In this 

process powders ofN iO  and YSZ are mixed with a hot binder solution. Cooling this 

mixture with acidified water causes the binder to envelop the powder. The resulting 

powder can be easily pressed into substrates that are suitable for handling. Substrates 

made by this technique have been shown to have good gas permeability and a fine pore 

structure; however, in order to improve anode performance and lower pore size for thin 

film electrolyte application, a finer active anode layer is often applied by a slip casting 

process[152].
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3.2.2 Tape Casting

This technique, which is so applicable to electrolyte fabrication, brings the same 

advantages to electrode manufacturing. Tape casting has been used to make porous 

anode substrates ranging in thickness from 500-1500 pm [8 , 151], Although designed for 

the manufacture of thin dense layers, it can be readily adapted to form porous layers. 

Green tapes can then be laminated to electrolyte tapes and cut to the desired geometry 

quite easily [151], In order to avoid warpage or cracking when sintering these anode- 

electrolyte laminates, it is important that the differential sintering shrinkage o f the two 

layers be kept below about 5% [153]. This can be difficult since one o f the layers is, by 

design, fully dense while the other is highly porous. One technique proposed to minimize 

this difference is the addition o f pore forming agents (PFA’s) to the anode slip [153, 154, 

155], PFA’s are organic additives that are burned off during binder removal and 

sintering steps, leaving voids behind. Examples include starch, polyethylene beads or 

graphite flakes. The amount of PFA required to form a continuous open path through the 

electrode substrate is dependent on the morphology of the PFA. The flat graphite is 

capable of forming such a network at lower additions than are spherical particles. 

Addition of PFA to the slip does alter its properties; therefore, it is important to make 

appropriate additions o f other organic additives so that the green tape is still handleable.

Using this technique it has been shown that layers o f 80% porosity and fully 

dense layers can be successfully laminated together. A similar technique, also using pore 

formers, has been used by Ceramic Fuel Cells Limited [8 ]. With appropriate firing 

conditions and kiln furniture, flat, crack free anode-electrolyte laminates suitable for use 

in SOFC stacks can be produced. Because tape casting is a well developed technique 

capable of mass production and bearing the above reported results in mind, it seems 

likely that it will play a major role in the commercialization o f SOFC technology.
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3.2.3 Extrusion

The previous two techniques discussed, although useful for manufacturing planar 

substrates, are not applicable to tubular designs. The approach taken by Westinghouse to 

fabricate their tubular cathode supports is extrusion. In this technique a plastic feed 

material is forced through a die into the desired shape, in this case a tube [156]. The 

plastic feed is generally prepared by mixing the required organic additives with ceramic 

powder. Once the feed is shredded and de-aired it is forced through the extrusion die 

using an auger. The formed tube is then fired to give a porous ceramic body. Like tape 

casting, extrusion is a well established industrial process that is capable of mass 

production [126], The difficulty, therefore, with fabricating tubular cells is not substrate 

fabrication but deposition of the electrolyte and interconnect, which are typically done by 

EVD.

To this point the focus has been on techniques for the mass production of thick 

electrode substrates, rather than on techniques that are used to control electrode 

microstructure or deposit the second electrode. These will be discussed next.

3.2.4 Screen Printing

Screen printing is a simple procedure capable o f depositing electrode layers on 

flat self supported or electrode supported electrolytes. For cathode deposition, a slurry of 

LSM or LSM and YSZ powders is prepared. This slurry is then forced through a 

stenciled screen, giving a patterned layer. The slurry can then be dried and fired to give a 

solid, porous electrode. The openings in the screen should be several times larger than 

the size of the particles in the slurry, and the slurry should flow well. Screen printing has 

been used to print anodes [87,157] and cathodes [76]. For anode deposition a mixture of 

NiO and YSZ is used as the typical starting powder. Aqueous or organic solvents can be 

used, and the resulting electrode layer is typically a random dispersion of the starting 

powders with a thickness from a few to several tens o f microns. Multiple coatings can be 

applied to increase the thickness and changing the slurry characteristics between

applications can lead to graded electrode structures. The simplicity and low cost of this
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technique make it very useful for applying the cathode to tape cast anode supported 

anode/electrolyte plates for commercial applications [8 ].

3.2.5 Powder Spray Techniques

An alternative method for the deposition o f non-load bearing electrodes are spray 

painting techniques. Here powders of the electrode material are dispersed in a solvent 

and sprayed onto the electrolyte [4, 158]. Usually a dispersant is added to the spray 

mixture to prevent agglomeration of the particles, allowing for a finer, more active 

microstructure. During the spraying process some of the solvent evaporates; however 

enough, is left behind that the deposited layer can flow and level itself. After the deposit 

is completely dried, the binder is removed and the ceramic is sintered in a single step 

[158,159]. The spraying mechanism is nothing more than a modified paint gun, and the 

electrode can be patterned easily by the use o f a mask. The thickness o f each layer is 

dependent on the spray parameters and particle size, and the total thickness can be 

increased by using multiple coatings. This technique has been used to make composite 

anodes [4] and cathodes [152, 158, 159, 160], as well as graded structures in which an 

LSM-YSZ cathode is deposited on the electrolyte layer, and this layer is then covered 

with a pure LSM current collecting layer [158,160]. Scaling to larger substrates is easily 

achieved by spraying a series of overlapping stripes, and it is also possible to coat curved 

substrates, increasing the applicability o f the process.

3.2.6 EVD

For sealless tubular cells the anode is applied to the outside o f the tube over the 

thin YSZ electrolyte using the EVD technique [126]. Once the tubular cathode- 

electrolyte structure has been fabricated by methods already discussed, metallic particles 

are slurry coated onto the electrolyte [104], Once this layer has been deposited, the EVD 

technique is used to apply a layer o f YSZ over the metal making a cermet electrode. 

Unlike EVD o f the electrolyte, which gives self-leveling growth, this process leads to

67

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



preferential growth of the oxide layer along the metallic surface. Again the source 

materials for the YSZ layer are yttrium and zirconium chloride vapours, and oxygen is 

delivered through the ceramic electrolyte. A reaction between the chloride vapours and 

the oxygen ions at the three-phase boundary (3PB) leads to the deposition o f YSZ and the 

release o f electrons. Electrons are then returned through the electrolyte to the cathode 

due to the small degree o f electronic conductivity present in YSZ. From this initial 

deposit growth is possible in two directions, along the electrolyte surface or along the 

metal surface; this is shown in figure 13. For growth along the electrolyte surface, ions 

can come from the electrolyte film, or the YSZ deposit, and electrons are returned 

directly to the electrolyte film. When the oxide grows along the metal surface, ions have 

to pass through the deposit; however, at the deposition temperature the ionic conductivity 

o f the deposit is quite high; therefore, this process is rapid. The electrons released by the 

reaction can be returned to the electrolyte film through the high conductivity metallic 

particles. Initially, this provides little advantage over growth along the electrolyte film 

surface, so growth should occur equally by both mechanisms. The result is a thickening 

of the electrolyte film which leads to an increase in electronic resistance of the film.

Once this has occurred growth becomes faster when electrons can take a short cut 

through the metallic particles. Then growth becomes faster along the metal surface. The 

result is a coating o f YSZ over the metal particles which leads to a large increase in 

available 3PB sites (figure 13).

Preferential 
—.Growth r

Uniform
Growth

Initial
Deposit

Metal ParticleElectrolyte Film

Figure 13: Cermet growth by EVD

Unlike the electrode fabrication techniques discussed before, EVD gives a 

predictable arrangement o f the ceramic and metal phases. The ceramic coating helps to
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support the metallic phase, limiting ageing due to nickel agglomeration and providing 

very good contact between the metal and electrolyte. Experiments using ruthenium as the 

metallic phase show that very fine structures can be fabricated in this way and result in 

excellent performance [104], The technique is best suited to tubular designs since the 

requirement of high temperature sealing is avoided; however, it could still be used on 

planar cells. Drawbacks are that it leads to an increase in electrolyte thickness, and it 

requires electronic conductivity in the electrolyte phase in order for growth to occur. 

Therefore, a conflict between cell performance and maximum growth rates exists.

3.2.7 PEVD

Polarized electrochemical vapour deposition (PEVD) is a modified form of CVD 

which seeks to eliminate the drawbacks o f EVD. Like EVD the growth of an electrolytic 

film is caused by the electrochemical reaction o f vapour species with oxygen ions. The 

difference is that, rather than a chemical potential difference being the driving force for 

ion migration, it is an externally applied electrical potential difference [161]. This allows 

for much better monitoring and control of the deposition process, and should improve the 

deposition rate. The current can be used to monitor the deposition kinetics, since the 

electronic conductivity o f the electrolyte is very low [161]. This means that it can 

reasonably be assumed that the current being passed through the external circuit is equal 

to the ionic current through the electrolyte. By monitoring the current in the external 

circuit then, it is possible to monitor the extent o f deposition.

Another similarity to EVD is the growth pattern o f the deposit; however, because 

there exists a short circuit electronic path from the anode to the cathode, thickening of the 

electrolyte layer should be less prevalent. Therefore, the deposit occurs only at the 3PB 

and growth is highly favoured along the metal surface. As a result the layer grows over 

the metal enveloping it completely. This moment o f complete coverage of the metal is 

accompanied by a sharp drop in current [161]. Once the entire metallic surface has been 

covered the film begins to thicken [162]. Because the electronic conductivity o f the YSZ 

is very low, the deposited film is very thin [163]. Unlike slurry methods which used
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mixed particles o f Ni and YSZ, the ceramic phase in PEVD does not interfere with the 

electronic path that exists through the metal. The result is a cermet with nearly the 

electronic conductivity o f the porous metal. Additionally, the coating prevents sintering 

and vapour loss o f the metallic phase as well as preventing poisoning o f the anode by 

impurities in the fuel.

The deposition temperature for PEVD is on the order of 1000°C, which is lower 

than typical firing temperatures for cell components produced by more traditional means. 

Because o f this, interdiffusion and reaction problems between cell components should be 

reduced. The very nature o f the deposition process ensures intimate contact between the 

metal and ceramic phases in the electrode, which helps inhibit sintering, and also ensures 

good contact between the anode and electrolyte, thereby reducing interfacial resistance. 

The coating layer will affect the porosity o f the electrode; however, since studies have 

shown that the deposit is usually very thin this should not be too much of a problem [162, 

164], Potential major drawbacks of PEVD electrodes are a loss of catalytic activity, due 

to complete coverage o f the metal surface, and poor electronic conductivity of the 

coating. The latter prevents electrons from moving from the free surface where the 

reaction with the fuel occurs to the metallic phase, and could lead to increased contact 

resistance between the electrode and the interconnect or current collector.
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Chapter 4 Experimental

4.1 PEVD Processing

The PEVD process was used to apply a thin YSZ coating over a platinum 

electrode on a self-supporting 8 YSZ electrolyte disk. The purpose being to determine 

how the electrochemical performance o f cells treated by PEVD depended on the 

deposition conditions, particularly deposition time, temperature, and the bias voltage in 

order to determine an optimum processing route for PEVD. YSZ disks (Ceraflex 8 Y, 

Nikki Shoji Co. Ltd.) were 25 mm in diameter with a nominal thickness of 0.5 mm. 

Typical analysis o f these electrolytes is given in table 1 (section 4.4). Prior to deposition 

of platinum electrodes on the electrolyte, the disks were washed with ethanol and 

calcined at 700°C for one hour to ensure a clean surface. Circular electrodes were 

applied by screen printing Electro-Science Laboratories platinum paste (5542-J-l) onto 

the electrolyte. Electrode diameter was 13 mm and four layers were applied to each side
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to build up electrode thickness. A single layer o f Pt paste was applied to the anode side 

as a reference electrode at a distance of about 1 mm from the anode. After each layer of 

platinum was deposited, it was dried at 90°C for 20-30 minutes and fired at 950°C for 10 

minutes in an electric furnace. Platinum mesh was pressed into the final layer on both the 

anode and cathode side, before firing, as a current collector. Platinum lead wires were 

then attached to the current collectors by spot welding and a lead wire was attached to the 

reference electrode using additional platinum paste.

The cell, thus prepared, was then attached to an alumina support tube using high 

temperature cement (Aremco 503). This setup is shown schematically in figure 14.

Other sealing materials were also tried including Heraeus IP9105HT, most of the glasses 

tried had too low a softening temperature, while the IP9105HT did not have the an 

appropriate TEC The cement was cured according to the manufacturer’s specifications 

with slight modification. First the cement was dried for two to four hours at 90°C in a 

drying oven. After initial drying the cement was cooled and examined for cracks, which 

were repaired as necessary. Then the cement was again dried at 90°C for 2 h, this time in 

the PEVD reactor furnace. After this second drying period the cement was cured for 2 h 

at 260°C, and 2 h at 370°C. Once curing was complete the tube and cell were heated 

directly to the deposition temperature, which ranged from 900 to 1050°C.

Support Tube

Reference Lead Wire

Cement

\ Electrolyte

Anode Lead Wire

Figure 14: Support tube/electrolyte setup

The PEVD reactor consists o f a tube furnace and an alumina reactor tube. The 

ends of the reactor tube are sealed to an aluminum frame which allows for easy insertion
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and removal o f the support tube, as well as the PEVD source material. A schematic of 

the PEVD setup is shown in figure 15. Powders of yttrium and zirconium chlorides 

(Aldrich 99.99% YCI3 and 99.9+% ZrCL*) were used as the source material. The 

powders were stored in a glove box connected to the reactor under a dry air atmosphere, 

to prevent reaction with atmospheric water prior to deposition. For deposition the 

chlorides were placed in glass sublimation tubes and inserted into the reactor until they 

reached the desired temperature. The temperature o f each chloride was monitored by a 

K-type thermocouple mounted in the sublimation tube and an Omega model HH22 

microprocessor thermometer. The reaction chamber was evacuated to a total pressure of 

less than 1 torr, as measured by a Pirani gauge, using a Welch Duo-Seal vacuum pump.

A second pump was used to evacuate the inside of the support tube. Argon (Praxair, pre- 

purified) was passed through a drying column containing magnesium perchlorate (Fischer 

M54-500) and Drierite (“the versatile desiccanf’) as an indicator and then through the 

sublimation tubes as a carrier gas. An additional flow of dry argon was used to maintain 

gas flow throughout the chamber. Argon flow was monitored via rotameters (Cole- 

Parmer), and the flow rate was controlled manually. Air (Praxair, T.O.C. grade) was bled 

into the inside o f the support tube to act as an oxygen source for the deposition reaction.

A mass flowmeter (Omega FMA-5605) was used to monitor the air flow rate, while a 

needle valve was used to make necessary adjustments.

Reactor
Tube

Support
Tube

Furnace ElementVacuum

Figure 15: PEVD reactor schematic
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The open end o f the support tube was sealed with a rubber stopper, which had 

holes through it to accommodate the air inlet and vacuum tubes. Lead wires for the 

anode, cathode and reference electrodes also exited at this end. For most o f the 

deposition runs the three leads were connected to a Princeton Applied Research model 

371 potentiostat-galvanostat (PAR 371). The anode was connected to the working 

electrode and the cathode was the counter electrode. In some cases a constant voltage 

was maintained between anode and cathode, and in others between the anode and 

reference electrode. The voltage range used for all runs with the potentiostat was from - 

500 to +300 mV, and the corresponding current was recorded with a dual channel analog 

chart recorder (Brinkmann Instruments).

For a few o f the deposition runs, the anode and cathode lead wires were 

connected through a decade resistance box. The resistance was varied to control the 

deposition current, which was again recorded by the chart recorder. Cell voltage during 

the deposition run, as well as the voltage drop between the anode and the reference 

electrode, were intermittently recorded during deposition.

4.2 Electrochemical Investigation
In order to determine the effect of the deposition voltages investigated

electrochemical performance of the cells was measured after deposition under different 

conditions. Electrochemical characterization o f the cells was done at three or four 

different temperatures before and after deposition. Polarization curves were generated 

using the decade resistance box, a Keithley 612 electrometer to record cell voltage and a 

digital multimeter to record current. The setup is shown schematically in figure 16. 

Initially the circuit was opened and the voltage recorded. Then the circuit was closed, 

and the voltage and current through the circuit were measured and recorded. The 

resistance o f the resistance box was lowered in steps and the current and voltage were 

recorded at regular intervals. The voltage was then plotted as a function of current to 

generate the polarization curve. For cells where deposition was conducted at 950°C or 

less, these I-V curves were generated at 750, 850 and 950°C both before and after 

deposition. Hydrogen (Praxair, pre-purified), humidified by bubbling through water at
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room temperature, was used as the fuel while compressed air (Praxair, T.O.C. grade) was 

used as the oxidant. Argon was mixed with the hydrogen fuel at a volume ratio of about 

1:1 as this was observed to give higher, more stable open circuit voltages. The hydrogen 

flow rate was measured using a rotameter, while the same mass flowmeter was used for 

air flow measurement as in deposition. These electrochemical tests were conducted upon 

heating o f the sample before deposition and during cooling o f the sample after deposition 

in order to clearly illustrate the effect o f PEVD on cell performance. From these 

polarization curves power density curves were also generated by multiplying the current 

density by the voltage. This product was then plotted as a function o f current density.

The voltage drop due to electrolyte resistance was removed from these curves using 

published data for the conductivity of YSZ [31],

For some cells complex impedance plots were also made using a Princeton 

Applied Research 273 potentiostat (PAR 273) and a Solartron 1255 frequency response 

analyzer controlled by a computer running Corrware and Z-plot electrochemical and 

impedance software. These tests were not done on all the cells because some drift was 

detected in the potetntiostat output. This made it impossible to compare the results of one 

test run to another, but did not affect the ability to track changes during a single 

deposition run. All o f the data used in the following section, with the exception of 

impedance data was generated using the PAR 371, which functioned well throughout 

testing.

Cell

Figure 16: Schematic of setup for polarization measurements
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4.3 Microstructural Examination
After deposition and electrochemical testing, the samples were prepared for

microstructural examination. Plan views of the sample were examined by SEM (Hitachi 

H-2700) and EDX (Princeton Gamma Tech, Prism IG, Intrinsic Germanium Detector 

with thin film window and PGT Imix analysis) after carbon coating. Cross sections were 

prepared either by mounting the specimens in Lucite followed by sectioning with a 

diamond wafering blade (Beta diamond products 515-H) and a precision saw (Buhler 

Isomet 4000) or by fracturing the samples. After sectioning the mounted samples, one 

cross section was ground down to a 600 grit finish using silicon carbide paper then 

polished using 6  pm diamond paste. Both the polished and as sectioned cross sections 

were carbon coated and again examined by SEM and EDX. Fractured samples had a less 

disturbed microstructure; however, the surface was much rougher, leading to increased 

difficulty in characterizing the electrode by EDX.

Some samples were also examined using an electron microprobe equipped with 

wavelength dispersive x-ray spectrometers (WDX), and a cathodo-luminescence (CL) 

detector. The higher resolution of WDX compared to EDX was required to resolve the 

low energy zirconia peaks, which overlap with those of platinum. Because zirconia is 

somewhat cathodoluminescent the CL detector could be used to identify areas with 

sufficient YSZ content for analysis by WDX. X-ray diffraction (XRD) was also used on 

some of the samples to identify the phases present in the electrodes. In order to do this a 

thin film setup was required.

4.4 Materials
The tables in this section show the compositions o f the materials used in these 

experiments.
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Table 1: Analysis of YSZ electrolytes

Component Weight %

y 2 o 3 13.79

HfD2 1 . 6

A12 0 3 0.074

Na20 0.035

S i0 2 0.032

Fe2 0 3 0.003

MgO 0 . 0 0 1

Z r0 2 remainder

Table 2: Analysis of YC13 powder

Component Concentration (ppm)
Si 67
B 2

Co 0 . 8

Mg 0.7
Fe 0.5
Yb 0.5
Lu 0 . 1

YC13 Remainder

Table 3: Analysis of ZrCl4 powder

Component Concentration (ppm)
Sn 25
Mn 6.7
Fe 3.3
Na 1 . 8

ZrCl4 Remainder
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4.5 Engineered Porosity Samples
In addition to the tests above on home made samples, tests were also done on

samples made at the University of Waterloo using the coated pore forming agent 

technique discussed in section 3.2.2. This technique allows direct control o f the porosity 

and pore size o f the electrode without leading to excessive shrinkage during firing. The 

samples used were NiO-YSZ composite anodes with varying nickel compositions, and a 

thin, pre attached YSZ electrolyte. The amount o f nickel in the electrode ranged from 

approximately 10.8 to 14.0 vol%, and were made using graphite as the PFA. The 

samples were reduced in a hydrogen atmosphere at 800°C for two hours, following which 

the resistances o f the samples were measured at room temperature with a two-point setup, 

and in cases where the conductivity was high, a four-point probe as well. For 

electrochemical testing a platinum cathode was screen printed onto the electrolyte and a 

lead wire was attached to the cathode. Then the anode was again reduced in a hydrogen 

atmosphere to convert the NiO to Ni, and a lead wire was attached using platinum paste. 

The cell was then mounted on the ceramic support tube as shown in section 4.1. 

Polarization measurements were made in a moist hydrogen atmosphere with air in the 

cathode chamber.
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Chapter 5 Results and Discussion

5.1 Deposition
The major manipulated variables in the deposition process were the temperature

of the cell, the deposition time and the driving force for deposition. Other variables such 

as chloride temperature, gas flow rates and system pressure were generally kept as 

constant as possible using the given equipment. That being said the nature o f the 

experiment, a high temperature, vacuum process, makes it difficult to control these 

variables. The chloride temperatures were measured with K-type thermocouples that 

were placed very near the chloride powders. These allow for temperature monitoring 

accurate to about 0.4%. Temperature control was achieved by manually adjusting the 

position of the sublimation tubes in the furnace. By this technique it was usually possible 

to reproduce chloride temperatures to within ± 5°C from run to run. This small deviation 

should not have too much effect on the composition of the final deposit, but from the
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beginning of the deposition ran to the end, the temperature o f each chloride tended to 

increase by as much as 5-10°C without adjusting the tube position. In most runs, no 

compensation was made for this fluctuation; however, in cases where the temperature 

increase was substantial the tube was withdrawn slightly. A 10°C increase in yttrium 

chloride temperature from 835 to 845°C, with a corresponding increase in zirconium 

chloride temperature from 165 to 175°C, would alter the composition from 8.4 mol% 

yttria initially, to 6.0 mol% yttria at the final chloride temperatures. This may not seem 

like a large difference in composition of the deposit; however, this composition is right at 

the edge o f the stable range for the cubic phase and could have a significant effect on 

deposit conductivity.

An additional source of error in the final yttria content could come from the 

Hertz-Knudsen relation (equation 13) used for calculating evaporation rates of the 

chlorides as a function o f temperature. Two assumptions, which may not be entirely 

valid, were made in the application o f this equation. First it is assumed that the area for 

evaporation (surface area) of the two chlorides is equal. This is likely untrue, since the 

sublimation temperature for the yttrium chloride is above its melting point while the 

zirconium chloride is still solid at its sublimation temperature. Thus the yttrium surface 

area will be the surface o f the liquid pool in the sublimation tube. The zirconium 

chloride, being a powder still, can have a much larger surface area. Only the zirconium 

chloride surfaces that are directly exposed to the atmosphere will likely make a 

significant contribution to the evaporation rate though, as the other surfaces are likely to 

encounter a significant background pressure o f the chloride.

The second assumption is that the evaporation coefficient, a , is unity for both 

chloride powders. Initially, this is probably true, since for clean surfaces this factor is 

very close to one. However, as the test runs and indeed as the storage time of the 

chlorides increases, oxidation or contamination o f the powder may occur, reducing the 

evaporation coefficient. To limit the effect o f long storage times on the chloride powders 

the zirconium chloride was stored in a sealed bottle while not in use; however, due to its 

small particle size, it is still possible that some oxidation o f the chloride did occur over 

time. The yttrium chloride was stored in the dry box in an open container. Because it 

comes in bead form, however, it must be ground immediately before use. This exposes a
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clean surface which should allow for a high evaporation coefficient. It was hoped that 

these measures would, at least initially, give a predictable and repeatable evaporation 

rate. At high temperatures the chlorides are more susceptible to reactions with 

contaminants; therefore, in order to prevent contamination, it is vital to have a good 

vacuum system and clean gas supplies.

The evaporation rates o f the two chlorides, calculated from the Hertz-Rnudsen 

relation and two different sets o f vapour pressure data, are shown in figure 17 as a 

function o f temperature for an evaporation coefficient of one.

The melting temperature of yttrium chloride is around 71 CPC and, as can be seen 

from the graph, its evaporation rate can be quite low compared to that o f zirconium 

chloride in the temperature ranges shown in figure 17, depending on the source data used. 

To determine the yttrium chloride temperature needed to get an 8mol% YSZ deposit, the 

temperature o f the zirconium chloride was first set. For example, using one set of data, 

when the zirconium chloride temperature is set to 200°C, an evaporation rate of about 

2.8xl0 '3 mol/s/cm2 is calculated from equation 12 using oc=l. Thus, assuming the 

deposition rates o f the two chlorides are the same, an evaporation rate o f 4.8x10‘4 

mol/s/cm2 is required for the yttrium chloride. From figure 17 b), this occurs at a 

temperature near 875°C. This temperature is fairly high, especially when the deposition 

temperature was only 900°C, so normally the zirconium chloride temperature was set to a 

temperature in the range of 160-170°C and the yttrium chloride temperature used was 

720-730°C.

Calculations o f the yttria contents of the films based solely on the evaporation 

rates o f the chlorides have shown significant discrepancies in published data. Using one 

set o f data [165] for the evaporation of yttrium chloride at 880°C and zirconium chloride 

at 200°C, the yttria content o f the film should be just over 8 mol%. Using another set of 

data [165], with the same conditions, gives a yttria content o f  only 3.4 mol%. This 

shortfall in yttria content according to the second set o f data became more pronounced at 

the temperatures commonly used in these experiments. For example, when the yttrium 

chloride temperature is 735°C and the zirconium chloride is at 163°C, the maximum 

yttria content arrived at from the gas composition is only 0.8 mol%, while the other set of 

data yields a yttria content o f 15 mol%.
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Figure 17: Molar evaporation rates for zirconium (a) and yttrium (b) chlorides from

two different data sources

The final film composition may well be different than that expected from the ratio

of the two reacting constituents in the gas phase, due to different reaction rates. In order

to determine the relationship between film composition and gas phase composition it

would be necessary to directly measure the composition o f the gas phase, since we have
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seen that there are significant variations in gas compositions calculated using different 

sets of published data. In order to do this some changes would need to be made to the 

current experimental setup, but this could lead to a better understanding o f the PEVD 

reaction.

Two other factors that may be important for the deposition reaction are the system 

pressure and the gas flow rates. The gas flow rates determine the delivery rate of the 

chlorides to the cell and play a role in determining the evaporation rates of the chlorides. 

When the gas flow rate is high enough the background chloride pressure that the powders 

are exposed to is essentially zero, so the evaporation rate is maximized. If the flow rate is 

too low an appreciable background pressure o f chloride may exist, which would lower 

the evaporation rate from that calculated. Keeping the argon backflow as the dominant 

gas flow ensures that the relative amount of each chloride reaching the reaction zone per 

second is determined by its evaporation rate, rather than its carrier gas flow rate. A 

higher gas flow rate should reduce the thickness o f the diffusion boundary layer at the 

cell surface and thereby reduce the effect o f diffusion on the reaction rate.

It is also important to have a good vacuum to prevent reaction o f chloride vapours 

away from the electrode. This requires a leak free system and removal of contaminants 

from the reactor surfaces before deposition. To remove contaminants, the surfaces were 

heated to the deposition temperature under argon, and then the reactor was pumped down 

to the deposition pressure. After this, a dry mixture of argon and hydrogen (5% H 2 in Ar) 

was passed through the system. This eliminated any free oxygen from the system. To 

purge the system of water vapour, dry argon was again run through the reactor. A 

shielding flow o f dry argon was maintained through the sublimation tubes throughout this 

process to protect the chlorides from accidental oxidation.

By controlling the system pressure it is possible to control the mean free path of 

the components in the gas phase. In this case, it was desirable to have enough gas phase 

collisions to attain an even distribution of the reacting gases. With the current setup the 

only way to control the system pressure was by altering the gas flow rates. This proved 

difficult to do at reduced pressure, with the valves available. As a result, for the 

deposition runs, the system pressure was in the range o f 0.5 to 0.7 torr, giving a mean 

free path of about 0.5 pm in the deposition region if a molecular diameter o f 0.3 nm is
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assumed for all constituents. This distance is short enough that a large number of 

collisions w ill occur before the vapour species arrive at the cell.

Another variable that should affect deposition rate, along with arrival rate of 

reactants, is the deposition voltage. The deposition voltage was controlled using a 

potentiostat and either a two or three electrode setup. In most cases the anode was held at 

a negative voltage with respect to either the cathode or the reference electrode in the 

anode environment. It was found that there was very little correlation between the 

deposition voltage and the reaction rate, as measured by the current. In two different 

runs, both at the same voltage and with other conditions very similar, the current differed 

by close to two orders o f magnitude. This suggests that there is some other factor that 

plays a role in determining reaction rate. O f the monitored deposition variables, the only 

one that differed was the gas flow rate where, in the case with the lower current, no back 

flow of argon was maintained. The flow rates o f argon through the sublimation tubes 

were higher for that run though, so the total argon flow rate through the system was 

similar for the two runs.

One factor which has an effect on the current is the cathode reaction rate. In both 

o f the deposition runs mentioned above, the air flow rate to the cathode was identical; 

however, the active cathode area may have been different. In the process of attaching the 

cell to the support tube a layer o f cement is placed around the hole in the tube and the cell 

is pressed into this layer. This causes cement to squeeze towards the centre o f the cell, 

which can partially cover the cathode. The degree o f cathode coverage was not carefully 

monitored from run to run and it is reasonable to assume that when more cathode area is 

covered, the cathode reaction rate will decrease, which may play some role in 

determining deposition current. Another possible contributing factor is contact resistance 

in the cell.

5.2 Deposition at 1050 °C and -300mV
For the early tests electrochemical analysis consisted o f electrochemical

impedance spectroscopy as well as current-voltage measurements. Impedance 

measurements were done before, during and after deposition in the chloride environment
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and after deposition in a fuel cell operational environment. The purpose of these 

measurements was to determine the extent of deposition required for optimum cell 

characteristics. However, due to a malfunction in the potentiostat (PAR 273), the data 

generated may be erroneous in some cases. The same can be said for the polarization 

curves generated with this instrument. Later tests (cell 500-15 onwards) were done using 

an older potentiostat, with no interface for the frequency response analyzer. Therefore, 

no impedance data were collected and polarization curves alone made up the 

electrochemical analysis. These were done in a cathode atmosphere o f air and an anode 

environment o f moist hydrogen mixed with argon. The reason the fuel was mixed with 

argon was that it was observed that this tended to lead to higher, more stable, open circuit 

voltages.

The key deposition statistics for the cells deposited under these conditions are 

shown in table 4, while Figures 18 and 19 show the I-V and power density vs. current 

density curves, respectively for these cells at all four testing temperatures. By carefully 

examining these curves it is hoped that more knowledge of what goes on during 

deposition can be obtained.

Table 4: Deposition statistics for cells deposited at 1050°C and -300mV

Cell Deposition 

Time (min)

500-19 1346

500-20 1396

500-21 2654

500-26 8470

500-27 4014

500-39 3210

85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.200

1.000

0.800

O) 0.600

0.400

0.200

0.000

-Q ---500-19

T -500-20

- A -500-21

-7 « - -500-26
M- - 500-27

-©- -500-39

0.000 10.000 20.000 30.000 40.000 50.000 60.000 70.000

Current Density (mA/cm2)

950 C
0.800

CT> 0.600

0.400

0.200

0.000
0.000

^ — 500-19 
500-20

A— 500-21 
500-26 
500-27 

O 500-39

5.000 10.000 15.000 20.000

Current Density (mA/cm )
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Figure 19(cont’d): Power density for cells deposited at 1050°C and -300mV

When the performance o f each individual cell is examined temperature by 

temperature, some features stand out. For example, with cell 500-19 it is seen that the 

power output is among the best for all temperatures, but at 850°C is significantly better 

than all o f the other cells. The open circuit voltage for this cell at this temperature is 

higher than for all the other cells except cell 39, which is part o f the reason for the better 

performance. In fact, when the higher OCV is ignored, the shape o f the I-V curve is quite 

similar to that o f both 500-20 and 500-26. At other temperatures there is nothing about 

the performance o f this cell that stands out. Because this variation in OCV between the
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different cells, and even between different temperatures for the same cell, is observed it is 

perhaps best to analyze the cell performance based on the relative slopes of the I-V 

curves. The power output is dependent on both the polarization of the cell and the initial 

voltage, while the slope o f the I-V curve is determined solely by the polarization o f the 

electrodes and the cell resistance. The major contributor to cell resistance should be the 

electrolyte, and this will have a similar resistance for all o f the cells. The resistance of 

the electrodes themselves and the contact resistance between the electrode and lead wires 

should be low, so the major unknown is the contact resistance between the electrodes and 

the electrolyte. In cells where this interface does not adhere well, there will be very high 

contact resistance, which should become much lower in better adhering cells.

Cell 500-20 shows the most consistent performance of all the cells examined in 

this set. The I-V curve shows a dramatic change in slope at around 1.5 mA/cm2 at 950°C 

and a similar but less pronounced shift at 0.5 mA/cm2 and 850°C. This is shown in figure 

20 for the case at 950°C, where linear least squares best-fit lines are shown for the two 

portions o f the graph. The equations accompanying the trend lines show that the portion 

at high current density has a slope that is about l/5th that o f the initial curve. The slopes 

of these two regions represent the area specific resistances (ASR in Qcm2) of the 

processes that cause them. Typically, the initial slope is associated with activation 

polarization, while the second portion is associated with ohmic losses in the cell. A third 

portion, not seen here, is caused by concentration polarization. In this region, which 

occurs at high current densities, the slope becomes vertical. An example of this may be 

seen in the I-V curve for cell 39 at 750°C (figure 18). The variation in these slopes from 

cell to cell should give some insight into the effect of deposition on both cell activity and 

cell resistance.
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Figure 20: I-V curve for cell 500-20 at 950°C showing two distinct slope regimes

Perhaps the most interesting behaviour is shown by cell 500-21. At the higher 

temperatures (1050 and 950°C) it has very good performance; however, when the 

temperature drops to 850°C and below it gives the worst performance of all the cells. In 

part, at least, this is due to the lower OCV exhibited at these temperatures. One potential 

reason for the poor performance o f the cell at 750 and 850°C may be anode-electrolyte 

interface degradation. When the cell was dismantled after testing, the anode layer was no 

longer well attached to the electrolyte, sticking better to the lead wire. This kind of 

detachment was seen earlier in many o f the cells but no cause was ever identified.

Cell 500-26 performed poorly relative to the other cells in this group at all 

temperatures except for 750°C. Although it did have one o f the highest OCV’s of the 

five cells at this temperature, this alone does not account for its good performance. At 

1050°C it also had one o f the highest OCV’s and did not perform well. For a better 

understanding o f the causes o f the performance variation it is necessary to examine the 

microstructures o f the cells. It is unlikely that any microstructural changes occur at 

750°C; however, the same may not be true for testing at higher temperatures. For 

example, at 1050°C the diffusion rate of the platinum electrode is high enough to allow a 

diffusion distance of about 4.5 pm using a diffusion coefficient o f 2 .7x l0 '16 m2/s [166] 

and a time of 1300 minutes. The surface diffusion rate will be even higher [167], and can
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be further enhanced by the presence o f hydrogen in the atmosphere and an electric field. 

Because the average pore size o f the platinum electrode is initially less than 10 pm, this 

amount o f diffusion is sufficient to close off many of the pores. If  the anode is 

completely coated by the PEVD process, then this should not be a problem; however, a 

complete coating was not observed in any of the cells tested.

Like all o f the cells examined, the cells deposited at 1050°C and -300 mV were 

examined by SEM and EDX. The secondary electron (SE) images collected for these 

samples at intermediate magnification are shown in figure 21. All o f these images were 

taken at the same magnification, with the scale bar seen on the top comer o f each image 

reading 60 pm. The cross sections o f these cells were also examined (figure 22). The 

magnification in figure 22 is the same as that in figure 21.

Figure 21: Intermediate magnification SE images of cells deposited at 1050°C and
-300 mV
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500-20

500-21 L |
Figure 21(cont): Intermediate magnification SE images of cells deposited at 1050°C

and -300 mV
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Figure 21 (cont): Intermediate magnification SE images of cells deposited at 1050°C
and -300 mV
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Figure 21 (cont): Intermediate magnification SE images of cells deposited at 1050°C
and -300 mV
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Figure 22: Cross sectional SE images of cells deposited at 1050°C and -300 mV
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Figure 22(cout): Cross sectional SE images of cells deposited at 1050°C and -300 mV
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Figure 22(cont): Cross sectional SE images of cells deposited at 1050°C and -300 mV

In order to draw any conclusions from the microstructures o f these cells it is

beneficial to first review the features seen in each o f the cells. Starting with the plan

view of cell 500-19 it is clear that this cell has a large amount o f open porosity and a

fairly rough surface. There are also a large number of light colored protrusions from the
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electrode surface. Figure 23 (scale bar = 12  jam), which includes a BSE image, shows 

that these features at higher magnification. EDX analysis o f the surface was performed 

(figure 24) and showed that the deposit contained higher amounts o f silicon and 

magnesium; likely in oxide form as indicated by the large oxygen peak. Several other 

minor peaks are also seen.

Cell 500-A  (S E )

a)

Figure 23: High magnification SE (a) and BSE (b) images of cell 500-19
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Cell 500 -A H iS 1 )

b)

Figure 23 (cont): High magnification SE (a) and BSE (b) images of cell 500-19
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Figure 24: EDX spectrum for dark surface phase seen in figure 23 (b)

Due to the nature o f the materials used in the electrode and the characteristics of 

the EDX system, further examination of this spectrum is required. First of all there is the 

presence of a small peak for calcium, as well as one for nickel. No source for either 

nickel or calcium contamination can be readily identified. There is also a peak at around
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6.4 keV which is unlabeled. This peak is characteristic o f iron and is likely caused by 

secondary fluorescence from microscope components, which contain iron, near the 

detector. Other impurities seen in the spectrum are magnesium, silicon and phosphorous. 

The magnesium and silicon could both come from the glass sublimation tubes; however, 

the magnesium shows a much larger peak than would be expected from its concentration 

in the glass. The most likely source o f phosphorous is the cement used to attach the cell 

to the tube. A phosphoric acid based thinner is used in the alumina cement and, as shown 

in figure 25, residual phosphorous is present in the cured cement.
17533 FS

2.0 6.0 8 .0 1 0 . t0.0 4 .0

keV

Figure 25: EDX spectrum for cured cement

Figure 26 shows the EDX spectrum for a platinum electrode that was not coated 

by PEVD. This electrode was mounted in cement and heated to 900°C in the deposition 

furnace. Conversely, figure 27 shows the spectrum for a single platinum layer on a YSZ 

disc, which was not treated in the deposition furnace.
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Figure 26:EDX spectnim for uncoated platinum electrode
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Figure 27: EDX spectrum for uncoated, unmounted platinum electrode

In both o f these spectra platinum is the dominant constituent. There is a shoulder 

on the low energy side o f  the major platinum peak in both of the spectra. In figure 26 this 

is still attributable to phosphorous from the cement; however, in figure 27, a different 

explanation must be sought. One possibility is the presence of yttrium, which has a peak 

at about 1.9 keV. It is possible that yttrium in the substrate is causing this, as the 

platinum layer in this sample is relatively thin and highly porous. Even if this is the case, 

it should not have a large effect on the spectrum as the concentration o f yttria in the 

substrate is only 8 mol%. Both samples also show a small magnesium peak; however, it 

is less distinct in the sample that was not put in the reactor. This suggests that the 

magnesium in the electrode is not only due to contamination in the reactor. Small peaks 

are also observed near the main peak. These are labeled as platinum, silicon and
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zirconium; however, they are so close together that it is impossible to say what element 

these minor peaks actually come from based on these spectra.

From this brief discussion it is apparent that with the current materials of 

construction it is very difficult to get a clear analysis o f the deposit by EDX. One 

possible solution is to increase the accelerating voltage to 30 kV. This allows for the 

emission o f higher energy characteristic x-rays, including the yttrium and zirconium K 

lines at 14.9 and 15.6 keV, respectively. These peaks are far enough apart that they are 

resolvable, and are not overlapped by peaks from any o f the other elements observed at 

lower energy. The major drawback to this is that the coating being examined is quite thin 

and increasing the accelerating voltage also increases the size o f the sampled volume. 

Thus more platinum is included in the analysis, and the results are skewed. Other options 

for analysis include wavelength dispersive x-ray spectrometry (WDX), which has a much 

higher peak resolution than EDX, as well as X-ray diffraction (XRD). In the case of 

WDX it is difficult to focus on the surface because of the rough nature of the porous 

electrode, which prevents accurate quantitative analysis. Also there is still some overlap 

of the low energy platinum and zirconium peaks. The biggest problems with XRD are 

isolation o f the electrode from the electrolyte and its insensitivity to minor elements.

This is required because the ceramic phase being identified in the electrode is the same as 

the electrolyte material.

It is possible that magnesium does not have a high concentration in the deposited 

phase. Magnesium has quite a high mass absorption coefficient for platinum Ma 

radiation (1877 cm2/g). This means that a lot o f the characteristic platinum x-rays from 

the electrode will be absorbed by magnesium atoms in the deposit, leaving the 

magnesium in an excited state. De-excitation o f these atoms can result in a larger than 

expected magnesium peak, even though only about 2.6% o f de-excitation reactions in 

magnesium will result in characteristic x-ray emission. It is certain, however, that there 

is some magnesium in this deposit and, therefore, there must be some contamination of 

the reactor.

Comparing the structures o f this set o f cells (figure 21) it is apparent that cell 500- 

19 and 500-20 have higher porosity than any of the other cells. The other cells show a 

generally dense structure with isolated pores or pore clusters. From this it is expected
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that cells 19 and 20 should have the highest active area and, therefore, give the best 

performance. Figures 18 and 19 do show that at all temperatures these cells are among 

the best performers; however, there seems also to be an exception at each temperature.

At 1050°C cell 500-21 outperforms 19, despite its denser structure, while at 950°C it 

significantly outperforms both cells 19 and 20. At 850°C cell 19 gives the highest power 

output, but cell 39 gives better power density than cell 20. Additionally, closer 

examination o f figure 18 reveals that the slope o f the I-V curve for cell 27 is shallower 

than it is for either cell 19 or 20. The reason that it does not outperform them is its lower 

OCV. Finally at 750°C cell 500-26 gives the highest power density.

In order to attempt an explanation of this behaviour it is necessary to examine the 

cross sectional structure o f the electrodes. Figure 22 indicates that all cells, except 500- 

21, have a similar degree o f porosity. It should be noted that cell 500-39 was prepared by 

fracturing the sample rather than sectioning and polishing. This is the reason for its 

apparent high porosity. When these images are matched with the plan views in figure 21 

it suggests that only the surface o f the other cells has densified appreciably. The cross 

section of cell 39 supports this, as it shows a much higher porosity in cross section than in 

plan view. This is not as apparent in the other cross sections since they were polished, 

which smeared the microstructure.

While densification of the surface would certainly increase concentration 

polarization effects, it may not have as pronounced an effect on activation polarization. 

This might allow all o f the cells to perform similarly despite their apparent differences in 

structure. Explanation o f the structure o f cell 21 is more difficult. From the micrograph 

it is clear that the electrode is not well attached to the electrolyte. As was hypothesized 

earlier this is the likely cause o f the poor performance at 850 and 750°C. In fact, it seems 

unlikely that the high performance observed at 1050 and 950°C would have been possible 

if  the electrode were detached.

The combination o f high performance and low porosity seen in cell 500-21 at the 

higher temperatures could be due to an extensive fine pore structure. Sectioning the cell 

and polishing the cross section would have obscured a fine pore structure by smearing the 

platinum. Although this would explain the high performance seen at high temperatures, 

it gives no insight as to why so few large pores are visible in the final microstructure. No
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aspect o f deposition or sample preparation gives any clues as to why this might be the 

case. One other change that was made after cell 500-20 was the yttrium chloride source 

material. This should not make too much difference though, as it was from the same 

supplier as the original and they were ordered at the same time.

To clarify the effects o f deposition time under these conditions, it is best to 

eliminate the cell-by-cell variability in the electrode microstructure. Therefore the same 

cell should be tested after various times o f deposition. This was done with cell 500-39. 

Its I-V characteristics were measured at 1050°C, in a moist hydrogen atmosphere for 

deposition times o f 0 minutes, 180 minutes, 855 minutes, 1050 minutes, 1905 minutes 

and 3210 minutes. The I-V curves resulting from this test are shown in figure 28.

 B - - 0 minutes
—O— 180 minutes

A  855 minutes
■■ A  1050 minutes

/K - 1905 minutes 
—G— 3210 minutes 
— i—  3210 minutes (b)

0  , , , , , > , , 1
0.000 5.000 10.000 15.000 20.000 25.000 30.000 35.000 40.000

Current Density (mA/cm2)

Figure 28: I-V curves for cell 500-39 at 1050°C

From this graph it is clear that the performance o f the cell deteriorates with

deposition time, eventually reaching a steady value. Deposition times of 1050 minutes

and beyond show little effect on the power output o f the cell; therefore, any structural

changes in the anode must have already taken place by this time. By analyzing the slopes

of the two main regions o f these curves it is seen that the activation polarization increases

with deposition time up to about 1500 minutes, where it reaches a plateau. The cell

resistance, represented by the second portion o f the curve, also increases with deposition

time, but at a much lower rate and it does not seem to plateau in the time frame covered
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by this test. These features are illustrated in figure 29. ASR 1 is the activation portion of 

the curve, while ASR 2 is the cell resistance. As shown in figure 21, electrode 

densification may be the overpowering structural change. Cell 500-40, which will be 

discussed later, was deposited in a similar manner and gave very different results.

250

200  -

I f  150 -
a
*  100 - 

<

ASR1
ASR2

1500 35000 500 1000 2000 2500 3000

time (min)

Figure 29: Area Specific Resistance (ASR) of cell processes as a function of
deposition time

5.3 Effect of Deposition Voltage
The deposition conditions of 1050°C and -300 mV can be considered as a starting

point for this investigation, and the first variable changed was the deposition voltage. 

Other cells deposited at 1050°C used applied biases o f -250 mV, -200 mV, -100 mV, 0 

mV and +300 mV. The cells deposited at 0 mV used the oxygen potential gradient as the 

sole driving force for oxygen diffusion and the current was controlled by a decade 

resistance box. Figures 30 and 31 show the polarization and power density curves for 

this set of cells. Because o f the number of cells in this group it is the power density 

charts were split into high and low performance groups at each temperature so that they 

are easier to interpret. The deposition conditions for each cell are shown in table 5.
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Table 5: Deposition conditions for cells deposited at 1050°C

Cell V(mV) t(min)
500-16 -200 1472
500-18 -200 1354
500-22 300 1434
500-23 300 1436
500-24 -250 1770
500-25 -250 1620
500-30 -100 2866
500-31 0 2556
500-32 0 4390
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Figure 30: I-V curves for cells deposited at 1050°C and deposition voltages other
than -300mV
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Figure 30(cont’d): I-V curves for c e lls  deposited at 1050°C and deposition voltages
o t h e r  than -300mV
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Figure 31: Power density curves for cells deposited at 1050°C and voltages other
than -300mV
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Figure 31(cont’d): Power density curves for cells deposited at 1050°C and voltages

other than -300mV
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Figure 31(cont’d): Power density curves for cells deposited at 1050°C and voltages
other than -300mV
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Figure 31(cont’d): Power density curves for cells deposited at 1050°C and voltages
other than -300mV

Examination o f these data shows that the best performance was generally 

obtained from cells 500-24, deposited at -250 mV, 500-30, deposited at -100 mV and cell 

500-25, deposited at -250 mV. Again the power output, particularly at lower 

temperatures, is affected by the OCV o f the cell. Cells 500-24 and 30, which show 

excellent performance at higher temperatures, give poor performance at 750°C. This is at 

least partially due to OCV’s o f 0.4 V for 500-24 and 0.6 V for 500-30, compared with 

0.85 V for 500-25.
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The worst power density in all cases is that of cell 500-18. Although it does not 

have a very high OCV this plays quite a small role in the power output as figure 30 shows 

that activation polarization causes a near vertical drop in voltage. 500-16, deposited in 

similar conditions, shows better performance. In general, it appears that power density 

tends to increase as the deposition voltage becomes more negative, with none of the cells 

in this set giving a higher power density than the best cells deposited at -300 mV. 

Variations within this trend are seen, like the high power densities produced by cell 500- 

30 (-100 mV), which may be due to variability in the starting structure. There may be 

other variables at work also; however, it seems that cells deposited with no bias voltage 

(500-31, 500-32), or a positive bias (500-22, 500-23) give less desirable properties.

In order to help clarify the root causes of the variation in power density and 

polarization behaviour, the microstructures of the more interesting cells are shown in 

figure 32. The magnification o f these pictures is shown by the scale bar in the top of the 

image, which is 60 pm.
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Figure 32: Selected SE images of cells deposited at 1050°C, and voltages other than
-300mV
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Figure 32(cont): Selected SE images of cells deposited at 1050°C, and voltages other

than -300mV
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Figure 32(cont): Selected SE images of cells deposited at 1050°C, and voltages other
than -300mV

These images show that the most porous microstructures belong to cells 24 and

32. Cell 24 shows the best performance o f this group, while 32 shows competitive initial 

polarization behaviour but the sharp lessening o f the slope o f the I-V curve at higher 

current densities, seen in other cells, is not present. This leads to very low short circuit 

currents. Part o f the reason for the high porosity seen in cell 500-32 may be that it was 

not tested in hydrogen at 1050°C. Cell 500-18, which in all cases shows the worst 

performance, has a more porous structure than do either 500-22 or 500-30. Surprisingly, 

cell 500-30, which shows the second best polarization behaviour, has the least porous 

structure. Cross sections o f these electrodes at the same magnification are shown in figure

33.
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Figure 33: Cross sections of cells deposited at 1050°C and -300mV
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Figure 33(cont): Cross sections of cells deposited at 1050°C and -300mV
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Figure 33(cont): Cross sections of cells deposited at 1050°C and -3Q0mV

In this view the cells all seem to have comparable porosity. One notable 

difference between the cells is the quality o f the electrode-electrolyte interface. In cell 

500-24, where the performance was good, the interface is also good. Conversely, cell 

500-18, which gave the worst performance, has a poor interface. The interfaces o f cells 

22 and 30 are not particularly good either, but it is likely that the detachment occurred 

during polishing o f the sample and, therefore, would not affect the cell’s performance.

Figure 34 shows the surface of cell 500-24 at higher magnification in both SE and 

BSE modes. Like the cells shown in the previous section there are small surface deposits 

of a dark appearing phase in the BSE image. These same deposits are light coloured in 

the SE image. Two o f these deposits are labeled as points 1 and 2 in the BSE image 

(figure 34 b). EDX analysis o f both o f these points revealed them to have a similar 

composition. The spectrum collected for point 1 is shown in figure 35.
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Figure 34: SE(a) and BSE (b) images of the electrode surface of cell 500-24
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Figure 35: EDX spectrum for point 1 in figure 34 (b)

The peaks seen in this spectrum are similar to those seen in the surface deposit in 

cells deposited at -300 mV (figure 24). In figure 36 the spectrum for the electrode as a 

whole is shown. There is no significant difference between the spectrum for point 1 

compared to that for the whole electrode. Because the deposit has a smaller atomic 

number than the base electrode, it is expected that the peaks for the low atomic number 

elements would decrease, relative to the platinum peak when the entire electrode area is 

scanned. That this is not observed suggests that a significant amount o f platinum 

electrode is being sampled in the analysis o f the dark phase. One possible cause o f this is 

the geometry o f the area being tested. Because the deposit is inside a pore, both 

backscattered electrons and x-rays from the deposit are likely to strike the pore walls, 

which are platinum. This can cause secondary fluorescence in the pore walls, giving an 

artificially inflated amount of platinum in the deposit.
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Figure 36: EDX spectrum  for the entire electrode of cell 500-24
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Points on the cross section o f the sample were also analyzed with EDX. The 

focus was again on the dark phase in the pores o f the sample. A spectrum collected at 30 

kV from cell 500-24 is shown in figure 37. Because o f the higher accelerating voltage it 

is possible to see the zirconium and yttrium Ka peaks, which occur at and above 15 keV. 

Although the zirconium peak is small, it is definitely present which clearly shows that 

there was some deposition in the pores by PEVD. The yttrium peak is so small that it 

could easily be overlooked on this scale. In part this is due to the large platinum peaks, 

which relegate small peaks to the background. The size o f the peak indicates a low 

yttrium concentration, even relative to the zirconium peak. If  this is the case, and a 

detailed quantitative analysis with another technique would be required to determine this, 

it could be part o f the reason for incomplete coverage. Low yttrium content would result 

in low ionic conductivity in the deposit and slow growth. This in turn could lead to only 

partial coverage o f  the sample in the time allotted for deposition. Deposits did not grow 

very thick either, with typical deposit thickness through the cross section less than half a 

micron. The surface deposits seen in several o f the images are thicker than those through

the cross section.
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Figure 37: EDX spectrum for dark phase in pores of the cross section

The EDX results for the cross sections o f other cells in this series were similar, 

with small zirconium K« peaks visible, but little or no yttrium peak. The exception to 

this was cell 500-18, which did not show a distinct zirconium peak. If  no deposition 

occurred, it could help explain the poor electrode adhesion, since the deposit must be in 

intimate contact with both electrode and electrolyte, so any deposit would improve
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contact. O n the other hand, if  the electrode detached before deposition, then there would 

be no deposit on the electrode.

W hen PEVD is carried out at 1050°C the performance o f the cells tends to 

improve as the deposition voltage is made more negative. Other factors can affect this 

trend, such as electrode-electrolyte adhesion, and any leakage o f the seal. In the next 

section the effect o f deposition temperature will be examined.

5.4 Deposition Temperature
The next variable to be adjusted was the deposition temperature. A series o f cells

were deposited at 900°C as well as one at 950°C. The cells were deposited using a 

variety o f deposition voltages, with the specific conditions for each cell shown in table 6. 

The electrochemical test results are shown in figures 38 and 39.

Table 6: Deposition conditions for cells deposited at less than 1050°C

Cell T(°C) t(min) V(mV)
500-15
500-33
500-34
500-35
500-37
500-38
500-40

950
900
900
900
900
900
900

1440
4240
1800
2580
2940
5600
3507

-200
0
0

-300
-400
-400
-500
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Figure 38: I-V curves for cells deposited at less than 1050°C
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Figure 38 (cont): I-V curves for cells deposited at less than 1050°C
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Figure 39: Power density for cells deposited at less than 1050°C
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Figure 39 (cont): Power density for cells deposited at less than 1050°C

Not all of these cells were tested at 1050°C, since this was above their deposition

temperatures; however, those that were showed similar performance at this temperature.

The maximum power density achieved here is slightly more than 2.5 mW/cm , which is

well below that for cells deposited at 1050°C and -300mV. Compared with the other

cells deposited at 1050°C, these three do outperform those that were deposited at -200

mV, 0 mV and +300mV. Deposition for both cells 500-37 and 38 was carried out at -

400mV, while cell 40 was deposited at -500 mV.

Below 1050°C, cell 500-38 and 40 well outperform the other cells in this group in

terms of power density and, with the possible exception o f 500-15, in polarization
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behaviour as well. At 750°C cell 500-15, which was deposited at 950°C and -200mV, 

has similar polarization behaviour to 500-38 and 40; however, the OCV is much smaller 

for 500-15. Cell 500-15, although not competitive with cells 38 and 40, stands out from 

the rest o f the cells at 850°C, while at 950°C its OCV is so low that it is difficult to 

compare the cell with other ones in the group. This general trend indicates that cell 

performance improves not only as the deposition voltage becomes more negative, but 

also as the deposition temperature is raised.

A possible exception is seen for cells 38 and 40, which were deposited at low 

temperature, yet have very good performance, particularly at 750°C. In fact cell 40 gives 

the highest power density o f all the cells tested at 750°C regardless o f deposition 

conditions. Similarly cell 38 gives the third highest power density, after only cell 26. 

Comparison o f the I-V curves o f these cells (figure 40) reveals that the initial activation 

polarization o f cells 38 and 40 is quite similar and less than that o f cell 500-26. Where 

the difference is made up is in the second portion o f the curve, the cell resistance, where 

cell 26 has a much shallower slope. The reason why the performance o f cell 38 is so 

much less than that o f cell 40 is a sharp drop off in voltage after about 0.1 mA. This is 

reminiscent of the drop off seen when concentration polarization becomes rate limiting, 

and is not surprising in this cell given its dense structure (figure 41 to appear). Why this 

is not seen in cell 500-26, which has a similar dense structure (figure 21), is not 

immediately clear. It is possible that the improvement is due to the coating, as it would 

have more of an effect at lower temperature due to lower overall electrode activity.
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Figure 40: I-V curves for three best performing cells at 750°C

Figures 41 and 42 show SE images of the electrodes in this series in plan view 

(figure 41) and cross section (figure 42). No cross sectional image is available for cell 

500-15. Also of note in the cross sectional images is that while sample 500-33 was 

prepared by mounting, sectioning and polishing, as were previous samples, cells 34, 35,

37 and 38 were all prepared by cleavage o f the sample. This was done to eliminate 

smearing of the microstructure during polishing and sectioning, which was believed to 

obscure porosity. Examination o f these cross sections shows that the apparent porosity of 

the sample is indeed affected by polishing; however, polishing gives a much flatter 

surface, which is beneficial for EDX analysis.

From figure 41 it is clear that only 500-38 shows the kind o f electrode 

densification that was seen in some o f the cells deposited at 1050°C. This is attributable 

to a lessening o f diffusion of the electrode material during deposition, since the sample 

was not exposed for long periods at 1050°C. Densification of 500-38 is likely due to a 

combination o f very long deposition time, close to four days, and sintering at the testing 

temperature o f 1050°C. All of the electrodes in this series exhibit the same low atomic 

number coating seen in previous samples and, as before, the deposit contains increased 

amounts of silicon, magnesium and phosphorous. EDX analyses o f  the cross sections of 

these samples were also similar to previous results. Zirconium Kq peaks were visible for
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all the samples, while yttrium peaks were visible in some areas o f some samples. A close 

up of cell 500-33 in BSE mode is shown in figure 43, while figure 44 shows the EDX 

spectrum for one o f the points denoted in the BSE image. Clearly there is some zirconium 

present, as well as some magnesium and silicon. There also appears to be a very small 

peak for yttrium at 15 keV. Results obtained for other cells were similar to this, 

sometimes with a more pronounced yttrium peak, and sometimes with none at all.

Figure 41: Plan view of anodes of cells deposited at less than 1050°C.
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Figure 41 (cont): Plan view of anodes of cells deposited at less than 1050°C.
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Figure 41 (cont): Plan view of anodes of cells deposited at less than 1050°C.
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Figure 42: Cross section of cells deposited at less than 1050°C
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Figure 42 (cont): Cross section of cells deposited at less than 1050°C
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Figure 42 (cont): Cross section of cells deposited at less than 1050°C
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Figure 43: Close up of electrode cross section for cell 500-33 (BSE mode)
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Figure 44: EDX spectrum for point 1 in figure 43

Of the cells in this grouping the worst polarization is exhibited by 500-33; 

however, microstructural examination reveals it to have a very open pore structure and 

good electrode-electrolyte adherence. This cell also had an OCV o f nearly one volt for 

all the tests, so sealing was not the problem. From the available information, no 

conclusion can be drawn as to the root cause o f the poor polarization behaviour.

Thin film EDX analysis o f these samples was also conducted; however, the 

results shed little information on the nature o f  the deposit. An anode, onto which no
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deposition had been done, only showed the diffraction peaks for platinum. Similarly the 

XRD pattern for 500-15, which did have a deposit, showed only the peaks for platinum.

Sample 500-34 was also analyzed, and it showed additional diffraction peaks, 

which correspond to those for yttria-stabilized zirconia (figure 45). This pattern was a 

lot noisier than the other patterns; however, all o f the major peaks seem to indicate either 

platinum or YSZ. This is perhaps due to the deposit, but may also be due to the substrate. 

Since 500-34 was sectioned for the SEM examination it did not have the same geometry 

as the standard, so diffraction peaks from the substrate cannot be discounted.

Additionally no peaks were identified that belong to either silicon or magnesium 

compounds, while both these elements were detected in the deposit by EDX. Therefore 

two possibilities exist: Firstly the deposit does not contain a significant amount o f Mg or 

Si when compared to YSZ, and the EDX analysis was wrong, or secondly the YSZ peaks 

in figure 45 are due to the substrate. Analysis of the surface by WDX showed that this 

sample did indeed have more zirconium in the sample than did cell 15. This is shown in 

figure 46, where zirconium appears as a shoulder on the large platinum peak. It still 

seems unlikely though that this zirconium is responsible for the YSZ peaks seen in figure 

45, since the zirconium from the deposit is a very small percentage o f the total electrode, 

and XRD is very insensitive to minor elements.
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4> 37-1307: fei0.82 V0.18 01.91 • Zirconium Yttrium Oacje
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Figure 45: XRD pattern for anode of cell 500-34
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Figure 46: WDX spectrum for cell 500-34

A close up o f the cross section o f cell 500-38, which had good polarization 

behaviour, is shown in figure 47. Here, thin, semitransparent layers o f YSZ are seen 

coating the platinum electrode, particularly near the electrolyte surface. This leads to 

better contact between the electrode and electrolyte. Also it prevents sintering of the 

electrode near the electrolyte surface, as evidenced by the increased porosity near the 

electrolyte, as compared to the surface porosity seen in figure 41. The combined effect of 

these two features is improved polarization behaviour and increased power density, as 

seen earlier. Complete coating of the electrode surface should further impede 

densification o f the electrode due to sintering. In order to achieve this a balance must be 

obtained between high deposition rate and low sintering rate. Because deposition rate 

seems to increase with temperature, as does the diffusion rate, this may not be easy. 

Perhaps the best way to achieve this is with long deposition times at reduced temperature 

and high deposition voltages. Some evidence to support this theory was obtained from 

cell 500-40, which was deposited at a high negative voltage and reduced temperature, and 

gave the best performance of any cell tested at 750°C .In any event the results seen here 

clearly show that there are advantages in modifying the structure via PEVD. Despite the 

low porosity o f the electrode surface, the improvements that resulted from a good PEVD
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deposit were enough to give this cell a performance comparable to any of the others at 

low operating temperature.

Figure 47: Cross section of cell 500-38

Further evidence o f the improvement o f electrode performance with deposition 

can be gained from impedance measurements on the cells before and after deposition. 

Figure 48 shows the effect of deposition on the cell impedance in the deposition 

environment. The reason why the final point on the before deposition plot is so far 

removed from the rest o f the arc is not known, but whatever caused it is eliminated after 

deposition. Also, the portion o f the graph below the x-axis is thought to be due to 

inductance in the lead wires and will be ignored, as it does not appear to be affected by 

deposition. Note that the scales on the two graphs are different, so the total impedance of 

the cell after deposition is about half that o f the main arc o f  the cell before deposition. 

Additionally two distinct processes become apparent after deposition, whereas before 

deposition the arc appears to be due to a single process. Overall though, the deposition 

process is shown to improve electrode performance significantly when done under 

conditions of low deposition temperature.

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



■75

-SB"

fa -as

a)

U a

tOD

IS  JO

b)

Figure 48: Complex impedance plots before (a) and after (b) deposition

142

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.5 Effect of Deposition Time and Temperature
As was done with cell 500-39 at 1050°C and -300 mV, cell 500-40 was deposited

in stages at 900°C and an applied bias o f -500 mV. The effect this had on the

polarization and power generation characteristics o f the cell is shown in figures 49 and

50, respectively. Upon comparison of these curves with those for cell 39 (figure 28), a

significant change is noticed. For cell 39 the performance of the cell degraded with time,

then reached a plateau. For cell 40 the performance also decreases with time up until

1307 minutes o f deposition. The final curve, however, shows higher performance than

was observed before deposition. This suggests that the changes in the electrode during

deposition under these conditions (900°C, -500 mV) are different from those for cell 39

(1050°C, -300 mV). The most likely difference would be in the sintering o f the platinum,

which should be significantly less at 900°C than at 1050°C. This is confirmed in figures

41 and 42.
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Figure 4 9 :1-V curves during deposition for cell 500-40
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Figure 50: Power density of cell 500-40 during deposition

A comparison o f close-ups o f the plan view of these two cells shown in figure 51 

shows more significant differences in the cell morphology. The texture seen on the 

surface o f cell 39 indicates significant motion of the platinum, perhaps even melting 

during the course o f cell deposition and testing. Cell 40 on the other hand has a smooth 

surface. This indicates that although 1050 °C is well below the melting temperature of 

platinum, it is too high a temperature for repeatable deposition by PEVD. Cross sections 

o f these cells are shown in figure 52.
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Figure 51: a) cell 500-39 b) cell 500-40
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Figure 52: a) BSE cross section of cell 500-39 b) BSE cross section of cell 500-40
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From these BSE images it is clear that the dark deposit phase, which has been 

shown to contain YSZ by EDX, is more pervasive in cell 40. This leads to larger 3PB 

length, and increased active area. The net result o f this is that this cell gives excellent 

performance at low temperatures where the number o f active sites is most important. 

These results show that, if  the deposition temperature is not kept low, then sintering of 

the electrode can occur faster than the deposition reaction. This leads to a net loss of 

active sites. By keeping the deposition temperature low, densification can be limited and 

the number o f active sites increased.

5.6 Pore Forming Agent Samples
Conductivity measurements on the samples made by the coated pore forming

agent technique showed very low conductivities after reduction for the most part. This is 

not overly surprising considering the relatively low nickel concentrations (less than 15 

vol%). Some samples however showed appreciable conductivity through the anode. 

These cells, designated HC 226 and HC 227, showed a conductivity o f 0.6 S/cm, and 

were used for electrochemical testing. The outputs of these cells at 700°C are shown in 

figure 53. It is difficult to compare the performance of these cells to those used for 

PEVD since the testing temperature, electrolyte thickness and materials of construction 

are all different. However it is clear that this level o f performance is not sufficient for use 

in commercial systems.
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Figure 5 3 :1-Y curve for cells made by coated pore forming agent process.
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In order to improve the performance o f these cells it is recommended that the 

nickel content o f the anode be increased to at least 30 vol% to ensure a continuous path 

through the nickel, and increase the catalytic surface area. The combination o f this 

technique with PEVD is an interesting prospect because with the PFA technique it may 

be possible to engineer an electrode with a pore structure ideally suited for coating by 

PEVD; however, there is much work to be done before this can happen.
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C hapter 6 Conclusions

From the results presented in the previous chapter we see that the deposition 

conditions have a significant effect on the nature of the PEVD coating and the cell 

performance. Although the film protects the metallic electrode from sintering once in 

place, care must be taken to avoid sintering of the anode during deposition. With the 

materials used, deposition at 1050°C more often than not leads to sintering o f the anode 

before deposition is complete. Cross sectional examination o f cells deposited at this 

temperature reveal that the deposit does indeed suppress sintering o f the metal, but 

because film growth is so slow, the outer surface o f the electrode densities before it is 

coated. This leads to an overall loss o f active sites and increased concentration 

polarization. The net result is a loss in cell output as the deposit is applied.

By increasing the applied bias that drives the PEVD reaction it is possible to 

improve the growth rate o f the deposit. This is not enough though to overcome electrode 

diffusion at high deposition temperatures. When the deposition temperature is lowered to
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less than 1050°C, densification of the electrode surface is not normally observed over the 

course o f deposition. Densification can still occur during cell testing at high temperature 

if the coating is not complete though. The best results for cell performance at low 

temperatures come from low deposition temperatures and high deposition voltages. This 

speeds up the deposition process somewhat and may be the cause o f imperfect coatings. 

Imperfections in the coating, which is expected to be uniform, thin and dense cause the 

formation o f active sites throughout the electrode wherever there is a hole in the coating.

Analysis o f the films deposited is quite difficult due to the nature o f the deposit 

and the materials chosen. Because the anode is a rough, porous surface it is difficult to 

get an accurate analysis o f the composition o f the thin deposit. Additionally, the overlap 

of the characteristic x-rays of platinum and zirconium make it impractical to use 

fluorescent x-rays to characterize the electrodes. This, in turn, makes it difficult to 

control the yttrium content of the film, which is crucial to the deposit’s electrical 

characteristics. Because there are discrepancies in the literature for vapour pressures of 

yttrium chloride, it is not reasonable to assume that the yttria content o f the film can be 

calculated directly using the Hertz-Knudsen relation. Therefore, with the current 

analytical techniques, it is possible only to estimate the yttria content o f the film based on 

the appearance o f the cell and the electrode performance.

It has also been shown that a deposit similar to the ones seen here does not 

significantly reduce the catalytic activity of the electrode. In fact, an increase in the tpb 

sites with a good deposit seems to play a larger role in determining electrode performance 

than does the loss o f some catalyst surface. Additionally, the deposit does improve the 

resistance o f the electrode to sintering. This should serve to improve cell lifetime at 

higher operating temperatures (1100°C), which may allow the SOFC to be connected 

directly to the exhaust o f a coal gasifier.

The I-V tests done here also show that a very important factor in determining cell 

performance is the adhesion between the electrode and electrolyte. PEVD leads to good 

contact between these two cell components, leading to more stable performance.
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Suggestions for Future Work
In order to folly evaluate the PEVD process and how it effects electrodes, it is

important to have a good understanding o f the effect of the yttria content of the film. This 

is important because it plays a major role in determining the electrical characteristics of 

the deposit. To simplify this task some changes should be made to the experimental 

setup. Firstly, the anode material should be changed from platinum to nickel, or another 

more common metal. This will not only make the results more applicable to commercial 

cells, but also simplify analysis of the film by its characteristic x-rays. Thus it will be 

much easier to determine the yttrium content o f the film. Using, for example, nickel in 

place o f platinum will increase diffusion during sintering though, giving at a deposition 

temperature o f 950°C, a diffusion distance approximately twice that o f  platinum [168] 

making it more important to achieve high deposition rates.

Because the coating may have very high resistance to electronic charge carriers 

the increase in active area o f the electrode due to PEVD may not have as large an effect

151

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



on electrode performance as hoped. This is because electrons released on the anode 

surface need to pass through the coating to the electrode before being released to the 

external circuit. If  the coating is thin enough, this may not be a problem, but if  the 

coating is too thin, then it will have high resistance to the ionic current. If  this is indeed a 

problem then two approaches can be taken to remedy the problem. Firstly a mixed 

conducting film can be grown. This would allow electrons to travel between the surface 

and the underlying electrode more easily, but as we have seen, mixed conducting deposits 

grow thicker than electrolytic ones, which could offset the benefits o f having a mixed 

conducting deposit. The other alternative is to grow a porous coating. Thus the openings 

in the coating would expose the underlying metal to the surface so charge transfer at the 

pores will be more rapid. In order to grow such a film several possibilities exist. At low 

temperatures diffusion o f adsorbed yttrium and zirconium chloride will be slower, and it 

may be possible to avoid forming a fully dense film. By increasing the deposition 

voltage the reaction rate can be increased, and if  it can be made fast enough the film may 

not have time to densify during growth-the result being a porous film.

An alternative approach would be to start with a composite anode, already 

containing an ionic conducting phase. Thus there would already be 3pb sites throughout 

the electrode, so initial deposition would not necessarily be at the electrode/electrolyte 

interface. With the film growing from several active sites throughout the electrode, 

islands of the coating would form. If deposition were stopped before these islands could 

coalesce then, although the individual films would be dense, the overall effect would be a 

partial coating o f the electrode, leaving some metal surface exposed.

Tests should also be done to determine how the film affects the response o f the 

electrode to contaminants in the fuel. This is important for commercial application, 

where pipeline natural gas is a likely fuel o f choice. It will also benefit SOFC 

development for use in conjunction with coal gasifiers, where there may be a large 

number of impurities in the fuel which would be too expensive to remove.

Some preliminary work was also done in which it was shown that it is possible 

make electrode pellets of a metal coated ceramic. This was done by a hydrometallurgical 

process in which nickel was precipitated onto YSZ powder using hydrogen in an 

autoclave. The resulting powders could then be pressed and sintered to make an
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electrode pellet with the reverse structure to that o f PEVD electrodes - a thin metal 

coating over YSZ. These anodes still require much investigation in order to determine 

key properties such as conductivity. If the thin metallic coating provides sufficient 

electronic conductivity through the electrode, then they could be tested in fuel cells.

These anodes would have the benefits o f near perfect TEC match with the YSZ 

electrolyte, and a very large surface area for the nickel, which acts as a catalyst. Because 

the coating on the YSZ powders was not perfect it is expected that contact between YSZ 

particles would exist and there would be pinholes in the nickel coating so ions can reach 

the surface to react. The effect o f long periods at operating temperature would need to be 

investigated though as the nickel would likely sinter, since the nickel coating does not 

adhere perfectly to the YSZ. These types o f electrodes could have interesting properties, 

but there is much work to be done on them still.
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