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Abstract. 

The work in this thesis is primarily concerned with the oxygen ion diffusion and 
exchange properties of materials used in ceramic oxygen generation devices. The 
two principal methods used to determine oxygen ion transport properties in these 
materials were "O/'^O isotope exchange followed by Secondary Ion Mass 
Spectrometry (SIMS) and AC impedance spectroscopy. From the SIMS data, 
oxygen tracer diffusion coefficients and oxygen surface exchange coefficients 
were calculated. Oxygen ion conductivity and electrode polarisation resistances 
were determined from AC impedance spectroscopy. 

The electrode polarisation resistance of Lao gSro 4C00 2Feo.803,5 was calculated as a 
function of temperature using AC impedance spectroscopy. A model for the 
electrode reaction was used to calculate the theoretical electrode resistance using 
oxygen diffusion and exchange coefficients determined from SIMS. The 
calculated and experimental values compared very well. 

Oxygen tracer diffusion coefficients were determined for a selection of gadolinia 
doped ceria (CGO) and yttria stabilised zirconia (YSZ) materials. The CGO 
materials showed a minimum in the activation energy for diffusion at 10mol% 
GdjOj dopant concentration. The activation energy for diffusion of YSZ was 
generally higher than for CGO of a similar composition. The oxygen ion 
conductivity of CGO and YSZ was determined from AC impedance 
specfroscopy. Conductivity diffusion coefficients were calculated from the 
conductivity using the Nemst-Einstein equation. The tracer diffusion coefficients 
were then compared to the conductivity diffusion coefficients. The two 
measurement techniques gave similar activation energies for diffusion. However, 
the conductivity diffusion coefficient was between a factor of 6 and 9 higher than 
the tracer diffusion coefficient. This was attributed to the presence of charged 
defect associates, particularly at low temperatures, contributing to the 
conductivity but not to the long range diffusivity. 

Oxygen surface exchange coefficients were calculated for CGO and YSZ. A 
change in the activation energy of surface exchange occurred between 650 and 
750°C. At high temperatures the activation energy was high and at low 
temperatures the activation energy was low. It was postulated that the rate 
limiting step in the exchange process was the supply of electrons at high 
temperatures and the supply of oxygen vacancies at low temperatures. 
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Ceg gGdg igPro ô Oi.x the same temperature and anneal times. 

Figure 10.10. Tracer diffusion coefficient of Ceg gGd ,̂ gPrg 02O2-X and 
Ccq gGdo zO, 9 as a function of temperature. 

Figure 10.11. Typical diffusion profiles obtained for polycrystalline 

^%85Yo.150I.925-

Figure 10.12. Tracer diffusivity of polycrystalline Zro gjYo 150, 925 and single 
crystal Zrj, g, Yq jgO, 905 as a function of reciprocal temperature. 

Figure 10.13. Oxygen tracer diffusivity in various fluorite materials as a 
function of reciprocal temperature. 

Figure 10.14. Comparison of the oxygen tracer diffusivity of CGO with other 
ceria based fluorites. 

Figure 10.15. Comparison of the oxygen tracer diffusivity of YSZ with other 
zirconia based fluorites. 

Figure 10.16. Comparison of the tracer diffusion coefficient with the AC 
conductivity diffusion coefficient for single crystal 

CCo.egGdg 3[0i g45. 

Figure 10.17. Comparison of the tracer diffusion coefficient with the AC 
conductivity diffusion coefficient for polycrystalline 

C-So.gGdg jOj 95. 

Figure 10.18. Comparison of the tracer diffusion coefficient with the AC 

conductivity diffusion coefficient for polycrystalline 

2%85Y0.15O1.925-

Chapter 11. 

Figure 11.1. Oxygen surface exchange coefficient of polycrystalline 
Ceo 9Gdo ,0,95 as a function of reciprocal temperature. 

Figure 11.2. "h-plane" plot of k and Dj values obtained for single crystal 

Zr0.8iY0.19O1.905 and polycrystalline Ceo.9Gdo.,0,.95. 

20 



Figure 11.3. Oxygen surface exchange coefficient of single crystal 
Ceo.ggGdo jiOi 845 as a fimction of reciprocal temperature. 

Figure 11.4. Oxygen surface exchange coefficient of polycrystalline 
Ccq gGdo jOi 9 as a function of reciprocal temperature. 

Figure 11.5. Oxygen surface exchange coefficient of polycrystalline 
Ceo gGdg igPro o202.x as a function of reciprocal temperature. 

Figure 11.6. Oxygen surface exchange coefficient of polycrystalline 
Zro.85Yo.15O1 925 as a function of reciprocal temperature. 

Figure 11.7 "h-plane" plot of k and values obtained for YSZ and CGO 
materials. 

Figure 11.8. Graph of the surface exchange coefficient of various CGO 
materials as a function of reciprocal temperature. 

Figure 11.9. Graph of the surface exchange coefficient of polycrystalline and 
single crystal YSZ materials as a function of reciprocal 
temperature. 

Figure 11.10. Arrhenius Graph of the surface exchange coeffciient of various 
fluorites. 

Figure 11.11. Effect on the '̂ O surface concentration by coating CGO with 
platinum particles. (Bare CGO annealed at 486°C for 2730 
seconds, Pt coated CGO annealed at 493°C for 2892 seconds). 

Figure 11.12. Comparison of the '̂ O surface concentration of CGO covered 
with LSCF particles and platinum particles. 

Figure 11.13. Schematic illustration of the proposed mechanism for oxygen 
exchange on fluorite surfaces at high temperatures. 

Figure 11.14. Schematic illustration of the proposed mechanism for oxygen 
exchange on fluorite surfaces at low temperatures. 

21 



Appendix A. 

Figure A. 1. Diffusion profile of manganese into single crystal YSZ at 
1300°C. 

Figure A.2. Arrhenius graph of the diffusion coefficient of manganese into 
single crystal YSZ from a Mn^O^ source. 

Figure A.3. Diffusion profile of manganese into YSZ at 1100°C from a 
Mn̂ Og source. 

Figure A.4. Diffusion profile of manganese into YSZ at 1400°C from a 
MnjOj source. 

Figure A.5. Diffusion profile of manganese into YSZ from a LSM source at 
1500°C. 

Figure A.6. Diffusion profile of lanthanum into YSZ from a LSM source at 
1500°C. 

Figure A.7. Comparison of the diffusion coefficient of manganese, 
lanthanum and sfrontium in polycrystalline YSZ from a MujOj 
and LSM source. 

Figure A.8. Comparison of the diffusion coefficient of manganese in single 
crystal and polycrystalline YSZ from a Mn^O^ source. 

Figure A.9. X-ray diffraction patterns of iron/CGO solid solutions. 

Figure A.IO. Lattice parameter of iron/CGO and cobalt/CGO as a function of 
dopant concentration. 

Figure A.11. Arrhenius graph of the diffusion coefficient of iron and cobalt 
into polycrystalline CGO. 

22 



List of Tables. 

Chapter 1. 

Table 1.1. Heats of adsorption of various sorbate gases for two zeolite 
materials.. 

Table 1.2. Inlet air gas contaminants. 

Chapter 3. 

Table 3.1. Stability of transition metal perovskites with respect to pO^ at 
1000°C. 

Chapter 7. 

Table 7.1. Sintering temperatures and times employed in preparation of 
dense ceramic samples. 

Table 7.2. Densities of samples obtained after sintering. 

Table 7.3. Atmospheres used for examining electrical behaviour of 
samples using AC impedance spectroscopy. 

Table 7.4. Diffusion conditions and subsequent SIMS analysis method 
used for cation diffusion at various temperatures. 

Table 7.5. Limitations to the oxygen tracer diffusion coefficient 
measurable using exchange/SIMS technique. 

Table 7.6. Limitations to the diffusion coefficient measurable using 
16Q/18Q exchange/SIMS technique. 

23 



Chapter 9. 

Table 9.1 Activation energy for the conductivity of selected fluorites. 

Chapter 10. 

Table 10.1. Anneal temperatures and times in the diffusion experiments on 

Ceo ggOdg 

Table 10.2. Values of the tracer diffusion coefficient and the surface 
exchange coefficient for single crystal Ceo ggGdo jiO, 345. 

Table 10.3. Anneal temperatures and times in the diffusion experiments on 

Table 10.4. Values of the tracer diffusion coefficient and the surface 
exchange coefficient for poly crystalline CcogGdo ,0,95. 

Table 10.5. Anneal temperatures and times used in the diffusion 

experiments on Ceo gGdo 20, 9 and Ceo gGdo igPro ozO;.̂ . 

Table 10.6. Tracer diffusion and surface exchange coefficients obtained for 

polycrystalline Ceo.gGdo.igProojOj.,. 

Table 10.7. Tracer diffusion and surface exchange coefficients obtained for 
polycrystalline Ccg gGdo ̂ Oi g. 

Table 10.8. Anneal temperatures and times used in the diffusion 
experiments on Zro gsYg ,50,925-

Table 10.9. Tracer diffusion and surface exchange coefficients obtained for 

polycrystalline Zro.85Yo,i50i.925. 

Table 10.10. Activation energy for oxygen tracer diffusivity in various 
fluorite materials. 

Table 10.11. Haven ratio for CcoggGdoaiO, g45, Ceo.gGdo lO, 95 and 
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1. Oxygen Generators For Military Aircraft. 

1.1. Introduction. 

Aircrew of agile, high performance military fighter aircraft are provided with a 
supply of oxygen enriched breathing gas via demand regulators and mask 
assemblies for the physiological protection required at high altitudes and during 
high "g" manoeuvres. The concentration and the pressure of the oxygen are 
dependent on the altitude of the aircraft. At sufficiently high altitudes 100% 
oxygen is required. The flow rate of breathing gas required depends greatly on 
the work load of the pilot, and the breathing gas supply must therefore be able to 
cope with sudden changes in demand. 

Figure 1.1a shows the concentration of oxygen within the breathing gas that is 
physiologically required to be inhaled by a human to avoid reducing the partial 
pressure of oxygen (pOj) in the blood. This graph is derived fi-om the basic 
physiological environment within the lungs, such as the partial pressures of water, 
carbon dioxide and oxygen typically present in the lungs at ground level, and the 
oxygen exchange efficiency of the lungs. The parameters listed below are found 
within the lungs are typical of a healthy human [1]. 

Oxygen exchange efficiency of the alveoli = 0.85 
PH2O = 47 mmHg (6.3kPa) 
pCO; - 39 mmHg (5.3kPa) 
PO2 =103 mmHg (13.7kPa) 

Figure 1.1b shows the partial pressure of oxygen in the lungs of a typically 
healthy human as a ftinction of altitude when the concentration of oxygen is 
maintained at 21%. Figure 1.1c shows the partial pressure of oxygen in the lungs 
if the concentration of oxygen given to the pilot is that shown in figure 1.1a. It is 
clear that the ground level equivalent pO; in the lungs is maintained up to 
altitudes of 30,000 feet. The minimum PO2 in the lungs recommended by the 
Royal Airforce (and many other European Airforces) is 30 mmHg, while the US 
Airforce have 60 mmHg requirement. It is clear fi-om figure Lib that without 
providing a supply of breathing gas enriched with oxygen, the maximum 
recommended altitude for RAF requirements would be restricted to 14000 ft and 
9200 ft for USAF pilots. It is also evident from figure 1.1c that above 33000 ft. 
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the pOz in the lungs drops from the ground level equivalent 103 mmHg even with 
a breathing gas containing 100% oxygen. At 100% 0%, the pOi in the lungs drops 
below 60 mmHg at 39000 ft and below 30 mmHg at 44000 ft. 
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Figure 1.1a. Concentration of oxygen 
physiologically required as a function of altitude. 
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Figure 1. lb. Partial pressure of oxygen in the lungs as a function 
of altitude when the oxygen concentration is maintained at 21%. 
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Figure 1.1c. Partial pressure of oxygen in the lungs as a function of 
altitude when the concentration follows the function in figure 1.1a. 

The data presented in figures 1.1 are obtained from a model developed by 
Phillips [2] using the physiological parameters from [1] given above. 

Military requirements dictate that maximum aircraft altitude is considerably 
higher than 40000 ft. Typical modem fighter aircraft have a ceiling of 65000 ft. 
As a result of this, the aircraft cockpit is progressively pressurised with increasing 
aircraft altitude to reduce the equivalent altitude seen by the aircrew. A typical 
cockpit pressurisation schedule is shown in figures 1.2 and 1.3. The altitude in 
figure 1.2 is the equivalent aircraft altitude at the cabin pressure. 
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Figure 1.2. Typical cabin altitude as a function of aircraft altitude. 
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Figure 1.3. Cabin pressure and ambient 
pressure as ftinctions of aircraft altitude. 

From figures 1.2 and 1.3 it is clear that at an aircraft altitude of 65000 ft, the 
cabin pressure is equivalent to 24000 ft, well within the physiological constraints 
typically specified by the RAF. 

In the event of a sudden depressurisation, the cabin altitude will decompress to 
the aircraft altitude. This results in a drop in the oxygen partial pressure seen by 
the pilot and hence a rapid drop in the p02 in the lungs. At the higher altitudes, 
even if the oxygen concentration given to the pilot is increased to 100% within a 
few a seconds, the alveolar p02 can drop below the critical 30 mmHg. If the 
alveolar pOz is below the critical level for a time equivalent to 140 mmHg.s, 
there is likely to be a loss of consciousness [3]. In order to avoid this 
catastrophic decrease in the alveolar pO^, the oxygen concentration before 
depressurisation must be increased. In the event of depressurisation at very high 
altitudes, 100% oxygen is not sufficient to prevent a drop below 30 mmHg pOj in 
the lungs. Therefore pressure breathing is used where the pressure of gas in the 
oxygen mask is greater than in the cabin and hence oxygen is forced into the 
lungs. There is a physical limit to the degree of pressure breathing and the 
pressure difference is thus typically restricted to a maximum of 68 mmHg. 

The concentration of oxygen required to prevent a drop below 30 mmHg alveolar 
pOz in the event of pressure loss (safety concentration) is shown in figure 1.4a 
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together with the nominal oxygen concentration required at that altitude in a non-
pressurised environment. Figure 1.4b shows the pOz in the alveoli when the 
inhaled oxygen concentration is the safety concentration given in figure 1.4a. 
The dotted line in figure 1.4b is the pO^ in the alveoli that will be reached in the 
event of depressurisation. 
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Figure 1.4a. Oxygen concentration supplied to the pilot as a function 
of aircraft altitude, where the minimum alveolar p02 is 30 mmHg. 

The vertical, green dotted line in figure 1.4a is the equivalent altitude of the cabin 
at the maximum altitude of the aircraft (65000 ft), before any depressurisation 
takes place. 
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Figure 1.4b. Alveolar p02 in the lungs in the pressurised 
and depressurised condition as a function of aircraft 

altitude, where the minimum alveolar pOz is 30 mmHg [2]. 
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Figures 1.5a and 1.5b show the same function as figures 1.4a and 1.4b but with a 
critical alveolar pO; of 60 mmHg. It is clearly evident from the figures that to 
avoid the possibility of a drop in pOz below 60 mmHg, the maximum aircraft 
altitude must be below 40000 ft. Furthermore, the p02 in the lungs is often 
required to be greater than 200 mmHg and prolonged periods of this situation can 
lead to neurological disorder. Therefore the USAF guidelines are rarely adhered 
to. 
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Figure 1.5 a. Oxygen concentration supplied to the pilot as a function 
of aircraft altitude, where the minimum alveolar pO; is 60 mmHg. 
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Figure 1.5b. Alveolar pOz in the lungs in the pressurised 
and depressurised condition as a function of aircraft 

altitude, where the minimum alveolar pOz is 60 mmHg [2]. 

The data in figures 1.4 and 1.5 have been obtained from the model developed by 
Phillips [2]. 

31 



Historically, oxygen gas was carried in cylinders within the cockpit area and 
supplied to the pilot when required. This was not a very satisfactory situation, as 
the cylinder of oxygen needed to supply a pilot was both large and heavy, and 
needed removal from the aircraft for recharging. Both space and weight in a 
military aircraft are tightly constrained. Therefore, liquid oxygen vessels were 
employed because significantly more oxygen could be provided in a considerably 
smaller volume. Liquid oxygen vessels are still used in the majority of aircraft 
breathing systems. A separate small gaseous bottle which supplies emergency 
oxygen in the event of ejection from the aircraft is also provisioned, and is fitted 
to the ejector seat to provide sufficient pure oxygen to the pilot until lower 
altitudes are reached, where air can be safely breathed. 

One of the problems with using liquid oxygen (LOX) tanks is that it is only a 
storage vessel and not an on board oxygen generation system. This means the 
tanks have to be re-filled at regular intervals because of the inability to stop the 
liquid oxygen from boiling away despite being contained in a vacuum walled 
container. The LOX can either be produced locally at an airbase or centrally and 
then transported to each site. In both cases the cost of supplying the LOX is 
exceedingly large and a reduction in such expenditure is required by the military. 
This problem is particularly apparent for naval airforce requirements. 
Considerable deck space is taken up by the LOX storage vessels, and some 30 
tonnes of equipment is required. If large quantities of LOX are stored on an 
aircraft carrier, then this presents a major fire hazard. There is also a substantial 
loss in the quantity of LOX over time due to the high rates of evaporation. 

Recognising this challenge, the Naval Air Warfare Centre proposed the 
production of pure oxygen in flight using ceramic membrane technology. 
Normalair-Garrett Ltd. were one of several companies awarded the contract for a 
conceptual design of a ceramic oxygen generator (COG) for use in military 
aircraft. 

Current technology for the production of localised oxygen is based on the 
pressure swing adsorption method using zeolite molecular sieves. This is 
commonly known by the acronyms OBOGS (On-Board Oxygen Generation 
System) or MSOC (Molecular Sieve Oxygen Concentrator). However, this 
technology can only produce a maximum of 95% oxygen; while satisfactory for 
most environments, it is not ideal for high altitude military aerospace 
requirements. Furthermore, the product gas concentration will reduce with 
increasing demand flow and several other factors. Therefore the separation of 
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oxygen from air using ceramic oxygen ion conducting materials has been 
investigated and has been proven to be able to produce 100% oxygen, which will 
not reduce with increasing demands etc. 

In the remainder of this chapter, the different possible methods of separating 
oxygen from air are discussed, together with the requirements and constraints 
typically employed by Normalair-Garrett Ltd. for military aerospace applications. 

1.2. The Pressure Swing Adsorption Method. 

The pressure swing adsorption (PSA) method utilises an adsorbent porous 
material to retain an adsorbed gas phase and produce an enriched gas phase of 
different composition to the feeder gas. This can be achieved by either molecular 
sieving or selective adsorption. Molecular sieving is where one gas composition 
can diffuse through to the adsorbent sites more quickly than another; selective 
adsorption is where one phase is adsorbed preferentially, allowing passage of the 
other phase. An ideal adsorbent for PSA is where these two processes work 
together. 

In the case of oxygen separation from air, a zeolite that preferentially adsorbs 
nifrogen over oxygen is used. Zeolites are microporous, alumino silicate ceramic 
minerals. The framework of the zeolite is an assembly of SiO^ and AIO4 
tetrahedra, creating a three-dimensional network of uniform cavities in the 
crystal, typically between 3 and 13A. Each oxygen is shared between two 
tefrahedral A1 or Si atoms giving an SiO^ or AlO; stoichiometry for each 
tetrahedral unit. Each aluminium atom thus infroduces one negative charge to the 
framework that is balanced by an exchangeable cation. Most zeolites have the 
general unit cell structure of M^[(A102)x(Si02)y], where M can be sodium, 
potassium, calcium, strontium or barium. When exposed to air (or any water 
containing environment) there is a partial hydration of the zeolite. 

The three dimensional network of pores allows the permeation of gas through the 
zeolite. The exchangeable cations, used to maintain charge neutrality, are located 
at preferred sites within the framework and affect the size of the cavities. 
Adsorptive selectivity may depend on a difference in either adsorption kinetics or 
adsorption equilibrium. The kinetic selectivity is measured by the ratio of the 
intracrystalline diffusivities of the gases passed through the sieve. Differences in 
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diffusion rates between molecules of comparable molecular weight, such as 
nitrogen and oxygen, are determined primarily by the diameter of the cavities. 
Hence the exchangeable cations can play an important role in the adsorptive 
properties of the crystal. 

The zeolite currently used in PSA devices for aircraft is type 13X. A unit cell of 
type 13X sieve has the formula Nagg[(A102)gg(Si02),o6]. The structure is a series 
of interconnecting silica and alumina tetrahedra creating a large pore size. The 
X-type structure possesses an effective pore diameter of 8.4A [4], This uniform 
pore size allows the screening of input gas on the basis of size and configuration. 

The adsorption process in zeolite materials is physical adsorption. Unlike 
chemical adsorption, which involves the formation of chemical bonds, physical 
adsorption involves weak, intermolecular forces and as such, has a low heat of 
adsorption. Physical adsorption is therefore a rapid, reversible process. The most 
common forces involved in physical adsorption are Van der Waals forces and 
electrostatic interactions. Although there is no electron transfer between the 
adsorbent surface and the sorbate, polarisation may occur, leading to electrostatic 
interactions. The Van der Waals forces are always present, whereas the 
electrostatic forces are only significant when the sorbate is easily polarised. In 
small, dipolar molecules such as HjO and NH3, the electrostatic contribution is 
considerably greater than the Van der Waals forces. In some cases, the 
electrostatic force is so great as to lead to heats of adsorption more commonly 
associated with chemisorption. This means that in the case of H^O and NH3, the 
adsorption process can be irreversible under the operating conditions of the 
molecular sieve. Typical heats of adsorption for types 13X and 5 A sieves are 
given in table 1.1. Type 5A sieve is also used to separate oxygen from air and has 
the unit cell formula of Ca;Na2[(A102)n(Si02),2] and an effective pore size of 
4.4A. 

It is clearly evident from table 1.1 that non-polar gases such as methane, argon, 
krypton and xenon have the lowest heats of adsorption for both sieve types. The 
heats of adsorption change depending on the type of polarity associated with the 
sorbate gas. Water and ammonia are strongly dipolar and thus have the highest 
heat of adsorption. The heat of adsorption of the strongly quadrupolar CO; is 
greater than that of CO which has a small dipole, and N; which has a small 
quadrupole. 
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Type 13X Sieve Type 5A Sieve 

Sorbate Gas -AH d̂ (kJ/mol) Sorbate Gas -AH,d (kJ/mol) 

Ar 12.7 [5] Ar 13.7 [4] 

Kr 18.4 [5] CH4 21.3 [4] 

Xe 23.4 [5] CH4 19.0 [4] 

N. 27.2 [6] C A 27.6 [7] 

COz 51.0 [6] % 33.5 [7] 

NH3 75.3 [6] CO2 42.7 [7] 

H2O 142.3 [6] N, 23.8 [7] 

0 , 13.8 [7] 

N, 24.0 [8] 

CO 30.5 [8] 

CO2 59.5 [8] 

NH3 93.0 [8] 

Table 1.1. Heats of adsorption of various sorb ate gases 
for two zeolite materials. (Data taken from ref [4,5,6,7,8]). 

It is also evident from table 1.1 that oxygen has a lower heat of adsorption than 
nitrogen. This, coupled with steric effects, means oxygen diffuses through the 
sieve faster than nitrogen and produces an equilibrium separation factor of 3.0-3.5 
[4,9]. This is sufficient to essentially remove all the nitrogen from the product 
gas. However, argon also has a lower heat of adsorption than nitrogen and so is 
present in the product gas. 

There are a limited number of sites for adsorption in the molecular sieve and so 
the zeolite must be purged of nitrogen and other adsorbed species at regular 
intervals. This means a continuous process is not possible as the number of 
adsorbent sites decreases as nitrogen is adsorbed. In order to produce an 
uninterrupted supply of oxygen a two or, more commonly, three stage process is 
used where the three beds are sequentially cycled through generating and venting 
cycles [10]. This process is schematically represented in Figure 1.6. 
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Figure 1.6. Basic Steps of Pressure Swing Adsorption [10]. 

The first step is to feed the source gas (air) into the zeolite with top end closed to 
allow pressurisation. The top end is then opened, and the product gas is released 
while the source gas is being fed to maintain pressure. The final stage is to close 
the top end of the bed and depressurise or vent the charged bed by allowing the 
waste gas to discharge from the bottom of the bed [11]. 

To produce a continuous supply of oxygen, multiple beds are required to be 
cycled, operating out of phase. For a small fighter aircraft the number of beds is 
typically three, whereas a large bomber may have six beds, dependent on the 
required performance and number of aircrew. This increases both the volume and 
the mass of the system. If three cyUndrical beds are arranged concentrically, this 
can reduce overall dimensions and weight with minimal impact on performance. 

As mentioned previously, pressure swing adsorption can only produce a 
theoretical maximum of 95% oxygen. However, a more realistic yield is 93% 
due to residual argon and other trace gases in the air. Further treatments to the 
gas could be utilised to increase the purity of the oxygen but this would produce 
additional size and weight problems. If the zeolite bed is only vented to ambient 
pressure, as represented in figure 1.6, the maximum oxygen concentration after a 
few cycles would be limited to around 30%. This low performance is due to 
incomplete desorption of the adsorbed nitrogen. To encourage sieve 
regeneration, some of the product gas from a bed is flowed back through a vented 
bed to ensure desorption of the nitrogen. This leads to a considerably more 
complicated set-up than depicted in figure 1.6. Figures 1.7a and 1.8a show two 

36 



possible configurations for pressure swing adsorption devices, 
sequence for any MSOC is: charging, product, venting and purging. 

A. Inlet Valve 
B. Product Check Valve 
C. Purge Orifice 

D. Vent Valve 

B1 
CI 

B2 
C2 

The basic 

OUTLET 
• 

1 1 r C3 r 1 C3 

BED 1 BED 2 BED 3 

INLET A1 A2 A3 

VI V2 V3 VI V2 
VENT 

Figure 1.7a. Possible Three Bed Configuration for an MSOC. 

In figure 1.7a the sequence used to pressurise and purge each bed is as follows: 

1. Inlet valve A1 opens to pressurise bed 1. 
2. As soon as the pressure in bed 1 exceeds the product pressure, product valve 

B1 opens. This allows the breathing gas to flow. 
3. After a pre-set time, inlet valve A1 closes. This time is dependent on both the 

molecular sieve and the product oxygen concentration required. 
4. Product valve B1 closes and vent valve VI opens. 
5. Purge gas is induced from bed 2 through orifice CI due to the pressure 

difference between the two beds. 
6. Vent valve VI closes. 

This sequence applies to each bed and they operate out of phase such that as one 
bed is venting the other two beds are either charging or producing oxygen. The 
valve timing sequence is shown in figure 1.7b. 
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Valve Sequence 

Bed 1 

Bed 2 

Bed 3 

Charge 

Product 

Vent 

Charge 

Product 

Vent 

Charge 

Product 

Vent 

Time 

Thick line - valve open 

Figure 1.7b. Valve Timing Sequence for Figure 1.7a. 

Figure 1.8a is a slightly more complicated situation and includes cross-feeding 
between beds. This means that instead of venting the gas immediately after the 
product gas closes, the gas remaining in the sieve (which is still of relatively high 
oxygen concentration) is used to partially charge the second bed. 

The sequence used in figure 1.8a is described below: 

1. Inlet valve II opens to pressurise bed 1. 
2. Purge valve PI opens for a short time to purge bed 3. 
3. As soon as the pressure in bed 1 exceeds the product pressure, the product 

check valve opens. 
4. After a pre-set time, inlet valve II closes. Again, this time is dependent on 

both the molecular sieve and the product oxygen concentration required. The 
product check valve on bed 1 will then automatically close. 

5. Cross-feed valve C2 opens to partially pressurise bed 2. 
6. Vent valve VI opens. 
7. Purge valve P2 opens to purge bed 1. 
8. Vent valve VI closes. 
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Figure 1.8a. Schematic diagram of a possible design for an MSOC. 

Again this sequence applies to each bed, operating out of phase to provide a 
continuous oxygen product gas. Figure 1.8b shows the valve timing sequence for 
MSOC depicted in figure 1.8a. 

It can be seen in the schematic figure 1.8a that one end of the bed is closed and 
the inlet, product and vent lines are all at the same end. This type of set-up is 
called an up and over (U&O) design and a schematic diagram of a bed is shown 
in figure 1.9. 

39 



Bed 1 

Bed 2 i 

Bed 3 

; Charge 
• Product 
• Crossfeed 
Vent 
Purge 

. Charge 
i Product 
I Crossfeed 
Vent 
Purge 

I Charge 
- ] Product 

Crossfeed 
Vent 
Purge 

Time 

Thick line = valve open 

Figure 1.8b. Valve Timing Sequence for Figure 1.8a. 
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Figure 1.9. Schematic diagram of an up and over bed design. 

It is evident from figures 1.7 and 1.8 that the pressure swing adsorption devices 
rely heavily on the use of valves. This is a problem as the valves have moving 
parts, and thus increase the probability of mechanical wear as well as electrical 
malfunction. 

Another problem with pressure swing adsorption devices for generating oxygen is 
that the concentration of oxygen produced is not always constant but depends on 
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many factors including altitude, inlet pressure, temperature and volumetric flow 
rate of the product gas, as well as the valve timing sequence. These variations are 
shown in figures 1.10-1.13. 

M Ph 75 

Altitude of PSA Device 

Figure 1.10. Oxygen concentration of product gas 
produced by an MSOC as a fimction of altitude. 

Pressure of Inlet Gas 

Figure 1.11. Oxygen concentration of product gas produced 
by an MSOC as a function of the inlet gas pressure. 
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Figure 1.12. Oxygen concentration of product gas produced by 
an MSOC as a function of the temperature of the molecular sieve. 

bO Oh 

Volume Flow Rate of Product Gas 

Figure 1.13. Oxygen concentration of product gas produced by an 
MSOC as a function of the volumetric flow rate of the product gas. 

The size of the values presented in figures 1.10 to 1.13 are dependent on the type 
of oxygen concentrator, and on the particular aircraft in which it is used. 
Furthermore, the shape and magnitude of the individual curves are dependent on 
the values in every other graph. Therefore, an on-board oxygen monitor with an 
integral feed-back loop is required to ensure the correct concentration of oxygen 
is supplied to the pilot. The oxygen monitor takes up extra space and also 
involves additional complexities to the system. 
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1.3. Pressure Driven Ceramic Oxygen Separator. 

A ceramic oxide which has a small resistance to oxygen ion diffusion can be used 
to separate oxygen from air. If a thin plate of the ceramic oxide is subjected to a 
large oxygen partial pressure gradient, a driving force for the diffusion of oxygen 
through the material is present. Unlike molecular sieves, where the oxygen is 
transported through the material as a molecule, in the case of ceramic membranes 
the oxygen is reduced to its ionic state and is transported through oxygen 
vacancies in the crystal lattice of ceramic. This means that both mass transport 
and charge transport occur. In order to prevent charge build up at the surface 
which would thus impede further ionic movement, the material must also allow 
rapid diffusion of electrons in the direction opposite to the oxygen flow. This 
type of material is known as a mixed electronic-ionic conductor (MEIC). Since 
oxygen transport takes place via hopping of oxygen ions through the crystal 
lattice, the transport of any other species is excluded. This means the ceramic 
membrane can produce 100% oxygen. 

A typical membrane configuration is shown below in figure 1.14. 

MIXED CONDUCTOR 

• 

pO, p o ; 

e" 
4 

p O , » p O , " ' 

Figure 1.14. Schematic representation of a 
Pressure Driven Ceramic Oxygen Separator. 
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The thermodynamic driving force for oxygen permeation through a mixed 
electronic ionic conducting oxide membrane is the oxygen partial pressure 
gradient across the membrane. The oxygen flux through the sample is therefore 
governed by the difference in oxygen activity on either side of the membrane. 
The oxygen flux is also affected by resistance to oxygen transport in the ceramic, 
and is often affected by the kinetics of oxygen exchange between the surface of 
the MEIC and the gases on either side of the membrane [12]. The resistance to 
oxygen transport is a function of the oxygen ion diffusivity and the geometry of 
the membrane. 

It can be shown, from Wagner's tarnishing equation, that oxygen flux through an 
MEIC membrane where there are no surface reaction limitations, can be 
expressed thus: 

t t a In 
16F^L 

^po:^ 

V pOzV 
eqn. (1.1) 

where, 

Jq is the oxygen flux density (cm^ (STP) cm'^s"') 
cTamb is the ambipolar conductivity (S/cm) which approximates to 

amb 
^ election 

^ eiec ^ ion 
, Qjon and are the oxygen ion and electronic 

conductivity, respectively 

pO^ and pO^ are the oxygen partial pressures on the inlet and outlet 

sides of the membrane wall, respectively 

cr. 
teiec is the electronic transference number êlec - • 

dec 

^ total ^ 

t:„„ is the ionic transference number t,.„ 
^ total / 

L is the thickness of the membrane (cm) 
Vn, is the molar volume of the gas (cmVmol) 

and the other parameters have there usual meaning. 

In the case of the MEIC's of interest for oxygen separation, the total conductivity 
is considered to be due only to the oxygen ion conductivity and the electronic 
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conductivity. Furthermore, the electronic conductivity is generally so much 
greater than the oxygen ion conductivity that it does not limit the transport 
process. This means that «1 and the term tignteiec(?amb reduces to Thus 
equation (1.1) can be expressed as equation (1.2): 

"po :^ 

PO; 
eqn. (1.2) 

Equation (1.2) assumes there are no surface limitations. In reality the following 
reactions have to occur on each side of the membrane. 

%02(gas) (solid) inlet side eqn. (1.3) 

O' "(solid) + 2e outlet side eqn. (1.4) 

These reactions can limit the permeation rate depending on the geometry of the 
sample. In most practical cases, it is a combination of the oxygen diffusion and 
the exchange reactions which determines the oxygen flux. Liu [12] has added an 
additional term to equation (1.2) to account for the surface exchange process. A 
modified version of this (where the current density is converted to oxygen flux 
density) is given as equation (1.5). 

Jo = (J. 

L+^ion[^j2Fi. 

RTV„ 

16F' 
•.hi 

pO] 
eqn. (1.5) 

where ig is the exchange current density. The exchange current density can be 
converted to a equilibrium constant which is more readily measured using 
equation (1.6). 

4F 
eqn. (1.6) 

k is the surface exchange coefficient (cm/s) and V, is the molar volume of the 

solid. 
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It should be noted that equations (1.1), (1.2) and (1.5) only hold for small changes 
in pOj, such that the stoichiometry of the material is not different on the high and 
low oxygen activity sides of the membrane. 

It is evident from the nature of equation (1.5) that apart from the materials 
dependent parameters (oxygen ion conductivity and surface exchange 
coefficient), the thickness of the membrane and the oxygen partial pressure 
gradient across the membrane will affect the oxygen flux. The effects of the 
thickness and oxygen partial pressure gradient are shown schematically in figures 
1.15 and 1.16, respectively, assuming a situation where the oxygen diffusion and 
surface exchange rates are similar. 
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Figure 1.15. Schematic representation of the dependence of oxygen flux 
on membrane thickness for a pressure driven ceramic oxygen generator. 

.. =1000 and T=1000K.) 
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(Calculated for CTion=0.1 S/cm, k=10" cm/s. 

It is immediately apparent from figure 1.15 that there is a minimum thickness of 
the ceramic membrane beyond which no additional benefit to the oxygen flux is 
obtained. This critical thickness is dependent on the relative magnitudes of the 
oxygen diffusivity and surface exchange, but also on the oxygen partial pressure 
gradient across the membrane and the operational temperature of the device. 

46 



Typically, it is anticipated that for a MEIC, the critical thickness will be of the 
order of 100 microns [13,14,15]. It is also clear that if too thick a membrane is 
used, for example, to provide increased mechanical support, then the oxygen flux 
will decrease dramatically. 
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Figure 1.16. Schematic representation of the dependence of 
oxygen flux on the oxygen partial pressure ratio across the 
membrane for a pressure driven ceramic oxygen generator. 

(Calculated for o'io^=0.1 S/cm, k-10"® cm/s, L=100 microns and T=1000K.) 

Figure 1.16 illustrates that a reasonably large oxygen partial pressure difference is 
required before any appreciable oxygen flux is obtained. There is, however, a 
diminishing return on increasing the pressure gradient as the oxygen flux density 
tails off towards a maximum. The larger the pressure difference across the 
membrane, the thicker it will have to be to support the pressure induced stress. 
Therefore, a compromise between increasing the oxygen flux (by decreasing the 
membrane thickness or increasing the partial pressure gradient) and the 
mechanical integrity of the membrane must be made. 

The oxygen ion conductivity (or oxygen diffusion) and exchange processes are 
both thermally activated and hence are strongly dependent on temperature, i.e. the 
higher the temperature, the faster the diffusion and exchange of oxygen. 
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However, the electronic conductivity of the material must be sufficiently high so 
that the charge transport of the oxygen ions is not inhibited. The electronic 
conductivity of this type of MEIC exhibits a maximum at a given temperature, 
above which the conductivity decreases. Furthermore, as the temperature is 
increased more thermo-chemical and thermo-mechanical problems are 
encountered. 

Clearly the rate of oxygen diffusion and surface exchange are important 
parameters for these materials to be used to produce oxygen, but there are other 
requirements that these materials must fulfil. These are outlined in the next 
section. 

1.3.1. Materials Requirements for Pressure Driven Ceramic Oxygen Generator. 

As mentioned previously, for a material to be suitable for use in a pressure driven 
ceramic oxygen generator, it must have a high ionic diffusivity or conductivity. 
The high operating temperature and difference in oxygen partial pressure 
subjected to these devices adds many more stringent demands to the materials. 
The physical properties required for the pressure driven ceramic membrane are 
summarised below. 

high electronic conductivity 
high oxygen ion conductivity (diffusivity) 
chemically stable in high (up to 5 bar) and low (down to 10'" bar) pressure 
oxygen 
low volatility at operating temperature 
low differential thermal expansion 
no destructive phase transitions within operating or sintering temperatures 
high sinterability 
easy to form into large area, thin dense tubes 
moderate cost of raw materials and formation 

Very few of the ceramic oxides exhibiting any significant oxygen ion 
conductivity show sufficient electronic conductivity to be used in a pressure 
driven oxygen separation membrane [16,17]. One such group is the perovskite 
materials. Perovskites have the general formula ABO3, where A and B are 
cations whose valence sum to 6+. The perovskite structure and materials 
properties of this class of material are discussed in detail in chapter 3. In 
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particular it is doped ReTmOj^s type perovskites which show a suitable 
combination of electronic and ionic conductivity. Re is a rare earth, most 
commonly lanthanum and Tm is a transition metal: iron, manganese, cobalt, 
nickel, and chromium. Due to the variable valence of the transition metals, the 
perovskite normally exhibits some form of non-stoichiometry, which is 
represented by the ±5 term in the chemical formula. In order to produce the 
required ionic or electronic conductivity, the perovskites are often doped on the 
A-site with an alkaline earth, e.g. strontium or calcium. 

Of the five transition metals listed, ReMnO^^g and ReCrO^^g have too low an ionic 
conductivity and ReNiOj^s is not sufficiently stable in reducing atmospheres to be 
used as a pumped oxygen separator. ReFeO^^g is not a particularly good oxygen 
ion conductor nor a good electronic conductor, but does possessmost of the other 
selection criteria. ReCoO^^g is a very good oxygen ion and electronic conductor, 
but has a tendency to lose oxygen fi-om the lattice in non-oxidising atmospheres. 
This loss of oxygen leads to a large thermal expansion, and hence the creation of 
chemically induced stresses. It is therefore anticipated that to achieve an 
appropriate separator material, the B cation site will also have to be doped, for 
example (La,Sr)(Co,Fe)03±5. 

More recently there has been a suggestion that a composite of a MEIC perovskite 
and a fluorite material such as yttria stabilised zirconia (YSZ) or gadolinia doped 
ceria (CGO) could be used as a separator material. YSZ and CGO are very good 
ionic conductors (although poor electronic conductors) and YSZ in particular is 
chemically very stable over a large oxygen partial pressure range. 

1.4. Electrically Driven Ceramic Oxygen Generator. 

The electrically driven ceramic oxygen generator (hereafter called COG) is in 
many ways more complicated than the pressure driven device. Here, the driving 
force for oxygen transport is provided by an electrical potential, rather than a 
chemical gradient. This means that an MEIC could not be used as the separation 
material, since the electronic carriers would provide a short circuit path 
for the current. Hence a material where tĵ n approaches unity (i.e. a solid oxide 
electrolyte) is required. However, materials which are purely ionic conductors 
show very poor catalytic activity for the reduction of oxygen at the surface and so 
electrodes must be added to the electrolyte material. 

49 



As with the pressure driven device, the oxygen is transported through the COG in 
the form of oxygen ions. This leads to infinite selectivity of the membrane [18]. 
A schematic representation of a COG is given below in figure 1.17. 

Ionic conducting 
electrolyte 

Mixed conducting 
electrode 

Current 
collector 

Figure 1.17. Schematic illustration of a single cell COG. 

The application of a dc voltage to the cell leads to current flowing through the 
circuit. The solid electrolyte only conducts oxygen ions so this current can be 
converted to a molar flow rate of oxygen, using equation (1.7). 

N = J c 

2zF 
eqn. (1.7) 

where, N is the area specific molar flow rate of oxygen (mol/cmVs) 
jo is the current density (A/cm^) 
z is the valence of oxygen (z=2) 
F is Faraday's constant (F-96485 C/mol) 

The current density through the cell is determined by the applied voltage and the 
resistance of the cell, through equation (1.8). 

Jo = 
cell 

eqn. (1.8) 
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where V is the apphed potential (volts) and r̂ ,̂, is the area specific resistance of 
the cell (Q/cm^). The area specific resistance of the cell is the sum of the 
resistance of the electrolyte, the two electrodes, the two current collectors and the 
lead wires. In general, the resistance of the current lead wires and current 
collectors is considered to be negligible compared to the resistance of the 
electrolyte and the electrodes. 

In order to generate a considerable flux of oxygen, the surface area of the cell 
must be large. This is achieved by connecting a sequence of cells in electrical 
series into a multi-layer stack. The cells are connected by an electronically 
conducting interconnect material. The interconnect can be metallic or a ceramic, 
but it must have negligible oxygen ion conductivity and a high electronic 
conductivity. Clearly, the interconnect material possesses an electrical resistance 
and so this must be included when calculating the area specific resistance of the 
stack. Thus the area specific resistance of a stack can be expressed thus: 

^ ^electrode(air) ^electrolyte '"electrode(oxygen) '"interconnect e q n . ( 1 . 9 ) 

The air electrode is generally called the cathode and the oxygen electrode the 
anode. Combining equations (1.7), (1.8) and (1.9) the molar flow rate of oxygen 
can be determined in terms of the applied voltage and the resistance of the 
components. 

V 
N = —— eqn. (1.10) 

V^cathode ^electrolyte ^anode ^interconnect^ 

From equation (1.10), it is evident there are two methods of increasing the flux of 
oxygen through the membrane. The first is to increase the applied potential to the 
device. The potential is determined however by aircraft and material 
requirements (see section 1.4.3). The second method is to decrease the resistance 
of the components. The majority of the resistance of the cell is comprised of the 
electrolyte and the two electrodes. There are several ways to reduce the cell 
resistance: (a) by increasing the ionic conductivity of the electrolyte. This relies 
on the use and development of new materials or by increasing the operating 
temperature (tlie electrolyte conductivity is thermally activated); (b) by reducing 
the thickness of the electrolyte membrane. There have been many advances in 
processing routes such as tape calendering [19] colloidal deposition [20] and 
aerosol assisted chemical vapour deposition [21] allowing the production of 
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electrolyte membranes as thin as 5-10pm; (c) by reducing the resistance of the 
electrodes. The area specific resistance of the electrodes is strongly dependent on 
their catalytic activity for the exchange of oxygen. New materials or 
microstructures could markedly decrease the electrode resistance. The electrode 
resistance is also thermally activated so an increase in the temperature will reduce 
the resistance. 
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Figure 1.18. Schematic representation of the dependence of molar 
flow rate of oxygen on electrolyte thickness for an electrically driven 

ceramic oxygen generator. (Calculated from resistance data at 750K in air). 

Figures 1.18 and 1.19 show the effects of electrolyte thickness and temperature, 
respectively, on the molar flow rate of oxygen through the COG, using data 
obtained for LSCF electrodes and a CGO electrolyte. If different electrodes or a 
different electrolyte were chosen, then the shapes of the curves may be different. 
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Figure 1.19. Schematic representation of the dependence of molar flow rate of 
oxygen on cell temperature for an electrically driven ceramic oxygen generator. 

(Calculated from resistance data for an electrolyte thickness of 100 microns.) 

It can be seen from figure 1.18 that with this combination of materials, there is 
little benefit in reducing the elecfrolyte thickness below 100 microns. This is 
because of the very high ionic conductivity of the ceria electrolyte. If zirconia 
were being used, then a benefit in flux density would be expected down to around 
10 microns. Figure 1.19 shows the large increase in oxygen flux obtained by 
increasing the temperature. It should be noted however, that at higher 
temperatures, the increase becomes less. 

1.4.1. Materials Requirements for a COG. 

The COG can be divided into a series of components, each requiring different 
materials properties. These are the cathode, electrolyte, anode, intercormect and 
the "balance of plant". The balance of plant is all the materials required to 
complete an oxygen generating unit which are not included in the previous four 
components. Aside from the individual materials requirements there are some 
general properties required for all the materials. The materials must all be 
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chemically stable in the environments they shall be exposed to, and chemically 
stable with each other. That is, no detrimental reaction products should form 
between any of the components. The thermal expansion coefficients of all the 
materials should be similar to minimise thermally induced stresses and the 
materials must be easy to form into the desired shape and density. Each of the 
materials properties required will now be considered individually. 

1.4.1.1. Electrolyte. 

The electrolyte material must have a high ionic conductivity and negligible 
electronic conductivity at the operating temperature of the device. The ionic 
conductivity must be large in order to reduce the electrolyte resistance and thus 
increase the flow rate of oxygen (equation (1.10)) and the electronic conductivity 
must be small to avoid short circuiting of the cell. The electrolyte must be 
sufficiently dense so that there are no interconnected pores, as this will allow gas 
phase diffusion of air through the device and thus reduce the purity of the oxygen 
produced. The material must not react with the electrode materials, it must be 
stable in the oxidising environment it is exposed to and it must not undergo any 
phase transitions within the operating temperature of the cell as these often lead 
to volume changes which will generate mechanical stresses in the device. 

Two electrolyte materials have been considered for this application: yttria 
stabilised zirconia (YSZ) [18] and gadolinia doped ceria (CGO) [22]. Both 
materials have the cubic fluorite structure and possessa good ionic conductivity, 
although that of CGO is somewhat higher than YSZ [13]. The behaviour of the 
materials in an oxidising environment are very similar and it thus easier to 
consider first the case of YSZ. 

The conduction process in YSZ is via localised hopping of oxygen ions through 
vacancies in the crystal lattice. The oxygen vacancies are introduced to the 
zirconia lattice by doping the material with an aliovalent cation such as yttrium, 
scandium or calcium. This is shown for the case of yttrium using Kroger-Vink 
notation in equation (1.11). 

Y,03 > 2Yz, + Vo + 30o eqn. (1.11) 
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The addition of substantial amounts dopant (-10 mol%) also has the effect of 
stabilising the cubic form over the entire temperature range (pure zirconia is 
monoclinic at room temperature). Scandia doped zirconia exhibits the highest 
conductivity but due to cost and availability, yttria is the preferred dopant. 
Typically the concentration of dopant used is 8-10 mol%. This provides an ionic 
conductivity of about 0.1 S/cm at 1000°C [23]. In comparison, the ionic 
conductivity of doped ceria has been reported as 0.1 S/cm at temperatures as low 
as 800°C [23,24]. 

1.4.1.2. Cathode. 

The cathode in a ceramic oxygen generator must provide good electrochemical 
activity for the reduction of gaseous oxygen to its ionic state and allow the 
oxygen ions to enter the electrolyte. This means the cathode acts as a source of 
electrons and as such must be a good electronic conductor. The cathode must 
also be porous to give a large surface area over which the reduction of oxygen can 
occur. The porosity also allows gas phase diffusion of oxygen through the 
cathode to the electrolyte/cathode/gas triple phase boundary. The incorporation 
of oxygen into the electrolyte is enhanced if the cathode can also conduct oxygen 
ions so the reaction need not be limited to the triple phase boundary. Other 
properties that the cathode must possess are chemical stability, low volatility at the 
operating temperature, moderate cost in terms of raw materials and formation, 
matching thermal expansion coefficient with other cell components, easy to form 
into thin, porous films and have no destructive phase transitions within the 
operating or fabrication temperature of the cell. 

The high operating temperatures and the oxidising environment of the cathode 
limit the choice of materials to noble metals and electronically conducting 
ceramics. Although many noble metals posses5>high catalytic activity and silver 
possesses reasonable oxygen ion conductivity, the cost of the materials and 
doubts over their long term stability due to particle sintering discount these 
materials for commercial use. These materials are, however, frequently used in 
small scale, demonstration or experimental devices. 

Of the ceramic materials, members of the perovskite group are the most likely 
materials to be considered, specifically those containing transition metals. This is 
because the variable valence of the transition metal cation introduces electronic 
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carriers into the ceramic. Lanthanum manganite (LaMnO^) [25,26], lanthanum 
ferrite (LaFeOj) [27,28], lanthanum cobaltite (LaCoOj) [29,30] and various 
combinations of these [15,22,31,32] have all been experimented as cathodes for 
the solid oxide fuel cell, where the requirements are the same. Lanthanum 
cobaltite shows the highest catalytic activity, but has poor chemical stability and 
a large difference in thermal expansion behaviour from the prospective 
electrolytes, YSZ and CGO [29,33]. Lanthanum cobaltite and lanthanum ferrite 
both react strongly with YSZ, forming deleterious, insulating phases and thus the 
material favoured for use with YSZ is LaMnOj despite it having the lowest 
catalytic activity of the three. A composition containing both iron and cobalt is 
favoured for use with the CGO electrolyte. 

In all cases, neither the electronic nor ionic conductivity of the materials is 
sufficient for use at practical temperatures. Therefore the perovskite is commonly 
doped on the A site with an alkaline earth oxide such as SrO, CaO or MgO. This 
has the effect of introducing electron holes or oxygen vacancies into the lattice, 
depending on the oxygen partial pressure to which the material is exposed. Two 
possible scenarios are given in equations (1.12) and (1.13). 

SO2 + 2SrO ' ' >2SrL, + 30^ + 2h eqn.(1.12) 

2SrO >2Sr;^ + Vg + 20o eqn(1.13) 

Under the operating conditions, it is a combination of both types of compensation 
that exists. Typically the dopant level for lanthanum manganite is around 15 
mol% strontium and for lanthanum cobaltite around 40 mol%. 

One problem with strontium doped lanthanum manganite, apart from its 
relatively low electronic conductivity and catalytic activity, is it forms insulating 
phases when in contact with YSZ at elevated temperatures. The perovskite phase 
SrZrO; [34] and the pyrochlore La2Zr20y [34,35] are known to form, and work on 
the compatibility of La,_̂ Sr̂ MyFei_y03.g (M=Co, Fe, Ni) and YSZ has also shown 
the formation of these two reaction products [36,37]. The formation of these 
phases is a diffusion limited process and is also connected to the reactivity and 
solubility of the fransition metal B-site cations [37]. The partial substitution of 
the B-site with Co causes the highest reactivity with the YSZ electrolyte [37,38]. 
The diffusion of manganese into YSZ may also be problematic The diffusion rate 
has been reported [35,39] but there appear to be large inconsistencies in the rates 
of diffusion. 
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Strontium doped lanthanum cobaltate has a higher electronic and ionic 
conductivity than lanthanum manganite, but the thermal expansion coefficient is 
too large for use as a cathode with either YSZ or CGO. It has therefore been 
doped on the B site with iron. LaggSro^CoozFeogO ĵ.; (LSCF) is the most 
commonly studied composition [22,40,41]. LSCF also reacts with YSZ to form 
SrZrOj and La^Zr̂ Oy, but doesncftapp^rtereact with CGO [42]. 

1.4.1.3. Anode. 

The reaction occurring at the anode is given by equation (1.14). 

O ' " - > ) ^ 0 2 + 2 e - eqn. (1.14) 

It is evident from this reaction that aside from allowing rapid oxygen exchange at 
the surface, the anode must have a high electronic conductivity and allow rapid 
diffusion of gaseous oxygen away from the reaction site. This means that the 
anode must be porous, but it is also beneficial for it to have a high oxygen ion 
conductivity. The anode is exposed to an atmosphere of pure oxygen and so, as 
with the case of the cathode, the materials considered are limited to electronically 
conducting ceramics. Since the reaction at the anode is simply the reverse of that 
at the cathode, and the environmental conditions are similar, it is reasonable to 
use the same material for the anode as the cathode. Thus a symmetrical cell is 
created. 

1.4.1.4. Interconnect. 

The interconnect material provides an electrical connection between each 
symmetrical cell, while separating the inlet and product gas streams. It must 
therefore have a very high electronic conductivity as any resistance leads to 
wasted power. It is also important that no air or oxygen can pass through the 
intercormect as this will lead to a decrease in the purity of product gas or a 
reduction in the efficiency of the device. Therefore the interconnect must be gas 
tight and have negligible oxygen diffusion. The intercoimect is in intimate 
contact with the electrodes and must therefore possess a thermal expansion 
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coefficient similar to the chosen electrode material. The interconnect is exposed 
to highly oxidising conditions and thus the choice is limited to noble metals, 
highly corrosion resistant alloys or electronically conducting ceramics. Noble 
metals are generally considered to be too expensive as the interconnect material 
must be thick (>1 mm) to allow necessary gas channels. Lai.̂ Sr^CrOĵ g possesses 
good electronic conductivity with limited ionic conductivity at 1000°C, but if the 
operating temperature of the device is to be lowered to allow the use of LSCF and 
CGO (<800°C), the electronic conductivity is insufficient. Therefore high nickel 
and chromium content alloys are being considered. 

1.4.1.5. Balance of Plant. 

The balance of plant includes the pipes used to supply and remove the two gas 
streams, heat exchangers and sealant materials. The pipes must be corrosion 
resistant at high temperatures since the product gas will exit the system at 
essentially the same temperature as the ceramic membrane itself Therefore, high 
nickel content stainless steels are considered for the piping. The sealant material 
is required to prevent mixing of the product and input gases at the edge of the 
ceramic plates. Sealants used in solid oxide fuel cells are usually glass ceramics 
such as alumino silicates. In the COG design similar glasses are being 
considered. In either case, the sealant must clearly be both corrosion resistant and 
gas tight. 

1.4.2. Stack Design for a COG. 

In order to achieve an appreciable flux of oxygen, a large active surface area is 
required. There are many ways of achieving this such as sealed end tubes (a 
common SOFC design). However, efforts at Imperial College have concentrated 
on a planar stack design, similar to that employed by several SOFC producers. 
This modular design is illustrated in figure 1.20. 
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Figure 1.20. Exploded schematic illustration of a planar 
design for an electrically driven ceramic oxygen generator. 

(Adapted with permission from R.A. De Souza [43].) 

This design allows the electrolyte to be produced by well established methods 
such as tape casting [44,45]. The electrodes can be either screen printed or tape 
cast. A metallic interconnect with appropriate gas channels can be formed with 
intricate gas channels by spark erosion or chemical etching. One possible design 
for the interconnect is the so-called interrupted fin design, developed by 
Normalair-Garrett Ltd. and Allied Signal. A schematic illustration of this is 
given in figure 1.21. 
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Figure 1.21. Schematic illustration of a planar design with an interrupted 
fin interconnect for an electrically driven ceramic oxygen generator. 

(Drawn by D. Peacey, NGL and reproduced with permission from NGL). 

The design likely to be employed in future work at Imperial College utilises a 
self-supporting, tape cast CGO electrolyte of ~120 microns. Porous LSCF 
electrodes are deposited by screen printing. Primary concerns with the design are 
oxidation of the interconnect material leading to spalling and increased contact 
resistance, and gas tight sealing of the device. 

1.4.3. Aerospace Considerations. 

It is envisaged that the COG will be used in a military aircraft to provide a source 
of oxygen for the aircrew. This leads to specific design constraints which are not 
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necessarily required for ground based oxygen separators. Major constraints are 
mass and volume limitations. In order to compete with existing technology the 
entire device has to be less than 300 x 300 x 300 mm. This limits the active 
ceramic component to about half of this volume, the remainder being taken up by 
gas manifolding and heat exchangers etc. 

One limitation of using CGO as the electrolyte is that the applied potential across 
each plate must be restricted to about 0.8 V. If the potential is increased it leads to 
the partial reduction of the cerium cation, i.e. —> Ce^ + e". This means 
electronic carriers are introduced into the ceramic and the efficiency of the device 
is reduced. Fighter aircraft have a specific voltage power supply which cannot be 
altered. Therefore, there is a minimum number of plates which must be in the 
stack, all connected in electrical series. 

Another major problem with using the COG on-board an aircraft is the high 
levels of stress the device is exposed to. Components can be exposed to 
vibrational forces as high as 14 "g" when the aircraft passes through the sonic 
barrier. This is a major issue in the PSA devices currently used to supply on-
board oxygen. 

For a COG to be suitable for use in military aircraft it must have a rapid start-up 
time. It is therefore important that the device be able to withstand large thermal 
shocks and to be able to be heated to operating temperature within -10 minutes. 

Other considerations are that the oxygen produced must be of a suitable quality 
for the aircrew to breathe. This means that the oxygen must be cooled down from 
the temperature it exits the ceramic membrane module (CMM), around 800°C, to 
less than 40°C by the time it reaches the pilot. This is achieved with the use of 
heat exchangers. Figure 1.22. shows an input-output, power continuity, block 
diagram for the system. The electrical power supplied to the pre-heater and the 
CMM are controlled by the electronic control unit (ECU). The inlet air is drawn 
from the engine bleed air by a pair of vain axial fans. Once the ceramic is at a 
given temperature, the pre-heater will switch off and the power is delivered to the 
ceramic membrane. The heat exchangers will heat the inlet air to a temperature 
somewhat below the temperature of the ceramic stack and at the same time cool 
the product gas before it enters the breathing regulator. 
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Figure 1.22. Input-output, power continuity 
diagram for a COG on board a military aircraft. 

In the above diagram T represents the temperature of the gas at each stage in the 

process and H' is the associated power of the gas (H = c • m-T), where c is the 

specific heat of the gas and m' is the mass flow rate. Q' is the power applied to 

the stack. In this design, the electrical power supplied to the pre-heater is the 

same as that applied to the ceramic stack, so a simple switching device could be 

used. 

It is apparent from figure 1.22 that the power supplied to the ceramic stack (both 
electrically and from the inlet air) must be equal to the power exiting the stack. 
This is to ensure that neither a thermal runaway nor a quenching effect is 
produced. Thus, the following equations must hold. 

q > H > H ; + H > Q \ o 
H \ + H > H \ + H \ 
R\+R\=R\+R\ 

eqn. (1.15) 
eqn. (1.16) 
eqn. (1.17) 
eqn. (1.18) 
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Q 10 = 0, T7 is approximately the ceramic operating temperature and is the 
bleed air temperature. when the stack is operating (i.e. there is no 
electrical power supplied to the pre-heater). T6<40°C. 

One final point that should be considered is that the air inlet supply comes from 
the engine bleed air. This means that a higher number of contaminants are likely 
to be present, some of which may be deleterious to the electrode. A list of 
contaminants from a typical fighter aircraft are given in table 1.2. 

Engine bleed Inlet contaminant quantity 
contaminants (ppm by volume) 

Carbon dioxide 5000 

Carbon monoxide 50 

Total hydrocarbons 250 

Nitrogen oxides 5 

Acrolein 0.1 

Total aldehydes 1 

Engine generated oil particles 0.5 mg/vcL 

Nickel 0.5 mg/m^ 

Cobalt 0.1 mg/m^ 

Ethanol 1000 

Hydrogen fluoride 0.1 

Hydrogen peroxide 1 

Aviation fuels 250 

Methyl alcohols 200 

Methyl bromide 20 

Oil breakdown products 1 

Ozone 0.1 

Table 1.2. Inlet air gas contaminants. 

Because of the infinite selectivity of the ceramic, none of these contaminants 
should pass through membrane. However, it is possible that some of the inlet 
contaminants may poison the electrodes, and thus decrease the product flow rate. 
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2. Solid Oxide Fuel Cells. 

2.1. Introduction. 

A fuel cell is an electrochemical device for converting chemical energy into 
electrical energy. The device does not involve combustion of a fuel, but instead 
electrochemically oxidises the fuel, similar to the operation of a battery [1], Like 
a battery, direct current (DC) electricity is produced, but unlike a battery, the 
reactants are not stored in a container, but the fuel and the oxidant are both 
supplied externally. This enables the fuel cell to be used continuously, without 
having to be recharged, as is the case with a battery. There are several different 
types of fuel cell, however in this chapter only the solid oxide fuel cell (SOFC) 
will be discussed. 

The solid oxide fuel cell is modular, consisting of three functional components 
separated by an interconnect material to enable the production of a stack of these 
components in series. The three components are the cathode, the electrolyte and 
the anode. The electrochemical cell can be schematically illustrated as shown in 
figure 2.1, while figure 2.2. shows an example of the modular nature of the 
SOFC, including the interconnect material. 

O 2(g) 

Load 

ELECTROLYTE 

H 2(B) 

H20(g) 

Figure 2.1. Schematic illustration of the solid oxide fuel cell. 
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Figure 2.2. Schematic illustration of the modular nature of a solid 
oxide fuel cell (reproduced with permission from R.A. de Souza [2]. 

At the anode the fuel is oxidised while at the cathode the oxidant (usually 
oxygen) is reduced and oxygen ions are incorporated into the system. The 
electrons produced by the oxidation of the fuel are able to flow in an external 
circuit to the cathode to allow the reduction of oxygen. The charge flow through 
the external circuit is compensated by the flow of negatively charged oxygen ions 
through the electrolyte in the opposite direction of the electron flow. Power is 
drawn from the system due to the flow of electrons in the external circuit. 

In figure 2.1, where hydrogen is the fuel and oxygen is the oxidant, the reactions 
at the two electrodes are as follows: 

Cathode Reaction: + V" + 26" O^" (Reduction process) eqn. (2.1) 

Anode Reaction: H, + O^' -> H.O + Vq' + 2e"(Oxidation process) eqn (2.2) 
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These two equations can be combined to give an overall reaction for the fuel cell. 

Total Reaction: + XO -> H^O eqn (2.3) 

As can be seen, the only product of the reaction with hydrogen is water vapour. 
One of the major advantages of the solid oxide fuel cell is that because the 
efficiency is high, there are very few harmful emissions. This is because the 
energy is taken from the fuel in an electrochemical process and not through 
combustion, which produces nitrogen oxides and sulphur oxides. Furthermore, in 
combustion, a multistage process of producing electrical energy from chemical 
energy through heat energy is required. This process is restrained by the Camot 
cycle. Since the SOFC is an electrochemical device and does not involve 
combustion, it is not subject to the Camot Cycle. Thus the theoretical energy 
conversion efficiencies for an SOFC are considerably higher. In addition, the 
waste heat produced can be used for combined heat and power systems. In 
practice, the efficiencies achieved are below the theoretical values due to losses in 
the system. The efficiency will be discussed in the next section. 

2.2. Fuel Cell Efficiency and Operating Temperature. 

The conventional materials used in an SOFC are yttria stabilised zirconia (YSZ) 
as the electrolyte, lanthanum strontium manganate (LSM) as the cathode and a 
composite cermet of nickel and yttria stabilised zirconia (Ni-YSZ) as the anode. 
This allows the operating temperature of the SOFC to be in the range of 800-
1000°C. However, by operating at this temperature, there is a large constraint in 
terms of mechanical and chemical stability on the materials available for the 
balance of plant, for example, the pipes used to supply the fuel and oxygen gases 
to the system must be corrosion resistant. 

If the operating temperature of the fuel cell can be reduced, then more 
conventional materials can be used for the balance of plant, and stainless steel 
may be used for the interconnect material, instead of the ceramic lanthanum 
strontium chromite, which is expensive to fabricate and leaks oxygen. 

The driving force for the fuel cell is the oxygen partial pressure difference 
between the anode side and the cathode side of the cell. The partial pressure of 
oxygen at the oxidant side is approximately one and at the fuel side around 10 ''' 
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atmospheres. The open circuit potential of the fuel cell is governed by the Nemst 
equation [3]: 

E „ . = f l n 

1_ 
(pOj)^ CATHODE 

(pOi) 
I 
2ANODE 

eqn (2.4) 

The efficiency (s) of the cell is given by the ratio of the energy output to the total 
energy change in the system (AH). 

energy output 
e = — eqn (2.5) 

Since the fuel cell is a direct energy conversion device, the maximum theoretical 
energy produced is the change in free energy of the system, (AG). This allows 
theoretical efficiencies of 95%, the only losses due to reversible entropy changes 
in the system. In practice, other irreversible losses occur. These are termed 
polarisation losses, and are separated into three different elements: activation 
polarisation, ohmic polarisation and concentration polarisation. 

The large difference in the partial pressure of oxygen across the cell leads to a 
flux of oxygen ions through the cell. The resistance to the flow of ions in the 
electrolyte, and ions and electrons in the electrode, causes an irreversible loss of 
energy, dissipated as heat, from the system. As the current flowing through the 
cell is increased, so the energy lost increases. This energy loss is known as ohmic 
resistance or ohmic polarisation, as it follows Ohm's Law, given in equation 2.6. 

Tlohm = i-Rceii ^qn (2.6) 

where 1]̂ }̂  is the ohmic polarisation, i is the current through the cell and R„„ is 
the electrical resistance of the cell. 

As the ionic resistance of the electrolyte and electrode follow a typical Arrhenius 
function, if the temperature is decreased, then the ohmic polarisation losses will 
increase. Therefore, if the operating temperature is to be reduced, suitable 
materials with sufficiently low resistance are required. 
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Electrochemical reactions are required at the electrodes in the fuel cell as shown 
in equations 2.1 and 2.2. Under equilibrium conditions, the forward and 
backward reaction rates are the same, but if current is to be drawn through the 
cell, one rate will be faster than the other, requiring a potential to drive the 
reaction. The voltage required is lost Jfrom the overall cell voltage. The voltage 
loss is related to the current by equation 2.7. 

p(Tlact) eqn(2.7) 1 oc ex 

riact is the potential required to drive the reactions at the electrodes and is known 
as the activation polarisation, is also affected by temperature, and the specific 
activity of the electrode. An increase in temperature, active electrode area or the 
electrocatalytic activity of the electrode will result in a decrease in the activation 
polarisation. 

In order to draw a constant current from the cell, a constant supply of both fuel 
and oxidant is needed. The electrochemical activity of the electrodes are 
decreased if the supply of reactants to the electrodes is restricted. The energy 
required to drive the reactants to the reactive sites reduces the cell potential. This 
drop in cell potential is termed concentration polarisation The same effect 
is seen if the products of the electrochemical reaction are not removed at a 
sufficiently high rate. The presence of product gases effectively reduces the 
concentration of the reactant. This situation limits the amount of current which 
can be drawn from the cell, i.e. any further increase in the applied potential 
results in no increase in the current. 

Concentration polarisation losses may be reduced by providing a large reactant 
surface area. This is achieved by using porous electrodes with a very fine particle 
size. 

The combined effects of these three types of polarisation losses are shown 
schematically in figure 2.3. It is evident from this that the open circuit voltage is 
reduced by the polarisation losses, and the terminal cell voltage (i.e. the point at 
which no more current is drawn) can be expressed by equation 2.8. 

V = - Tlact - Tlohm " ^ c o n c ^ q n ( 2 . 8 ) 
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Figure 2.3. Typical Polarisation behaviour of a solid oxide fuel cell 

The nature of the curves in figure 2.3 depends on many factors including 
materials properties, geometry factors and operating temperature. The ohmic and 
activation polarisation are both decreased with increasing temperature due to 
faster ionic transport and exchange. The concentration polarisation can also be 
decreased with increasing temperature due to more rapid gas phase diffusion. 

2.3. Fuel Cell Component Requirements. 

Figure 2.2 shows that each repeating unit in the SOFC contains four components; 
the interconnect, anode, electrolyte and cathode. Many of the requirements of 
the fuel cell components are similar to those for an electrically driven ceramic 
oxygen generator, as given in section 1.4.1. The main difference is the large 
gradient in the partial pressure of oxygen seen by the fuel cell. This section thus 
concentrates on the constraints imposed by the pO] range across the cell. 
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2.3.1. Interconnect. 

The interconnect material, or bipolar plate has perhaps the largest constraints 
imposed on it. The basic function of the interconnect is the same as in the COG, 
in that it must separate the two gas streams (in this case the fuel and the oxidant) 
and provide an electrical connection between the ceramic tri-layers in the stack. 

Unlike the situation in the COG, where the partial pressure difference between 
each side of the interconnect is unlikely to be more than a few orders of 
magnitude, a partial pressure difference of more than eighteen orders of 
magnitude is seen. Therefore, aside from the constraints given in section 1.4.1.4. 
the material chosen for the interconnect must be chemically stable in both 
oxidising and highly reducing atmospheres. It is also important that there is a 
minimal difference in thermal expansion on the two sides. 

The highly reducing environment on the fuel side of the interconnect limits the 
use of many oxides. Of the ceramic oxides available which are suitably 
refractory in nature, it is generally only the rare earth/transition metal perovskites 
which have sufficient electronic conductivity for use as an interconnect. Doped 
lanthanum chromite shows the most promise in terms of its chemical stability, 
refractory properties, thermal expansion coefficient, electronic conductivity and 
low oxygen ion diffusivity [4,5]. 

LaCrOj is intrinsically a p-type conductor due to holes in the 3 d band of the 
chromium ions. However, the conductivity is not adequate for the fuel cell and 
so the material is usually doped on the A-site with a lower valance cation (Sr, Ca 
or Mg) to increase the number of electron-holes available for conduction [5,6,7]. 
The addition of strontium to LaCrO^ also stabilises the rhombohedral structure at 
room temperature [8]. (Undoped LaCrO^ undergoes a phase change at around 
240-280°C [8,9].) It is important that the number of phase changes is minimised 
as they generally lead to volume changes. 

In very reducing atmospheres, oxygen can be lost from the doped lanthanum 
chromite which reduces the concentration of holes and increases the number of 
oxygen vacancies. This reduces the overall conductivity of the chromite and also 
increases the oxygen ion diffusivity [10]. The defect chemistry of doped 
lanthanum chromites is explained in chapter 3. 
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Due to the high volatihty of chromium in air, a major problem with lanthanum 
chromite is obtaining high density on sintering. There has been substantial work 
on reducing the sintering temperature required to produce dense lanthanum 
chromite, and several different techniques have been employed. These include 
the use of highly reactive powders [11], the use of dopants [11] and improved 
processing techniques [12]. A brief synopsis of the various developments in the 
sintering characteristics of lanthanum chromite is given in the review of ceramic 
fuel cells by Minh [1]. 

The oxidising environment of the interconnect prohibits the use of most metallic 
alloys at the high temperatures required for the use of zirconia based fuel cells. If 
an intermediate or low temperature fuel cell is employed, then metallic alloys 
such as ferritic stainless steels. These materials are stable in reducing 
environments, allow minimal oxygen permeation and have more than sufficient 
electronic conductivity. There is however, a concern about corrosion of the metal 
on the oxidising side. The formation of an oxide scale affects both the 
mechanical integrity of the stack and adds a significant contact resistance to the 
cell. It has been suggested that a metallic interconnect can be protected by 
coating with a thin film of LaCrOj [13]. 

2.3.2. Anode 

The anode is exposed to an atmosphere containing the fuel for the SOFC. It is 
therefore essential that the anode material is stable in atmospheres with a pO; 
around 10 '̂  bar. This allows the use of many metals, but precludes the use of 
most oxides. 

Assuming the fuel used is hydrogen, the reaction at the anode is given in equation 
2.2. It is clear from this that the anode has two functions: first, it must allow 
hydrogen to combine with the oxygen ions provided by the electrolyte, and 
secondly, it must act as a sink for the electrons produced by the electrochemical 
reaction. 

It is possible to use nickel metal as the anode as it is stable in the highly reducing 
environment of the fuel, and the electronic conductivity is more than sufficient. 
Furthermore, nickel readily adsorbs hydrogen and so may catalyse the 
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electrochemical reaction [14]. The adsorbed hydrogen can then readily migrate 
along the surface of the nickel particles. 

It is possible to divide the reaction given in equation 2.2 into two steps: 

(a) H2 + 2Ni ** 2NiH eqn. (2.9) 

(b) 2NiH + ** H^O+2Ni + Vj + 2e- eqn. (2.10) 

However, there is also evidence to suggest that the electrolyte provides some 
catalytic activity for the oxidation of hydrogen. Oxygen vacancies in the 
electrolyte are thought to be electrochemically reactive sites (Vg^s) which can 
incorporate hydrogen, while the electrons can migrate in the plane of the 
electrolyte-electrode interface. In this case the reaction steps would be [1]: 

Hz + 2 V e r s ** 2HERS eqn. (2.11) 

2 H e j ^ s + O q <=>H^O + 2Vgg^g + Vg +2e eqn. (2.12) 

If this is the case, then the main requirement of the anode is simply to provide a 
sink for the electrons. 

Norby and Kofstad [15] suggest that at low temperatures processes involving a 
hydrogen species are rate limiting (for example, the adsorption of hydrogen onto 
the nickel surface). However, at high temperatures, the rate limiting step appears 
to involve oxygen or hydroxide species. This implies that the process is at the 
YSZ surface. It is apparent that the reaction mechanisms at the anode are not 
well understood. This is probably due to the fact that the anode polarisation 
resistance is significantly less than the resistance associated with the cathode. 

Whether the nickel or the electrolyte acts as the catalyst, the anode must be 
porous to allow the hydrogen gas to reach to reach the electrolyte. A major 
problem with using pure nickel as the anode (apart from its high thermal 
expansion coefficient) is that nickel particles coarsen over time, thus reducing the 
catalytic area of the electrode. Therefore a ceramic-metal composite (cermet) is 
employed to prohibit grain growth. The ceramic used is generally zirconia 
because of its stability in highly reducing gases and also to reduce the thermal 
expansion mismatch between the anode and the electrolyte. 
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The ratio of ceramic to metal is usually 1:1 by volume. Below 30 vol% Ni, there 
is no complete electrical contact (called the percolation threshold) [16] and as a 
result the conductivity is around three orders of magnitude lower than that above 
the percolation threshold. As the nickel content is increased, the thermal 
expansion coefficient rises approximately linearly. At high nickel concentrations, 
the difference in thermal expansion coefficient is such that large stresses are 
induced, and cracking of the membrane can result. 

Other materials that have been considered for use in anodes are platinum-YSZ 
and cobalt-YSZ cermets. However, neither have been employed commercially 
due to the high costs of the metals with respect to nickel. Furthermore, the 
oxidation potential of cobalt is higher than YSZ and this may be a problem at the 
fuel depleted end of the cell. 

Recently, interest has been expressed in the use of mixed protonically-
electronically conducting ceramics as anodes [17]. Doped perovskites 
such as SrCeOj [18,19], BaCeO^ [20,21], CaZrOj [22] and SrZrOj [23] and some 
^iiigniQ^ perovskites (LaYO^ doped on the A site with calcium [24] or strontium 
[25,26]) are known to be proton conductors. The ionic conductivity can be 
enhanced by doping on either the A- or B-sites. By introducing a variable valance 
transition metal cation such as iron, sufficient electronic conduction can be 
achieved. A major problem with these ceramics is the large thermal expansion 
coefficient in comparison to the electrolyte. Work completed in the Department 
of Materials at Imperial College has shown that cracking of the electrolyte occurs 
when attaching the anode [27]. Another problem, particularly with the cerates, is 
concern over the stability of the materials in the highly reducing fuel atmosphere 
[28]. 

2.3.3. Electrolyte. 

The constraints on the electrolyte are essentially those described in section 
1.4.1.1. for the COG, and as such the most commonly used materials are acceptor 
doped fluorites such as zirconia or ceria. The only difference in the case of the 
SOFC is the pO^ gradient that occurs across the electrolyte membrane. At the 
anode side, the pO^ is expected to be some 15 orders of magnitude lower than at 
the oxidant side. This means that the electrolyte material for a fuel cell must be 
more resistant to reduction than in the case of the COG. If the electrolyte is 
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reduced at the anode side, it is likely to be a reduction of the zirconium or cerium 
atom, that is 

2A% + 40o ^ 2A'̂  + 30^ + Vo + eqn. (2.13) 

where A can be either cerium or zirconium. 

This introduces electronic carriers into the electrolyte which will significantly 
reduce the operating efficiency of the cell. Furthermore, the larger ionic radii of 
the Â "̂  cation gives rise to lattice expansion and can lead to cracks at the 
electrode/electrolyte interface or detachment of the anode from the electrolyte. 

The reduction of the cerium cation occurs more readily than for the zirconium 
cation, and significant levels of non-stoichiometry have been seen to occur in 
pure ceria when exposed to a reducing atmosphere [29,30]. Electronic 
conductivity leads to a reduction in the open circuit voltage of the cell, and thus 
reduces the efficiency of the device. Therefore, gadolinia doped ceria, despite its 
large ionic conductivity [31] may not be as useful as the electrolyte for a fuel cell 
due to doubts over its chemical stability in reducing atmospheres [32,33], It is 
thus hkely that unless the so called p" point (which will be discussed in Chapter 3) 
can be reduced, YSZ will be used in preference to CGO. 

New electrolytes are being developed based on the perovskite crystal structure. 
LaGaOj doped on both the A- and B-sites shows promise as a low temperature 
replacement for zirconia due to its high ionic conductivity and low electronic 
transference number [34,35,36], However, this material is still very much in the 
development stage, and considerable testing is required before a LaGaOj based 
fuel cell is likely to be employed commercially. 

2.3.4. Cathode. 

The requirements for the cathode of the solid oxide fuel cell are the same as the 
cathode in the electrically driven ceramic oxygen generator. The incorporation of 
gaseous oxygen into the ceramic follows the same pathways in both cases, and 
hence the electrode has the same catalytic requirements. 
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2.4. SOFC Stack Design. 

As illustrated in section 2.1, the SOFC is modular in nature. Each 
cathode/electrolyte/anode tri-layer is electrically connected to another to allow a 
practicable voltage to be produced. There are two designs which are commonly 
used, the tubular design (favoured in the USA) and the planar design (favoured in 
Europe). The main difference is their geometry and the gas manifolding. The 
planar design is similar to the design used for the COG, outlined in section 1.4.2. 

2.4.1. Tubular SOFC. 

The tubular designed SOFC is primarily being developed by Westinghouse 
Electric Corporation in the USA, and is the most technologically advanced. 
Westinghouse have produced a 120kW assembly using the YSZ based system. 

Early designs utilised a closed end, porous support tube (often calcia stabilised 
zirconia) around which the active cell components are deposited. The tube is then 
covered with a porous cathode material (e.g. LSM). However, this design lead to 
large concentration polarisation losses and more recent designs use the cathode 
material itself as the support tube. This is illustrated in figure 2.4 [37]. 

The LSM tube is extruded and then sintered to about 35% porosity. A thin 
(40|j,m), gas tight electrolyte (YSZ) is then deposited on the electrode by 
chemical vapour deposition (CVD). A strip of around 9mm is left with the 
cathode exposed. This strip of exposed cathode is coated with a gas tight, 40|j,m 
covering of the interconnect material (Mg doped LaCrOj), originally by CVD but 
now using plasma spraying. The electrolyte surface is then covered with the 
anode material (Ni-YSZ cermet). There must be no contact between the anode 
and the interconnect to avoid a short circuit effect in the cell. As devices are 
scaled up the active length and diameter of the tube have increased. Commercial 
prototype cells have an active length of 150cm and a diameter of 2.2cm. 
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Interconnection 

Electrolyte 
Fuel Electrode 

Porous Air Electrode Tube 

Figure 2.4. Air electrode supported type 
tubular solid oxide fuel cell design [37]. 

The tubular cells are stacked together using a nickel felt at the interconnect to 
connect the cells electrically in parallel and series. Air is injected inside the 
closed end tube and the fuel flows outside the tubes. This removes the need for 
any extra sealing materials that are required with the planar design. By using 
very thin electrolyte materials it may be possible to reduce the operating 
temperature of the fuel cell and thus permit the use of cheaper balance of plant 
materials. 

The planar SOFC design is essentially the same as that used for the COG. It 
therefore suffers from the same problems associated with the COG, i.e. gas 
manifolding, sealing and thermal shock. An example of a planar stack design is 
given in figure 2.2. A major advantage of the planar design over the tubular 
design is that the ceramic processing routes to produce the cells are far better 
established, less time-consuming and most importantly less costly. Electrolytes 
can be produced by tape casting [38,39,40] or tape calendering [41] and the 
electrodes can be apphed by screen printing [41,42], tape casting [39], slurry 
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coating [43] or plasma spraying [44]. Various components can also be co-fired, 
thus reducing the number of processing steps in the system [40,45], Another 
advantage of the flat planar design over the sealess tubular design is that the 
electrolyte and the interconnect can be manufactured independently. This 
reduces the problem associated with the high vapour pressure of chromium since 
it allows a lower sintering temperature for the interconnect material. The main 
drawback with the planar design is the necessity for a gas tight seal. Cunent 
SOFC design incorporate a glass, glass-ceramic or cement seal. At the elevated 
temperatures required for manufacture and to some extent operation, these seals 
have a tendency to react with the ceramic stack. Furthermore, the tolerances 
required for the seals are very high to avoid non-uniform stress distributions 
throughout the stack. 

In general, flat plate designs of SOFC use a thick electrolyte (100-200|u.m) 
sandwiched between two porous electrode materials [46]. The dense interconnect 
material also adds support to the stack structure. More recently, considerable 
study has gone into thin film electrolytes supported by either the cathode or the 
anode [47,48,49]. 

While the technological status of the planar SOFC is behind that of the tubular 
design, some long term degradation experiments have been carried out with 
success [47,50]. 
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3. Crystal Structure and Defect Chemistry of Perovskite and 
Fluorite Oxides. 

3.1. Introduction. 

Perovskite and fluorite materials form a technologically interesting group of 
materials. In both cases the regular array of oxygen ions often permit rapid 
transport of oxygen through the bulk of the crystal lattice. Perovskites with the 
general formula ABO3 and fluorites with the formula MO^ can both be doped in a 
similar manner to significantly change their electrical and physical properties. It 
is due to these phenomena that both classes of materials are used widely in solid 
oxide fuel cells and ceramic oxygen generators. 

3.2. Perovskite Crystal Structure. 

A perovskite is a ternary compound of the general formula ABO3 where the A 
cation is considerably larger than the B cation. A true perovskite displays a cubic 
structure where the A-site cation and the oxygen ion form a face centred cubic 
sublattice (FCC) and the B-site cations occupy the octahedral sites in the array. 
The A ion has co-ordination number 12 and the B ion co-ordination number 6 [1]. 
The unit cell of a cubic perovskite is shown in figure 3.1. However, perovskites 
are often distorted fi-om cubic symmetry. In a cubic cell where the ions are in 
contact with each other, the geometry states that: 

k + ^o) = V2(rg + 7-0) eqn (3.1) 

where r^, rg, r^ are the ionic radii of the A cation, B cation and oxygen ion, 
respectively. Lists of ionic radii can be found in Shaimon [2] and a specific list of 
the rare earth elements in Jia [3]. Distortion fi-om cubic symmetry arises when 
the cation radii do not permit equation 3.1 to equate. A tolerance factor has been 
hypothesised such that; 
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where t is the Goldshmidt tolerance factor. [4], 

For a cubic system t = 1. A perovskite structure can exist until t « 0.75 at which 
point the ilmenite structure becomes stable. For values of 0.9<t<l, the 
rhombohedral structure exists and for 0,75<t<0.9, the symmetry is orthorhombic 
[5], The values are only guidelines as they apply to theoretical systems assuming 
the ions are spherical. The cubic system can exist in situations where f ^ l , 
particularly at high temperatures. Changes in crystal symmetry are often seen 
with changes in temperature, for example, rhombohedral perovskites are often 
seen to transform to cubic as the temperature is increased. 

Figure 3.1. The unit cell of an ideal cubic perovskite. 

The perovskite can exist in many different stoichiometrics depending on the 
valence of the A and B cations. The most common of these are the 
such as BaTiOs and SrZrOs; and the such as SmAlOg and LaGaO). 
Perovskites which are of the type ReTmOs are more complex as the T^ cation can 
have a mixed valence (i.e. Tm^̂ , Tm^̂ , and Tm'̂ )̂- Re represents a rare earth 
element and T^ a transition metal. This type of perovskite is often non-
stoichiometric and is given the general formula ReTvi03±5. Depending on the 
nature of the transition metal, the perovskite can either be oxygen deficient or in 
oxygen excess. Oxygen deficiency (often termed hypostoichiometiy or 
substoichiometry) is more common than oxygen excess (termed 
hyperstoichiometry or superstoichiometry) in air. By changing the partial 
pressure of oxygen to high values (p02>l), oxygen superstoichiometry can 
prevail. The close packing nature of the perovskite structure makes the presence 
of oxygen interstitial sites very unlikely and therefore when the material is 
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superstoichiometric, metal vacancies are considered to be the dominant defect. 
Perovskites which are suitable for use as cathodes in SOFC or COG, or for 
membrane materials in a pressure driven oxygen separator are generally of the 
form ReTm03±8. In order to provide the perovskite lattice with a sufficient 
number of mobile oxygen vacancies to produce a large oxygen ion conductivity, 
the perovskite is doped on the A-site with an alkaline earth cation. Such doping 
can dramatically alter the electronic, crystallographic and mechanical properties 
of the perovskite. Lanthanum cobaltate exists in rhombohedral symmetry at room 
temperature. However, by acceptor doping the A site v^th strontium, a cubic 
symmetry can be obtained. This occurs when the strontium occupies 55% of the 
A sites, at room temperature. 

3.3. Nonstoichiometry and Defect Chemistry of ReTm03±5 Perovskites. 

Defects in a crystal lattice occur at all temperatures above absolute zero. 
Different types of imperfections may be present in a crystalline material. The 
most common defects in a ceramic are voids or pores (three dimensional 
defects), grain boundaries (two dimensional defects), dislocations (one 
dimensional defects) and point defects (zero dimensions). Point defects are 
arguably the most important with regard to the impact on the electrical properties 
of a ceramic. The types of point defects that may exist in a ceramic are vacancies 
(i.e. the absence of an ion where one should sit), an interstitial (the presence of an 
ion where one should not be) and an impurity or dopant (the presence of a foreign 
ion on a site normally occupied by a host ion). Other point defects can exist but 
are much less common. 

The concentration of point defects can be derived by treating the defects as a 
chemical species within the bulk of the crystal. This is called the Wagner-
Schottky model [6]. The main assumptions of the model are that the defects 
obey the Law of Mass Action, the activities of all point defects are equal to their 
concentration and any normal positions in the lattice have unit activity. 

In order to adequately describe defect relations, it is important for a 
comprehensive notation system to be used. The system used in this work is that 
employed by KrOger and Vink [7], where the symbol represents the ionic species 
(a vacancy is represented by V), the superscript represents the effective charge 
the defect has on the lattice (i.e. a vacant oxygen site has an effective 2"̂  charge). 
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A positive charge is represented with a dot, a negative charge a prime and a 
neutral species a cross. The subscript represents the lattice site on which the 
defect is sitting. In the case of an interstitial site, the subscript "i" is used. 

In a pure perovskite several intrinsic defect equilibria are possible. These are the 
spontaneous formation of A, B and O vacancies (Schottky disorder) and the 
spontaneous formation of an electron and a hole (electronic disorder). Frenkel 
and Anti-Frenkel disorder can also occur, but these are less energetically 
favourable. The defect equations for Schottky and electronic disorder are, 
respectively: 

"nui r ->V; '+V; '+3Vo 

" n u i r - ^ e ' + h * 

The ReTm03±5 of technological interest generally have lanthanum or 
praseodymium on the A-site and chromium, manganese, iron, cobalt or nickel on 
the B-site. The stability of the perovskites in a range of oxygen activities is 
dependent primarily upon the B-site cation. Chromium has the widest range of 
stability, then manganese, iron, cobalt and lastly nickel. However, all these 
perovskites are subject to oxygen loss from the lattice in certain temperature and 
pOa regimes. 

These nonstoichiometric perovskites are in chemical equilibrium with their 
surroundings, thus a change in the pO; or temperature may introduce cation or 
anion vacancies. Equation 3.3 shows the formation of oxygen vacancies as the 
pOi is decreased and equation 3.4. shows the formation of cation vacancies (i.e. 
going to oxygen superstoichiometry) as the pO; is increased. In both equations, 
KrOger-Vink [7] notation is used. 

2La2a +2Co^ +60^ o2LaL, +2Coc +50^ +V^' +%02 eqn. (3.3) 

%02 +6LaL, +6Co^ +180^ o 6 L a [ , +6Co^ +210^ + + V^eqn. (3.4) 

These redox reactions occur readily due to the ease with which the transition 
metal cation can change its valence from 3"̂  to 2"̂  or 4"̂ . 
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As stated previously, the electronic and crystallographic properties of the 
material can be changed radically by the introduction of a dopant cation. When 
the A-site ion of a perovskite is substituted with a lower valence cation, two 
compensation regimes are possible: one where oxygen vacancies balance the 
effective negative charge introduced by the dopant (vacancy compensation); and 
the other where the balance is by holes (electronic compensation). Alternatively, 
both can occur simultaneously (mixed compensation). 

2(SiCo03)-^^^^520iL^2Sr[. + 2 % + \ r ' +50^ eqn. (3.5) 

(SrCoOg) ) S r L a + C o ^ + 3 0 ^ eqn. (3.6) 

4(SrCoQ3) >4S%^ +2Co^ + 2Co^ + V" +110^ + eqn. (3.7) 

In all cases charge neutrality and mass and site balance must be observed. 

As well as the introduction of charged defects into the crystal lattice, which will 
lead to changes in the electrical behaviour of the material, the replacement of a 
given cation by another of different size will alter the crystallographic structure 
of the compound resulting in distortion of the structure (e.g. cubic to 
rhombohedral). 

Many interesting ReTm03±5 perovskites exist in the mixed compensation regime 
at atmospheric oxygen activity where the A ion is a lanthanide and the B site is 
occupied by a transition element such as manganese [8,9,10,11], iron 
[12,13,14,15] or cobalt [16,17,18,19,20,21]. 

As previously mentioned, even though the presence of defects introduces 
localised charges, charge neutrality of the crystal must be preserved. Charge 
neutrality for an acceptor doped perovskite can be expressed by equation 3.8. 
Due to their high formation energy, interstitial sites are not included. 

n + 3[v;] + 3[v; ] + [AL'^]=p + 2[v*-] eqn. (3.8) 

AL represents an alkaline earth such as strontium or calcium, n and p are the 
concentrations of electrons and holes respectively. 
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The concentration of defects present in a perovskite is dependent on many factors 
such as temperature and oxygen activity as well as the concentration of artificial 
impurity added. In order to work out the concentration of any given defects 
present in the crystal, some assumptions must be made. The system derived by 
Brouwer assumes that under any equilibrium condition only one particular defect 
species dominates on each side of the charge neutrality equation, (3.8) [22]. 

3.4. Brouwer Diagrams. 

The Brouwer diagram is a plot of the logarithm of concentration of point defects 
as a function of the logarithm of partial pressure of oxygen. It is split into 
different regions depending on the dominant defect present in the crystal at any 
given pOi-

The Brouwer diagram shown below in figure 3.2 is taken from the work of 

Anderson [16] for an acceptor doped perovskite such as LaCoOgig where p-type 

disorder prevails. The other assumptions made are that the A to B-site ratio is 

constant and unity such that [ ] = [ v j ], the acceptor dopant, M, on the A-site 

has a 2"̂  charge and that the predominant intrinsic disorder is of Schottky and 
electronic type (i.e. no interstitial sites are present). 

VI V 
Deoompo-

sition 

Vq KpO, 2 KpOz 

Log pOz 

Figure 3.2. Brouwer diagram of an acceptor doped perovskite [16]. 
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The concentrations of defects can be multiplied by their respective mobilities to 
give a partial conductivity diagram as a function of pOj. In general the mobilities 
of the conducting species follow >^y.. .,JUy" , where jH; is the 

mobility of species i. This means if figure 3.2. were converted to a partial 

conductivity plot the p and n curves would be shifted up, the V%',Vg curve 

shifted down and the V" remain at the same relative level. 

It is clear that irrespective of the pO; the dopant concentration remains constant. 
However, only in region IV does the dopant concentration solely control the 
concentration of oxygen vacancies. If the concentration and mobility of 
vacancies in this regime is sufficient that the transport of vacancies dominates the 
conduction process then this is called the ionic or electrolytic domain of the 
material. In electrolyte materials, the range of pOa over which the ionic domain 
spans is critical to their use as candidate materials for SOFC. However, for 
mixed conducting perovskites to be used for cathodes or dense oxygen separation 
membranes the material should not be in this domain. 

In region I of figure 3.2., where the oxygen partial pressure is high, the material 
becomes oxygen superstoichiometric, such that the dominant defect is cation 
vacancies. These are compensated by the presence of electron holes so the 
electroneutrality condition becomes, 

p = 3[v;] + 3[v;] eqn.(3,9) 

In this region the conductivity will be predominately p-type and controlled by the 
PO2 of the gas. In region H, the concentration of cation vacancies decreases such 
that the dominant defect becomes the dopant cation. Therefore the 
electroneutrality condition becomes, 

P = [Ma] eqn. (3.10) 

In this region the conductivity is still predominately p-type but is now 
independent of pO^. Further reduction of the p02 leads to a region where the 
concentration of oxygen vacancies increases to a level where they are no longer 
trivial and it is therefore not appropriate to assume only one defect is 
predominant. The electroneutrality condition in region IE thus becomes, 
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P + 2[Vo] = K ] eqn.(3.11) 

In region m both the concentration of holes and vacancies show a dependence on 
p02. The concentration of holes increases with increasing pOi and the 
concentration of oxygen vacancies decreases with increasing p02. Although the 
concentrations are plotted as straight lines in figure 3.2, it is more likely that they 
will curve in this region. At the lower p02 end of region HI, the change in 
concentration of vacancies will tend towards zero, until region IV is reached 
where the concentration of vacancies reaches the dopant concentration. In region 
IV the electroneutrality condition is thus represented by equation 3.12. 

2 K ] = K ] eqn.(3.I2) 

When the partial pressure of oxygen is reduced further, the perovskite will lose 
oxygen from the lattice and the transition metal cation (the B-site species) will 
undergo partial reduction, i.e. 

+30* ->2Bb + V " + 2 0 o H-XO; eqn. (3.13) 

This is illustrated by region V in figure 3.2. The concentration of vacancies can 
be expressed as equation 3.14. 

2 [ v " ] = [ m ; , ] + [ b „ ] e q a ( 3 . 1 4 ) 

However at the lower pOi end of region V, [ B g ] » [m^] such that equation 

3.14 becomes, 

2[v; - ]S[B„] 

As the concentration of B̂ "̂  cations increases the perovskite structure becomes 
unstable until region VI is reached where the perovskite decomposes into its 
different constituent components. The partial pressure of oxygen where 
breakdown occurs is strongly dependent upon the B-site cation. Table 3.1. shows 
the pOa at which various LaTM03±5 perovskites undergo decomposition. 
Acceptor doping on the A-site introduces further oxygen vacancies and thus will 
increase the pO^ at which decomposition occurs [16,23]. (The increase in 
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oxygen substoichiometry due to acceptor doping is illustrated in figures 3.4 and 
3.5.) 

Perovskite Species -lOgio @ 1000°C 

LaNiOsis 0.6 

LaCoOsis 7.0 

LaMnOsis 15.05 

LaFe03±5 16.95 . 

LaCrOgj-g >20 

Table 3.1. Stability of transition metal perovskites 
with respect to pOi at 1000°C (from [23,24]). 

As can be seen from table 3.1, the nickel based perovskite is the least stable at 
1000°C. Decomposition starts at a pOi sufficiently high to render LaNiOs 
redundant for use as a cathode material in a SOFC. LaCoOs is the next least 
stable. However, decomposition does not start until around 10"' atmospheres of 
oxygen, and so the material is suitable for use as a cathode [24,25,26,]. 
Lanthanum manganite [24,27,28] and lanthanum ferrite [24] are stable over a 
significantly larger p02 range. Lanthanum chromite shows no signs of 
decomposition down to p02<10"^° atm [23]. 

From the Brouwer diagram it is possible to estimate the degree of oxygen 
nonstoichiometry in these acceptor doped perovskites [16,29]. The concentration 
of vacancies can be transferred to the term 5 in the chemical formula LaBOsj-g. 
Figure 3.3 is a graph of the oxygen nonstoichiometry as a function of p02 for a 
typical transition metal perovskite [16]. 

At high oxygen partial pressures the concentration of oxygen vacancies is small. 
However, cation vacancies can be present to an extent such that the material is 
superstoichiometric, as illustrated in region I of figure 3.3. As the pO; is 
decreased the concentration of cation vacancies decreases until stoichiometry is 
reached (i.e. 8=0). In this region the atomic defects are in the minority and the 
concentration of electronic defects is independent of pO^, i.e. region II. If the 
material is further reduced, oxygen vacancies will be formed to a significant level 
and so the material will appear substoichiometric, i.e. region HI. In this region, 
there is a transfer from electronic compensation to ionic compensation, until 
region IV is reached. In region IV the compensation for the dopant cation is 
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provided solely by the formation of oxygen vacancies, such that 2 [v" ] = [Ma]. 

Hence 5 is again independent of pOi. In region V, the partial reduction of the B-
site cation leads to the formation of further oxygen vacancies as represented 
previously by equation 3.13. 

VI 
Decomposition 

V 
g 3 + g 2 + 

IV III II I 

3 + 5 

3 
] N x i 

3 
2 

3 - 5 . 

Log pOz 

Figure 3.3. Theoretical nonstoichiometric behaviour 
of an acceptor doped transition metal perovskite [16]. 

Most perovskites do not undergo all regions given in figure 3.3 in a normal 
operating range of oxygen partial pressure. Figures 3.4, 3.5, and 3.6 show 
examples of the nonstoichiometric behaviour of several perovskites. Figure 3.4 
illustrates Lai-xSr^CoOjis as a function of x [25], figure 3.5 shows 
Lai-xSr^MnOs+s as a function of x [23] and figure 3.6. shows Lao.gSro. 163̂ 5 (B=Cr, 
Fe,Mn, Co) [23,25,30,31]. 

Several interesting features can be seen from figure 3.6. The most notable is that 
none of the four perovskites shown exhibit all the regions depicted in figure 3.3. 
Lanthanum manganite shows the oxygen superstoichiometry associated with 
region I, then as the p02 is decreased cation vacancies are consumed until the 
material is in the stoichiometric regime (region II). The material then enters 
region III as a transference from electronic to ionic compensation occurs. 
However, the material does not appear to enter region IV where purely ionic 
compensation for the dopant cation occurs. This is because the Mn̂ "̂  cation has 
already started to reduce to its 2^ state and hence a direct transfer from region III 
to region V occurs. Decomposition then occurs shortly afterwards. The cobaltite 
material behaves in the same way as the manganite except that in the pO^ range 
examined in this work the material does not become superstoichiometric. 
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Figure 3.4. Oxygen content of La^xSr^CoOsis 
as a function of p02 at 800°C [25]. 

3.1 

3.0 

2.9 

K.pSi -o i™" 
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- 1 0 
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Figure 3.5. Oxygen content ofLai.xSrxMnOg^g 
as a function of pO^ at 1000°C [23]. 
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Figure 3.6. Oxygen content of Lao.9Sro.iB03±5 as a function 
of pOz at 1000°C [23,25,30,31] (B = Crf e,Mn,Co). 

Lanthanum ferrite also does not exhibit superstoichiometry within the range of 

pOj examined. It does however show the second plateau where 2[Vq*] = [m^] 

before the Fe^^ reduces to Fê "̂ . Lanthanum chromite shows the broadest range of 
oxygen stoichiometry, from p02 = 1 to -10"^^ atmospheres. It also appears to 
approach the ionic plateau, however this is not reached in figure 3.6. 

The other important difference seen between the theoretical behaviour shown in 
figure 3.2 and experimental data in figure 3.6 is the experimental data shows a 
gradual change between regimes whereas the Brouwer diagram shows a dramatic 
change at each region. This is because of the assumption made in using the 
Brouwer diagram that only one defect is dominant in each regime. However, this 
is not the case as a gradual change in concentration of cation vacancies, oxygen 
vacancies and electronic defects occurs leading to regions where, for example 
p = [ v " ] as may occur in region III. However, despite this fact, the four 

transition metal perovskites discussed here are well described by Brouwer 
behaviour. 

As well as doping on the A-site, doping on the B-site can also be used. The mass 
transport and electronic properties can be radically affected as well as the 
crystallographic structure and the chemical stability of the resultant perovskite. 
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Most of the transition metal cations are fully interchangeable, with no limitation 
on their solubility. The most common of this type of perovskite is a cobalt doped 
lanthanum ferrite, with the general formula Lai-xSr^Coi-yFeyOsig. This class of 
material has come to be known as LSCF [29,32,33,34,35,36,37], Another system 
that has been studied is La,.̂ Sr̂ Coi_yMny03±5 [38,39,40], Both these materials 
show the high catalytic activity and oxygen mobility associated with acceptor 
doped lanthanum cobaltate but show a greater degree of chemical stability and 
lower coefficient of thermal expansion. Further alterations to the chemical 
structure and electrical properties of perovskites can be made by altering the A to 
B-site cation ratio [34,35], 

3.5. Fluorite Crystal Structure. 

A fluorite material has the general formula MO2 where M is a 4^ cation such as 
zirconium, cerium or uranium. The fluorite crystal structure, represented in 
figure 3,7, has a simple cubic packing of the oxygen ions with the cation in 
eightfold co-ordination. In order to form the fluorite structure the minimum ratio 
of the cation radius to oxygen ion radius is 0.732, Because of this, veiy few 
single element oxides exist with cubic symmetry, most being distorted to some 
extent. For example ZrOz is monoclinic at room temperature, although it does 
form a cubic structure above 2370°C [41]. The cubic symmetry can be obtained 
by acceptor doping with an aliovalent cation. In the case of zirconia, the addition 
of Y2O3, Sm^Os, SC2O3 or CaO to the solution reduces the degree of distortion 
from cubic symmetry. With yttria stabilised zirconia (YSZ, Zri.xYxOi^), cubic 
symmetry is reached at a: «0.16 [41,42]. Pure CeOa is cubic at room 
temperature [43] and is able to accommodate significant levels of acceptor 
doping with a variety of rare earth elements without apparent distortion from 
cubic symmetry. 

Of all the fluorite materials, acceptor doped zirconias are the most widely 
studied. This is due to many factors including excellent chemical stability over a 
large range of pO; [43,44], high ionic conductivity [45,46] and negligible 
electronic conductivity [47,48] over this range of PO2 and good mechanical 
strength [49,50], The reason for the large range of stability and low electronic 
conductivity is the high energy associated with reducing the zirconium cation, i,e. 

2Zr^ + 40^ ^ 2Zrz, + 30^ + + X eqn. (3.15) 
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Figure 3.7. Crystal structure of the fluorite crystal structure. 

In the case of ceria, the reduction of the Ce'̂ ^ to Ce^^ occurs much more readily 
and so the defect chemistry of these materials can be more complex. The defect 
structure and nonstoichiometry of acceptor doped fluorite materials is discussed 
in the next section. 

3,6. Nonstoichiometry and Defect Chemistry of Acceptor Doped Fluorites. 

In a fluorite material several types of intrinsic disorder can occur to a greater or 
lesser extent. These are Schottky, electronic and anti-Frenkel disorder. These 
processes can be represented by equations 3.16, 3.17 and 3.18, respectively. 

" n u l l " ^ V M + 2 V o 

"nun"-> e + h' 

Oo-^Oj '+Vo 

eqn. (3.16) 

eqn. (3.17) 

eqn. (3.18) 

In this examination of the defect structure of acceptor doped fluorites, Frenkel 
disorder is considered insignificant. 
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The respective equilibrium constants for equations 3.16 and 3.17 (Kg and Kg) are: 

K s = [ v - ] - [ v ^ f eqn.(3.19) 

Kg = np eqn. (3.20) 

The charge compensation regime can be altered under different pO^ regimes. In 
an oxidising envirormient, electron holes are introduced which can be 
compensated by either metal vacancies or oxygen interstitials. These are 
represented by equations 3.19 and 3.20. 

O2 ^ 2O0 + Y'u + 4h' eqn. (3.21) 

K 0 2 - > 0 ; ' + 2 h * eqn. (3.22) 

The respective equilibrium constants are, 

Kox, = eqn. (3.23) 

ICcxK, - eqiL (3.2:4) 

However, the formation of oxygen interstitials is considered more likely given 
anti-Frenkel disorder. In a reducing atmosphere electrons are generated which 
are compensated by oxygen vacancies or metal interstitials. These are shown in 
equations 3.25 and 3.26. 

Oo Vo + 2e' + KO2 eqn. (3.25) 

Ml, + 2O0 ^ M r + 4e' + O2 eqn. (3.26) 

The production of oxygen vacancies is energetically more favourable than the 
generation of metal interstitials and so equation 3.25 dominates. The equilibrium 
constant for equation 3.25 is, 
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K M = [ v - y p O , > ^ eqn.(3.27) 

When the fluorite is reduced oxygen loss from the lattice is accompanied by a 
change in valence of the host cation. It should be noted that aside from 
introducing electronic conduction into the material the loss of oxygen also causes 
expansion of the lattice leading to significant chemically induced stresses 
[51,52], 

When a fluorite material such as zirconia or ceria is doped with an acceptor 
cation of a 3"̂  (or 2 ^ charge, the effectively negative species must be charge 
compensated by an effectively positive species. There are three possible defect 
models whereby this can occur. The first is a cation interstitial compensation, 
the second is oxygen vacancy compensation and third is a mixed compensation. 
Interstitial compensation is shown in equation 3.28 and vacancy compensation 
represented by equation 3.29. 

A3O3 ) A ' m + 2 0 o + A ' + K 0 2 eqn. (3.28) 

A2O3 )2A'm + 30^ + V" eqn. (3.29) 

It is generally acknowledged that oxygen vacancies are the primary form of 
charge compensation in both acceptor doped zirconia and ceria as the presence of 
large concentrations of vacancies has been established [53,54,55]. 

As is the case with the perovskites a general electroneutrality equation involving 
the above defects can be produced, given by equation 3.30. 

[A„] + 2 [ o : ] + n = 2 [ v - ] + p eqn. (3.30) 

The formation energy associated with M"** and V j is large enough that their 

concentration is not expected to be significant. They have thus been excluded 

from the electroneutrality equation. 

The concentration of defects is dependent upon temperature, oxygen activity and 
the concentration of dopant added. Again, as with the perovskite system, to 
calculate the concentration of any given defects present in the crystal, Brouwer 
assumptions must be made such that under any equilibrium condition only one 
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particular defect is dominant on each side of equation 3.30. The system is again 
divided into a series of pOz regimes where one defect may dominate and an 
appropriate Brouwer diagram can be derived. 

3.7. Brouwer Diagrams of Acceptor Doped Fluorites. 

The acceptor doped fluorites generally exist in four different regimes depending 
on the partial pressure of oxygen. In very high oxygen partial pressures (region I) 
the dominant defects are oxygen interstitials and electron holes such that, 

2 [ o i ] = p eqn. (3.31) 

Equations 3.24 and 3.31 can be rearranged to give the concentration of holes and 
oxygen interstitials, such that, 

p = (2Koxj)^.p02>^ eqn. (3.32) 

[o;] = (y,Ko„2f'-vO/' eqa (3.33) 

It is thus clear that both defects will follow a pOj^ dependence. 

The concentration of minor defects can be calculated from the equilibrium 
constants to give. 

n = — • pO; ^ eqn. (3.34) 

= eqn. (3,35) 
^ K 

As the oxygen partial pressure is reduced, a controlled valence regime (region II) 
will exist. The concentration of holes will reduce to an extent that they are now 
controlled by the concentration of the dopant cation, such that. 
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K]= eqn. (3.36) 

Again the concentration of the minor defects can be expressed in terms of the 
various equilibrium constants. 

n = - ^ K. 

[A'M] 
eqn. (3.37) 

eqn. (3.38) 

K re[AM] 

K, 
2 P02"^ eqn. (3.39) 

In this regime the concentration of oxygen vacancies will increase with 
decreasing partial pressure until region HI is reached where the concentration of 
oxygen vacancies is controlled by the dopant. In this region equation 3.40 holds. 

[A„]=2[V„-] eqn. (3.40) 

In this region the concentration of oxygen vacancies and hence the ionic 
conductivity is independent of p02. Since the dominant defects in this region are 
oxygen vacancies, the material is essentially a pure ionic conductor with the ionic 
transference number tending to unity. 

The concentration of electrons and holes in this region can be expressed as. 

n = RE 

j A ' J y 
pO eqn. (3.41) 

P = K , 
2K RE 

[AmI 
pO % eqn. (3.42) 

The concentration of oxygen interstitials is. 
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As the oxygen partial pressure is decreased still further and the lattice reduces, 
the concentration of oxygen vacancies will increase beyond that provided by the 
dopant and electrons will become the dominant defect. This is represented by 
equation 3.39. 

n = 2[Vo] eqn. (3.44) 

The concentration of electrons and oxygen vacancies are given in equations 3.45 
and 3.46. 

n = eqn. (3.45) 

[Vo] = ( X W ^ pOz'X eqn. (3.45) 

The electron hole and oxygen interstitial concentration can be expressed thus, 

p = K . ( 2 K ^ ) ' ^ - p O j ^ eqn. (3.46) 

From equations 3.32 to 3.47 a Brouwer diagram for a typical acceptor doped 
fluorite can be constructed. This is illustrated in figure 3.8. 
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Figure 3.8. Brouwer diagram of an acceptor doped fluorite. 

From the Brouwer diagram an a knowledge of the mobilities of the respective 
defects, a partial conductivity diagram can be drawn. 
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Figure 3.9. Partial conductivity graph of an acceptor doped fluorite. 
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The conductivity of each species is given by, 

a; = niZjeiHi eqn. (3.48) 

Ui is the concentration of species i, Zi is its valence and jH; its mobility. 

The points p" and p"*" on figure 3.9 are the points where (Tj = <T„and O; = Cp, 

respectively. The pOz at which the p" and p^ points occur is critical in 
determining a suitable material for a SOFC where the electrolyte is subjected to 
vast range of oxygen partial pressure. One of the main problems with CGO is 
that the p" point occurs at a relatively high pO; and so the material starts to 
become an n-type semiconductor at the anode side of the fuel cell. It should be 
noted that the useful electrolytic domain is smaller than the range between p and 
p^ since at these points the ionic transference number is 0.5. To minimise the 
energy loss due to electronic conduction the ionic transference number should 
approach unity. 

3.8. Defect Association in Fluorites. 

The above discussion of the nonstoichiometry of fluorites assumes a random 

distribution of non-interacting defects. However, the magnitude of dopant 

material added to the fluorites makes this unlikely. The equation for acceptor 

doping a fluorite given as equation 3.29, shows the formation of and V " 

defects. Due to Coulombic and elastic attractive forces between these two 

defects, the presence of two associates can be postulated, i.e. 

(A„V„")or ( a „ V - A „ ) " 

The charged defect is more likely to occur due to the random distribution of the 
A|^ defect. However, at high dopant concentrations both defects are probable. 
The presence of these defect associates can significantly affect the concentration 
of free vacancies and hence reduce the ionic conduction within the material [56]. 
At higher defect concentrations more complex defect clusters can form and 
ordered microdomains of second phases can form a homogeneous, essentially 
vacancy free matrix. For example in YSZ a long range ordered domain of 
ZrgY^On is known to form [57,58]. 
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There is an observed decrease in the ionic conductivity as the defect 
concentration is increased in both doped zirconias and cerias [56,59,60] and this 
has been attributed to the trapping of oxygen vacancies in these clusters. The 
vacancies are not immobile but have an association energy which they must 
overcome to take part in conduction. The data of Ralph and Kilner [59] showing 
the conductivity of gadolinia doped ceria as a function of gadolinia content is 
shown in figure 3.10. This shows first an increase in the conductivity with 
dopant concentration as the concentration of vacancies is increased, followed by 
a subsequent decrease in the conductivity as the vacancies are trapped in defect 
associates. 
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(from Ralph and Kilner) 
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xinCej.̂ Gd^O .̂̂ ^ 

Figure 3.10. Graph of the conductivity of gadolinia 
doped ceria as a function of gadolinia content at 500°C. 

Kilner et al [61] have shown that the binding enthalpy of an associate can 
significantly affect the population of free vacancies. The concentration of free 
vacancies can be calculated following the methods given by Kilner et a/ [61] and 
Manning er a/[62]. 
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The free vacancy population is controlled by the dissociation of the charged 
associate i.e. 

(/LuT/o ) < » /Lw 4- T/o (Xin. (3.49) 

which gives the mass action equation 

[A'm][Vo]/ [(A'„Vo )•] = W exp(-AH^ / kT) = E / W eqn. (3.50) 

Where AHa is the associate binding enthalpy, E represents the exponential term, 
and W represents the number of possible defect orientations. The terms in the 
square brackets represent site fractions. It is easier to use site fractions at this 
point as they can be directly used in calculations of diffusivity. 

The electroneutrality condition is 

2[Vo]im + [(A'^Vo) ] = [A'„] eqn. (3.51) 

where the term m represents the oxygen to metal ratio to maintain site balance. 

The total concentration of dopant Cm, is constant, thus 

[A'^] + [(A'^,Vo) ] = Cm eqn. (3.52) 

At low temperatures where association is almost complete eqn. 3.51 is 

approximated so that 

[Vo]«[(AMVO)] 

which leads to 
[Fd] = £ : / fF eqn. (3.53) 

and so the oxygen vacancy concentration is independent of dopant concentration. 
At higher temperatures, this approximation is no longer valid and so eqns 3.52, 
3.51 and 3.50 are combined to eliminate [(A^V^) ] and [A^] to give. 
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V m W 
[ V o r + [ V o ] - — + - - = 0 eqn.(3.54) 

V mW/ 

The solution to which is 

i r C w E 
2 V m W/ 

4C^E 
[Vo] = - % + + ^ eqn.(3.55) 

mW 

Thus if the binding enthalpy for association is known, the concentration of free 
vacancies can be calculated as a function of temperature. The presence of defect 
associates is very important in determining the ionic conductivity of fluorite 
materials (as illustrated by figure 3.10) and thus it is important to know their 
concentration as a function of temperature. Equation 3.55 can be coupled with 
the equation for ionic conductivity (given in the following chapter) to determine 
the migration and association enthalpy of fluorite materials. A more complete 
understanding of the relative importance of the migration and association 
enthalpy are required in order to further advance the ionic conductivities of these 
materials. 
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4. Oxygen Ion, Electronic and Protonic Transport in Perovskite 
and Fluorite Oxides. 

4.1. Introduction. 

In the previous chapter, it was shown that significant concentrations of defects 
can exist in perovskite and fluorite oxides, depending on the conditions to which 
the material is exposed. It was also shown that the concentration of defects 
determines the nature and magnitude of conductivity within a material. In this 
chapter, the transport of oxygen ions and electrons in both fluorite and perovskite 
materials will be discussed. It is assumed that the conduction of oxygen ions 
takes place via a vacancy mechanism. A brief discussion of protonic transport in 
these materials is also included. 

4.2. Ionic Conduction and Diffusion. 

The atomistic interpretation of the diffusion of ions in a solid solution is that the 
movement takes place by a localised hopping process from one site to a 
neighbouring site. In the case of many acceptor doped fluorites and perovskites, 
oxygen ion transport occurs by hopping from one vacant site to the next. The 
transport of an ion from one site to the next, through a saddle point requires 
energy. This energy is provided by variations in thermal vibrations of 
neighbouring ions. It is clear therefore that conduction by a hopping method is 
thermally activated and this has been verified experimentally. 

The ions reach the energy state required to move through the saddle point with a 
particular jump frequency which is dependent on the nature of the lattice. This 
frequency can be expressed thus, 

r = V; exp(^ ^ ^ T I c t ) eqn. (4.1) 

where Vj is the characteristic lattice frequency. 
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Using random walk theory (the process in which an atom is able to jump from its 
current site to any neighbouring site with equal opportunity) it can be shown that 

[IL 

J = / ^ ( n , - ng^T eqn. (4.2) 

where J is the net flux between planes n̂  and The concentration of the two 
planes are. 

C. = Y eqn. (4.3) 

and 

Cj = eqn. (4.4) 

Si is the distance between equivalent sites (i.e. the jump distance). The 

concentration gradient, , is given by, 

% = ^ = ^ e<,„,(4.5) 

This process is more clearly illustrated in figure 1 (from Chiang et al [2]). The 
flux can then be expressed in the form of Pick's first law. 

J = eqn. (4.6) 

Thus the one dimensional diffusion coefficient can be given by equation 4.7. 

D = j ^ a i ' r eqn. (4.7) 

Equation 4.7 can be combined with equation 4.1, to yield, 

D = ^a j^V; exp[̂  ^ ^ 7 k T ) eqn. (4.8) 
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(1) (2) 

X 

Figure 4.1. Schematic illustration of atoms 
diffusing with a concentration gradient [2]. 

Tn the case of a simple cubic lattice of atoms, where diffusion takes place by a 
vacancy mechanism, the diffusion coefficient can be described as 

eqn. (4.9) 

where z is the number of nearest neighbour positions, and (1-C) is the fraction of 
unoccupied lattice sites. In the case of oxygen ions diffusing through a three 
dimensional crystal lattice, this equation then becomes. 

Di = expl 
AG 

eqn. (4.10) 
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Di is the self-diffusion coefficient of oxygen, Zj is the anion co-ordination number 

and [ v " ] is the concentration of free oxygen vacancies expressed as a site 

fraction. The free energy associated with the activated hopping process can be 
resolved into its enthalpic and entropic terms to give, 

D; = exp(^~ cqn (4.11) 

If we define y as, 

Y = %^exp( eqn. (4.12) 

then equation 4.11 can be simplified to, 

' - A H 
Di = y[Vo]a/vi expf eqn. (4.13) 

This is then further simplified to equation 4.14. 

D; == ecpi. C* 14) 

which is of the form of the general Arrhenius equation for thermally activated 

processes. 

This equation is only appropriate for dilute solutions where the concentration of 
defects is small enough such that there is no interaction between them. However, 
as was illustrated in Chapter 3, this is unlikely to be the case in the heavily doped 
materials used in SOFC or COG. Therefore, an association enthalpy term must 
be added to equation 4.14, to give, 

D i = D „ e x p ( : q n ( 4 1 5 ) 

This equation can be derived from an alternative method where the ionic 
conductivity due to species k, is given by. 
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eqn. (4.16) 

Where and (Xk are the respective charge and mobility of the carrier. In this 
case the carrier is an oxygen ion, and so the carrier density may be expressed 
as: 

•>t=K"Hl-[v-]}N»[Vo]N eqn. (4.17) 

Where N is the number of anion sites per unit volume. The mobility of the 
carrier can be expanded to give: 

eqn. (4.18) 

Combining equations 4.16 to 4.18 gives, 

vq , 
t̂ k = N [ V o ] — a ; Vjexp 

AH, 

kT y 
eqn. (4.19) 

The ionic conductivity can be converted to an oxygen diffusion coefficient using 
the Nemst-Einstein equation. 

D = 
kTg 
NqZ 

eqn. (4.20) 

Dq is the diffusion coefficient obtained from ionic conductivity data. is 
equivalent to the self-diffusion coefficient if the charge carriers are unaffected by 
the presence of an electric field [3]. That is, the availability of mobile defects is 
equal with or without the influence of an electric field. 

We can obtain the ionic oxygen diffusion coefficient in terms of atomistic 
parameters, by substituting eqn. 4.19 into 4.20 to give: 

=Y[Vo]a>iexp^ 
AH, 

kT 
eqn. (4.21) 

Again, using the simplification applied to equation 4.13 and including an 
association enthalpy, we obtain. 
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D„=D^exp[ eqn.(4.22) 

which is mathematically equivalent to equation 4.15. 

As stated previously, is equivalent to the self-diffusion coefficient under the 
condition that the charge carriers move in such a way that the availability of 
mobile defects is unaffected by the presence of an electric field. However, this 
may not be the case when charged defect associates are present. In the case of 
DC conductivity measurements, the voltage applied to the sample is unlikely to 
affect the strong Coulombic attraction between the defect associate pairs. Under 
an AC field, however, it is more likely that the defect will behave as a dipole and 
reorientate under the electric field, thus contributing to the conductivity [4]. 
Therefore, a conductivity (or ionic) correlation factor can be introduced such that 

= D[f^, where is the conductivity correlation factor and D; is the self-

diffusion coefficient, thus 

= fcY[Vo]X^Vi exp 
( A H . + A H . ) 

kT 
eqn. (4.23) 

Hence, when measuring the self-diffiision coefficient of an oxygen ion using an 
electrical method, a conductivity correlation factor should be applied. It should 
be noted that in most experimental cases in the literature where the concentration 
of defects is relatively low, the conductivity correlation factor is considered to be 
unity. 

4.3. Types of Diffusion Coefficient. 

Two types of diffusion coefficient have already been mentioned above, the self-
diffusion coefficient (DI) and the conductivity diffiision coefficient (D )̂. Both 
self-diffiision and conductivity diffusion apply to a host lattice ion. A very 
similar diffusion coefficient applies when a tracer ion, which is chemically alike 
to the host ion, but of a different isotope is introduced. This then introduces a 
tracer correlation factor, f^ to equation 4.13, to give. 
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Dt = fDY[Vo]^^Vi exp-
( A H . + A H . ) 

kT 
eqn. (4.24) 

such that. 

D.J. = f^Dj eqn. (4.25) 

The tracer correlation factor reflects the fact that successive diffusive jumps of a 
tracer ion are correlated. Atomistically, the difference between self-diffusion and 
tracer diffusion is that the motion of a tracer ion is biased by the probability that 
once a lattice jump has been made, the next jump simply returns it to its former 
position. Successive jumps are said to be correlated [2,3,5,6], The value of the 
correlation factor depends on the atomic co-ordination number and the relative 
frequencies with which the vacancy exchanges with tracer and lattice ion. 
Stochastic computer simulations predict that for diffusion by a vacancy 
mechanism, in simple, dilute solution, cubic structures (i.e. anion diffusion in 
fluorite structures, fo = 0.65 [6]. However, if the solution is more concentrated, 
and defect associates are formed, then fjj will be smaller. If the case is reached 
where microdomains of second phases are formed due to the high concentration 
of defects, then the tracer diffusion coefficient may be significantly altered. The 
ratio of the tracer correlation factor to the conductivity correlation factor (and 
hence the ratio of the tracer diffusivity to the diffusivity obtained from the ionic 
conductivity) is known as the Haven ratio [3]. 

Another type of diffusion coefficient is that involving the diffusion of a specific 
defect, such as an oxygen vacancy. This can be a useful coefficient to compare 
different materials with, as it effectively removes the concentration of defects 
from the calculation. The vacancy diffusion coefficient can be expressed in 
terms of the self-diffusion coefficient by equation 4.26. 

D C 
= - - ^ ^ eqn. (4.26) 

where Q and Cy are the concentration of oxygen sites and vacancies, 
respectively. If Q and Q are expressed as site fractions, equation 4.26 becomes, 

Dy - cqn (4.27) 
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In low defect concentrations, Dy is independent of defect concentration. This is 
because the vacancy must move to an occupied site. (It cannot move to another 
vacant site.) Thus the probability of the adjacent site being available is 
approaching unity. As a result, each vacancy movement occurs without affecting 
another. As the defect concentration is increased however, the probability of the 
neighbouring site being a vacancy, and thus unavailable, increases. Therefore, 
one vacancy motion may affect another. 

Chemical diffusion is the diffusion of a species due to a chemical gradient within 
the sample. An example of chemical diffusion is the reaction between two 
solids. The chemical, or interdiffusion coefficient can be expressed in terms of 
the individual self-diffusion coefficients by the Darken equation [7]. 

( 51na ^ 
D . h ^ = ( C A + Q D , ) | l + ̂ ^ | eqn.(4.28) 

1 / 

Ci and C2 are the site fractions of species 1 and 2, respectively, D, and are 
their self-diffusivities and â  is the activity coefficient of species 1. In an ideal or 

dilute solution. 
'^Shiaj ̂  

.ainC, 
0, to give. 

D * « = ( c , D , + C , D , ) e q n . ( 4 , 2 9 ) 

If the case of a ceramic membrane is considered where one side is exposed to 
given a partial pressure of oxygen, pO^, it will have a given stoichiometry and 

hence, vacancy concentration, [ V" ] . If the other side is exposed to a different 

oxygen partial pressure, pO", then the material will have a different oxygen 

stoichiometry at this side, [v" ] " . Thus an oxygen chemical gradient will exist 

in the material, and oxygen diffusion will occur. The rate of oxygen chemical 
diffusion through the material is proportional to the rate of change in 
concentration of vacancies with the rate of change in pOj and also the magnitude 
of the vacancy diffusion coefficient. The Darken equation will then become. 

ĉhem = (C,D.+nD,)[l + ̂ ^ ] eqn,(4.30) 
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De and n are the diffusion and concentration of electrons, respectively. 

In order for chemical diffusion of an ionic species to occur (i.e. where there is 
charge transport, as well as mass transport), a different charged entity must 
diffuse in the opposite direction to avoid long range charge separation. The 
second charged species must diffuse in the opposite direction at a rate to give a 
net charge transport of zero such that overall charge neutrality is maintained. 
This has the affect of coupling the two charged species, slowing down the faster 
and accelerating the slower. The effective diffusion coefficient is called the 
ambipolar diffusion. The value of the ambipolar diffusivity is bound at the two 
extremes by the diffusivities of the two species involved. In the case of mixed 
conducting perovskites such as the strontium doped lanthanum manganites and 
cobaltites, electrons provide the counter flow of charge to the oxygen ions. For 
electroneutrality to be maintained, the flux condition must be, 

2J = J . eqn. (4.31) 

where Jk is the flux of species k. 

The two species are coupled such that they have a common chemical diffusion 
coefficient or ambipolar diffusion coefficient. The individual fluxes of the two 
species can then be expressed in terms of Pick's first law as. 

J„.. = - D amb 
4v°T 

^ dX y 

and 

eqn. (4.32) 

eqn. (4.33) 

If the electroneutrality condition is given by n = 2 [v" ] then it can be shown that 

[2], 

This is equivalent to [8], 
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Damb = Dyte + D^t; eqii. (4.35) 

Equation 4.34 is often expressed in terms of conductivity, such that, 

eqn.(4.36) 

In the case of strontium doped lanthanum manganite and cobaltite, the flow of 
electrons is much more rapid than the transport of ions. Thus equation 4.34 can 
be approximated to, 

Damb ~ 3 D v eqn. (4.37) 

For the acceptor doped fluorite materials the ionic conductivity is much greater 
than the electronic conductivity so in this case, 

Damb eqn. (4.38) 

In a more rigorous examination, it can be shown that in a system where the 
ambipolar diffusion is limited by the transport of vacancies, the ambipolar or 
chemical diffusion coefficient can be expressed as [8,9,10,11], 

ainFVo 1 

which is mathematically similar to the Darken equation given by equation 4.30. 
Equation 4.39 is often reduced to, 

Damb = eqn- (4.40) 

where A, the thermodynamic factor is. 

Another type of diffusion is impurity or solute diffusion. It is possible for the 
impurity ion to diffuse interstitially or via a vacancy mechanism utilising the host 
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ion sites. If the solute diffusion occurs via a vacancy mechanism, then it will still 
differ from the self-diffusivity of host ions. This is because the impurity ion will 
be of a different size (and possibly valence) to the host ions. This leads to a 
difference in the jump attempt frequency. Furthermore, there may be an 
association between the impurity ion and a vacancy. This will alter the 
probability of a vacancy appearing on a neighbouring site. 

A further consideration which must applied to all the above mentioned types of 
diffusion is transport down a one or two dimensional path such as a dislocation or 
grain boundary. The disruption to the crystal lattice at these linear or planar 
defects can substantially alter the transport properties of anions, cations or 
impurities. The effects of this complex form of diffusion are not discussed in 
detail in this work, but the reader is referred to other texts which provide good 
descriptions of grain boundary and dislocation diffusion [12,13,14,15]. 

4.4. Experimental Behaviour of the Oxygen Transport in Fluorite Materials. 

In the literature there are predominantly two methods used to measure the oxygen 
transport in fluorite oxides. These are electrical testing methods and tracer 
diffusion methods. Electrical measurements are split into two groups; AC 
impedance spectroscopy [16] and DC conductivity experiments. Tracer 
measurements have predominately been carried using secondary ion mass 
spectrometry (SIMS) [12,17], These analysis techniques will be described in 
chapter 7 of this thesis. Other methods that have been used to characterise the 
tracer diffusion coefficient of oxygen are Raman spectroscopy [18], gas phase 
analysis [19,20], and a sectional technique using a solid source mass 
spectrometer [21]. 

Some typical values of conductivity for a variety of zirconia and ceria based 
fluorites are given in figure 4.2 [22,23,24,25,26], All these data have used an AC 
impedance spectroscopy method to determine the conductivity. The data shown 
is for the grain interior (bulk) conductivity, except the data of Aberlard et al [23] 
and Manning et al [26], where single ciystals were used. It should be noted that 
most of the data has a degree of non-linearity produced by the formation of 
defect associates [26,27,]. Using the method described in section 3.8, Manning 
et al [26] has used this curvature to deconvolute the apparent activation energy 
into the association enthalpy and migration enthalpy. 
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Figure 4.2. Graph of bulk conductivity as a function of temperature for 
various zirconia and ceria based fluorite materials [22,23,24,25,26], 

There are several interesting features that can seen in figure 4.2. First the 
absolute values of the conductivity of ceria based materials are higher than the 
zirconia based materials. Secondly the conductivity of the 5mol% Gd203 doped 
ceria is higher than the 13mol% doped material. This is also the case in the YSZ 
system, where the 9.5mol% Y2O3 doped material exhibits a higher conductivity 
than the 12mol% material. This is in agreement with the suggestion that defect 
associates formed at higher concentrations effectively trap out the free oxygen 
vacancies (see section 3.8). The activation energy of ZrossCaoijOi §5 
(127k.T/mol), Zro.76Yo.2401,88 (128kJ/mol at T<315°C) and Zro^sCao.isvOi.iKs 
(126kJ/mol) in which the concentration of oxygen vacancies are very similar, all 
have essentially the same activation energy. In the case of the Ceo.yGdo.iOi 95 and 
Ceoj4Gdo.26O1.95 the activation energies are noticeably different. This leads to the 
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suggestion that the activation energy for conduction is to some extent controlled 
by the concentration of vacancies. The increase in activation energy seen in 
Ceo.74Gdo.26O1.95 over Ceo.gGdo.iOi 95 (and also Zro.76Yo,240] gg over 
Zro,8iYo,i90i.905 (Ea=106kJ/mol)) is probably due to a change in the migration 
enthalpy and the association enthalpy of the material due to defect associates or 
the formation of ordered microdomains of second phases. 

There is significantly less work on the oxygen tracer diffusion coefficent 
published in the literature. This reflects the difficulties in performing tracer 
experiments on the electronically insulating fluorites, compared to the relative 
simplicity of electrical measurements. Tt is also only more recently with the 
development of SIMS and Raman techniques for measuring oxygen diffusion, 
that accurate and reproducible data has been obtainable. Figure 4.3 shows a plot 
of the oxygen diffusivity of various zirconia and ceria based materials. 
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Figure 4.3. Graph of diffusivity as a function of temperature for 
various zirconia and ceria based fiuorite materials [18,21,26,28,29]. 
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The work of Simpson and Carter [21] on Zro MgCao MzOi K* utilises a sectional 
technique using a solid source mass spectrometer. Kim et al [18] uses Raman 
spectroscopy. They also corroborate there data by performing a gas phase Raman 
analysis which gives similar results. The other data by Carter et al [28], Solmon 
[29] and Manning et al [26] all use SIMS. The high temperature data of Solmon 
matches well with that of Manning, however there is some deviation at lower 
temperatures. This was attributed to the presence of impurities in the samples of 
Solmon, which also gave rise to a "fast" diffusion path at higher temperatures 
[26]. The data of Kim also shows good agreement with that of Manning et al and 
Solmon, verifying the suitability of both Raman spectroscopy and SIMS as 
methods with which to measure oxygen diffusion. However, the older data of 
Simpson and Carter is noticeably lower than the measurements made with more 
modem analysis tools. 

The data on ceria based materials by Carter et al [28], substantiates the fact that 
oxygen diffusion in fluorites occurs primarily by a vacancy mechanism. The low 
diffusion coefficient of the Ce0.997La0.003O1.9985 ties in well with the low 
concentration of oxygen vacancies, and the ceria which is donor doped with 
Nb205 has an even lower diffusion coefficient. 

There has been very little work published on comparing the ionic conductivity 
with the tracer diffusivity for the same material. The work of Manning et al [26] 
on high quality single crystals of 9.5mol% Y2O3 doped Zr02 being a notable 
exception. Figure 4.4 is taken from this work and shows, firstly that the Haven 
ratio is not 0.65 as predicted from computer simulations [6] but also that it 
changes at a temperature around 650°C. There are several possible explanations 
for this deviation from the predicted ratio of 0.65. These will be detailed in 
Chapter 10, however at this stage the possibility of a systematic error in the 
results obtained from either of the two techniques should not be discounted. 
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Figure 4.4. Arrhenius plot of (circles) and 
Dt (triangles), for 9.5mol% YSZ single crystal [26]. 

4.5. Experimental Behaviour of the Oxygen Transport in Perovskite 
Materials. 

Measurement of the transport of oxygen ions in perovskites is complicated by the 
fact, with only a few notable exceptions such as doped lanthanide gallates, the 
ionic transference number is significantly less than unity. In many cases, in fact, 
the electronic transference number approaches unity. This means that electrical 
measurements are made very difficult, the application of electronically blocking 
electrodes being required. Therefore the majority of oxygen diffusion studies 
carried out on mixed conducting perovskites have been made by SIMS, and to 
some extent gas phase analysis. There have been a wide range of studies on 
various chromites, manganites, ferrites, cobaltites and diverse combinations of 
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these. Figure 4.5, shows examples of the range of diffusion coefficients obtained 
in the literature from SIMS. 
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Figure 4.5. Graph of diffusivity as a function of 
temperature for various ReTm03±5 perovskites [12,30,31,32,33]. 

It is clear from figure 4.5 that an enormous range of oxygen diffuisivitfes occurs in 
the transition metal perovskites. For example, at 900°C the tracer diffusivity of 
Smo ̂ SrojCoOg^ is about seven orders of magnitude larger than Lao.gSro jMnOais. 
This is almost certainly a reflection on the concentration of vacancies in the 
perovskite, rather than a change in the mobility of the vacancies (i.e. the vacancy 
diffusion coefficient). The cobaltites have a significantly higher oxygen vacancy 
concentration than the manganites (see chapter 3) and the higher level of A-site 
dopant in the Smo sSro gCoOg^ will introduce further vacancies. Ishigaki et al 
[30] suggest that the vacancy diffusion coefficient is essentially unaffected by the 
A-site dopant concentration or the nature of the B-site cation. The work of 
Fullarton et al [32] shows the increase in tracer diffusion coefficient with 
increasing strontium content (and hence increasing [ v " ] in Smi.xSr^CoOg^ and 

the work of De Souza [12] shows a similar effect by partial substitution of 
manganese with cobalt in Lao ySrQ 2Mni.yCoy03_g. 
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The work of Ishigaki et al [34] on single crystal LaCoO;^ gives a comparison of 
diffusion data obtained from SIMS with data obtained from gas phase analysis. 
Figure 4.6 shows that the data is in very good agreement, and hence increases the 
validity of the measurement techniques (at least for single crystal measurements). 
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Figure 4.6. A comparison of the tracer diffusion coefficient of LaCoO)^ 
single crystal using SIMS and gas phase analysis (from Ishigaki et al [34]). 

It is interesting to make a comparison between the fast ion conducting fluorites 
and the fast ion conducting perosvkites. This is made somewhat difficult due to 
the lack of high quality data for these materials. Figure 4.7 shows a comparison 
of the tracer diffusion coefficient of Zro ĵ jYo iyO] yos [26] with Lao.sSro 2Co03±g 
[12], Lao,6Sro.4Coo.2Feo.803±5 [33] and Smo.gSro sCoOs^ [32]. 
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Figure 4.7. A comparison of the tracer diffusion coefficient 
of Zro.giYo.igOi 905 [26] with Lao gSrq 2Co03±5 [12], 

Lao,6Sro.4Coo.2Feo.803±§ [33] and Smo.jSro.sCoOj^ [32]. 

The difference in diffusion coefficient can again be explained to some extent by 
the difference in concentration of oxygen vacancies. The large strontium dopant 
concentration in the samarium cobaltite produces a very high oxygen diffusivity. 
Tn the YSZ, there is a lower dopant concentration, however, the dopant material 
is compensated solely by oxygen vacancies, and so large diffusivities are also 
seen. The additional strontium content in the LSCF over the LSC produces more 
oxygen vacancies and hence LSCF has a higher oxygen tracer diffusion 
coefficient than the LSC material. 
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4.6. Electronic Conductivity. 

In the previous section the motion of oxygen ions in fluorite and perovskite 
oxides was considered. In this section the motion of electronic carriers (electrons 
and electron holes) will be considered. 

The conductivity of a given species is given in equation 4.16. The total 
conductivity being simply a sum of the individual conducting species. Therefore, 
the electronic conductivity can be given by, 

G.,h = = nen, + penh eqn. (4.42) 

Thus the electronic conductivity can be changed by changing the concentration of 
electrons and holes able to take part in conduction and/or changing the mobility 
of the electrons or holes. The mobility of the electronic defects is dependent on 
the electronic structure of the material being investigated. The mobility of 
electronic carriers and electronic structure is a complex subject and it is not 
appropriate to the content of this work to detail the fundamentals here. The 
interested reader is referred to several texts available on the subject 
[1,9,35,36,37,38], However, some important features are discussed below. 

Electrons can create a deformation in the crystal lattice of an ionic solid which 
may trap the electron in a potential well. A self-trapped electron an its 
surrounding polarisation region is termed a polaron [35]. The level of coupling 
between the electrons and optical phonons governs the nature of the polaron [39]. 
The polaron is described as large if the coupling is weak to intennediate. When 
the interaction is strong the polaron is said to be small. In the case of large 
polarons the electrons move in conduction bands and metallic type conductivity 
occurs. Small polarons move in a localised hopping process and so the material 
acts as a semi-conductor. Most of the perovskites and fluorites used in SOFC or 
COG conduct with small polarons. 

The concentration of electronic defects can be changed by the environment in 
which the oxide material is exposed. This was illustrated by the Brouwer 
diagrams given in chapter 3, In the working pO; range of a COG, the electronic 
carrier concentration in a fluorite material such as YSZ or CGO is very small. As 
a result the electronic conductivity is considered to be negligible. In the case of 
an SOFC, at the low pOi anode side, significant electronic conductivity can be 
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introduced to CGO, although there is no apparent increase in the electronic 
conductivity of zirconia. In the case of the R e T m O s metal perovskites, the 
dominant conduction process under cathode conditions is p-type semi-
conductivity. 

4.7. Protonic Conductivity. 

The motion of protons in an ionic crystal lattice is a less well studied process 
than the motion of either oxygen ions or electrons. However, there is interest in 
using a protonically conducting electrolyte membrane and/or a mixed 
electronically/protonically conducting anode in a fuel cell. Several doped 
A^B^Og perovskites such as SrCeOg [40,41], BaCeOs [42,43], CaZrOs [44] and 
SrZrO; [45] and some A^̂ B^̂ Og perovskites (LaYOs doped on the A site with 
calcium [46] or strontium [47,48]) are known to be proton conductors. There is 
very little evidence of significant protonic conduction in the fluorite oxides CGO 
or YSZ, although Sahibzada [49] has suggested that in CGO there may be proton 
incorporation under anodic conditions. Wagner [50] quoted the protonic 
diffusion coefficient in YSZ to be of the order of lO'̂ -lO"^ cm^/s at 900-1000°C. 
However, he also showed that the solubility of protons in YSZ to be around 10^\ 
expressed as a site fraction. In contrast to Wagner, Aaberg et al [51] has 
suggested that the diffusion of protons is substantial but also that a larger number 
of protons may be injected into zirconia to give rise to appreciable conductivity. 

Two types of diffusion mechanisms for protonic transport are considered 
possible. The first is known as a vehicle mechanism where the protons are 
moving as hydroxyl groups with the oxygen ions. The second, known as the free 
or Grotthuss mechanism, is where the interstitial protons hop between local 
stationary oxygen ions, and then rotate around the oxygen to get into position for 
the next jump [52]. It generally considered that in the fast protonically 
conducting perovskites the second method occurs [52,53]. The evidence for this 
is that protonic conductivity has a different activation energy than oxygen ion 
diffusion and that there is a significant difference in the conductivity if deuterons 
are incorporated rather than protons [48]. It is interesting to note that the 
diffiisivity of protons in YSZ measured by Wagner [50] in the temperature range 
of 850°C is very similar to that measured for oxygen diffusion [26]. This result 
may suggest that that in YSZ, protons may be moving as hydroxyl groups via the 
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vehicle mechanism. However, no isotope studies have been reported to confirm 
this. 
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5. Cation Diffusion in Fluorite Oxides. 

5.1. Introduction. 

In comparison to the study of anion transport in fluorite oxides, the amount of 
investigation into cation diffusion in fluorites has been remarkably small, 
especially considering the ultimate long term stability of a COG or SOFC is 
determined by the diffusion of cations. Furthermore, much of the work that has 
been published is contradictory. Also of interest is the reactivity between the 
electrodes and the electrolyte, and the solubility of electrode components in the 
electrolyte. In this chapter, the published literature concerning 
electrode/electrolyte reactivity, solubility of transition metal cations (Mn, Co and 
Fe) in fluorites and diffusion of cations in YSZ and CGO are discussed. 

5.2. Electrode/Electrolyte Reactivity. 

The stability of perovskite oxide cathode materials with YSZ have been 
extensively studied, due to its importance on the long term performance of a high 
temperature SOFC [1,2,3,4,5,6,7,8]. Most of the work has concentrated on 
strontium or calcium doped lanthanum manganite, as it is the favoured high 
temperature cathode material to be used with YSZ. However, strontium and 
calcium doped lanthanum manganite both react with YSZ to form the pyrochlore 
La2Zr207 [1,6] and at higher strontium dopant levels SrZrO^ [4,9]. 

The formation of these two high impedance phases is due to the manganese 
diffusing from the doped lanthanum manganite into the YSZ. Taimatsu et al [5] 
showed by electron probe micro-analysis (EPMA) that manganese diffuses more 
rapidly into YSZ than lanthanum, thus leaving a lanthanum rich phase to react 
with the YSZ. Takeda et al [6] stated that for long term reactions, calcium doped 
lanthanum manganites tend to react more strongly with YSZ than strontium 
doped lanthanum manganites (LSM). Takeda et al also showed that the formation 
of ha^ZXjO-, decreases with increasing strontium content. The formation of 
La^Zr̂ O? may be impeded by using an A-site deficient LSM as an electrode 
[3,10]. However, this may be accompanied by an increase in the rate of diffusion 
of manganese into YSZ. 
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Strontium doped lanthanum ferrite (LSF) has been shown to react with YSZ at 
1100°C to form SrZrO^ [2]. Kindermann et al has done a systematic study of the 
chemical compatibihty of Lao^Sro^FeogMozO].; [7], (M=Cr,Mn,Co,Ni). In this 
work, they show that the cobalt doped sample has the most reactivity, followed 
by the nickel doped, then the chromite and the least reactive is the sample doped 
with manganese. They state that this is due to the relative stability of the SrMOj 
phase. In their work, Kindermann et al also study the A-site deficient materials. 
In this case there is reduced reactivity for the chromium and manganese doped 
samples, but no appreciable change for the nickel or cobalt doped samples. 

There is very little work on the reactivity of perovskite electrodes with CGO. 
Lane [11] completed an initial study on the reaction of La^ gSrg^Feo gCog 2O3.5 with 
CGO. The study was carried out at 1200°C for 12 hours, but no reaction products 
were detected using XRD. 

5.3. Solubility of Transition Metal Cations in YSZ and CGO. 

The solubility of manganese in YSZ has been studied by several workers 
[12,13,14]. Kawada [12] showed that the solubility of manganese in YSZ varies 
significantly from 1000°C to 1500°C. At 1000°C, the solubility is around 5 
mol% and at 1500°C it is as high as 15 mol%. Appel [13] has shown that the 
solubility of manganese in YSZ is at least 10 mol%, while Waller et a/ [14] gave 
the solubility limit as around 7 mol%. The data of Waller et al is illustrated in 
figure 5.1. It shows clearly a decrease in the lattice parameter with increasing 
manganese content, as expected from Vegard's Law, followed by a deviation 
from linearity as the solid solution reaches its solubility limit [15], The fact that 
the lattice parameter decreases with the introduction of manganese suggests that 
the smaller manganese ion sits on a host cation site, rather than existing as an 
interstitial. 

There is less data available on the solubility of other transition metal cations in 
YSZ, presumably due to the unsuitability of other ReT^^Oj as cathode materials 
due to their reactivity with YSZ. There is also very sparse data concerning the 
solubility limit of transition metals in CGO. Naumovic et al [16] quote the 
solubility limit of both manganese and cobalt in CGO to be around 10 mol%, 
stating that a second phase is formed above these compositions. However, they 
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show no X-ray patterns, nor do they calculate the lattice parameters associated 
with the varying compositions examined. 
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Figure 5.1. Lattice parameter of Mn doped 
YSZ as a function of Manganese content [14]. 

5.4. Cation Diffusion in Fiuorites. 

There is very little work published on transition metal cation diffusion in YSZ 
and essentially none on CGO. Lau and Singhal [1] have done a preliminary study 
on manganese diffusion in polycrystal and single crystal YSZ using EPMA. 
However, their study was limited to one temperature for each type of sample. 
More recently. Waller et al have undertaken a study of manganese diffusion in 
polycrystal YSZ using Raman spectroscopy [14]. 
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There is more work completed on the tracer diffusion of zirconium and yttrium 
ions in YSZ. Kilo et al [17] have investigated zirconium diffusion in 10 mol% 
and 24 mol% YSZ using SIMS. Solmon [18] studied both zirconium and yttrium 
diffusion, also using SIMS in 9.5 mol% and 17.7 mol% YSZ. Dimos and 
Kohlstedt [19] used a study of creep behaviour to calculate the effective diffusion 
coefficient of cations assuming zirconium and yttrium had the same rate of 
diffusion. Figure 5.2 shows the apparent diffusion coefficient obtained for the 
various materials. 
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• Zr in ĝOj jg (S) [17] 
MninZr„,Y„p,,(S)[lI 
Mn in Zr„̂Y„ jO,̂  (P) [1] 
Zr in ZrQgjYg (S) [18] 
Y in Zr̂  g, Yg jgO, gg; (S) [18] 

Y in (S) [18] 
Zr,YinZr„,Y„p,g(P)[19j 
Mn in Zr̂^̂Yp ĵ jOj (P) [14] 
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Figure 5.2. Graph of the apparent diffusion coefficient of Mn, Y, and Zr 
in YSZ [1,14,17,18,19], (P) indicates a polycrystal and (S) a single crystal. 

The term "apparent diffusion coefficient" has been used as a variety of diffusion 
coefficients have been measured, i.e. tracer, solute and self-diffusion. It is 
immediately clear from figure 5.2 that the diffusion of manganese is substantially 
more rapid than the diffusion of zirconium or yttrium. This is particularly the 
case for polycrystalline materials, suggesting that the predominant diffusion path 
is the grain boundaries. Enhanced grain boundary diffusion of manganese has 
also been found by Miliken et al [20]. It is also evident from Dimos and 
Kohlstedt that diffusion of zirconium and yttrium is more rapid in a 
polycrystalline material, although it is noted from the data of Solmon that their 
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assumption that the diffusion of zirconium and yttrium are the same, is not 
entirely accurate. The data of Solmon shows that the diffusion of yttrium is about 
a factor of four faster than the diffusion of zirconium over the entire temperature 
range given here. It should be noted that the tracer diffusion coefficients 
measured by Sohnon [18] and Kilo [17] all fall within a similar range and have 
very similar activation energies (~ 450-480 kJ/mol), despite the variety of 
compositions examined. The activation energy for diffusion of zirconium and 
yttrium in the polycrystalline sample (560 kJ/mol) is noticeably larger than for 
the single crystals. 

An initial study of cation diffusion has been completed, in conjunction with Dr. 
D. Waller, as part of this study for completeness of the mass transport properties 
of electrolytes, and to determine the electrode/electrolyte compatibility of the 
materials being studied. Some of this work was published in the proceedings of 
the 5th International Symposium on SOFC [21,22]. The results of this initial 
study on cation diffusion and on the solubility of cobalt and iron in CGO are 
given in appendix A. 
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6. Oxygen Exchange on Oxide Surfaces. 

6.1. Introduction. 

The mechanism of oxygen exchange on perovskite and fluorite oxide surfaces is 
not a well understood process. Unlike the diffusion of oxygen, where the process 
can be described in terms of atomistic parameters (see chapter 4), there is no 
model which explicitly describes the wide range of experimental data on the 
exchange process. This is in part due to the fact that until recently, the 
importance of the rate of oxygen exchange on flux densities in oxygen separation 
membranes and polarisation losses at cathodes, was not realised. It is also due to 
the fact that the measurement of the oxygen exchange rate in general requires the 
use of tracer isotopes and specialised UHV equipment which is not widely 
available. 

The oxygen exchange process between a gaseous oxygen species O' and lattice 
oxygen can simply be described as, 

^2gas +20so|j£, +20so,id eqn. (6.1) 

The result of this process cannot be seen unless one of the two oxygen species 
above, O' or O ,̂ is labelled. The most common method of labelling an oxygen 
species is to use an oxygen gas isotopically enriched with an '^0 species. Thus 
equation 6.1, becomes, 

0 4 L + 20L',a « + 20Sid eqn. (6.2) 

The oxygen in the gas phase is in the form of a molecule and in the solid phase it 
exists as an ion. The gaseous oxygen can either exchange with two oxygen ions 
as a molecule, in which case the formation molecules will be seen in the 
gas phase; or one oxygen atom of the molecule can exchange with one oxygen 
ion in the solid, producing an molecule. These two processes are shown 
in figure 6.1. 

In figure 6.1, the blue circle represents an '^0 species, the red circle an '®0 
species and the small black circle a cation. Figure 6.1 (a) shows a MO 
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sample before exchange has taken place. Figure 6.1 (b) shows the situation 
where atoms of oxygen exchange with oxygen ions on the surface of the solid 
(atomic exchange) and figure 6.1 (c) shows the situation where oxygen molecules 
exchange with the surface of the solid (molecular exchange). 

% J « 

Figure 6.1 (a) 

Figure 6.1 (b) 

Figure 6.1 (c) 

Figure 6.1. Schematic illustration of the 
exchange process described by equation 6.2. 
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The process illustrated in figure 6.1 (b) can be represented by equation 6.3 while 
equation 6.4. represents that seen in figure 6.1 (c). 

OSp.) « { 0 " - 0 " L , + 0 L + 0 1 , eqa (6.3) 

O S w + 2 0 l d « 0 ! L ) + 2 0 1 eqn. (6,4) 

Thus with atomic exchange, the formation of ^̂ 0̂% molecules would be expected 
where 
form. 
whereas with molecular exchange only molecules would be anticipated to 

In figure 6.1, it has been assumed there are no preferred sites for adsorption and 
that there are no defects present in either the bulk or on the surface of the crystal. 
It also does not include any intermediate stages which may occur in the process 
of exchange. In the materials of technological importance there are defects 
present, and in many cases at high concentrations. In the following discussion it 
is assumed that the only mobile anion defect is an oxygen vacancy. 

Figure 6.2 shows a schematic illustration of a heavily acceptor doped oxide 
(similar to the defects expected in fiuorite electrolytes and perovskite cathodes). 
In this figure it has been assumed that there are no surface structure or 
segregation effects (i.e. the surface represents a simple termination of the bulk of 
the crystal) and that there are no interactions between the defects in the crystal 
(i.e. there is a random distribution of oxygen vacancies). In the following figures 
the host cations are black and the dopant cations are green. 

\ J •» • • 

Figure 6.2. Schematic illustration of a defective 
crystal in the presence of a labelled gas. 
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Figure 6.3. shows a possible exchange process for a defective crystal. In this case 
atomic exchange occurs and the site for oxygen adsorption is an oxygen vacancy. 
Figure 6.4 also illustrates a situation where an oxygen vacancy is the preferred 
site for adsorption, but on this occasion molecular exchange is represented. It is 
evident that for this to occur, a second surface oxygen vacancy must migrate to a 
position adjacent to where the first part of the exchange took place or (as is 
shown in figure 6.4 (c)) a surface oxygen ion must rotate around a surface cation. 
The mobility of surface oxygen vacancies will affect which process occurs. 

• n 
Figure 6.3 (a) Figure 6.3 (b) 

Figure 6.3 (c) 

Figure 6.3. Schematic illustration of atomic exchange on a defective 
crystal where a surface oxygen vacancy is the preferred site for adsorption. 
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Figure 6,4 (a) Figure 6.4 (b) 

..: 

Figure 6.4 (c) Figure 6.4 (d) 

Figure 6.4. Schematic illustration of molecular exchange on a defective 
crystal where a surface oxygen vacancy is the preferred site for adsorption. 

The rates of the various steps in the reaction will determine if molecular or 
atomic exchange takes place. If the adsorbed 0% molecule has a long residence 
time in the vacancy and if surface oxygen vacancies are mobile, a second oxygen 
vacancy is likely to become available for exchange, thus making molecular 
exchange possible. If surface oxygen vacancies are not mobile or the oxygen 
molecular bond is easily broken so there is a short residence time for the 
adsorbed species then atomic exchange is more likely. 

If the exchange process involves a surface oxygen vacancy then it can be 
represented by equations 6.5 or 6.6. 

^®2,(gas) Ô.suif ^ ^O.surf 

or 

)^02,(ga,) + + 2e On O . s u r f 

eqn. (6.5) 

eqn. (6.6) 
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Equation 6.5 represents the scenario where the oxygen vacancy is neutral and 
electrons are trapped at the vacancy while equation 6.6 represents the case were 
the oxygen vacancy has an effective 2^ charge, as is the case in the bulk of the 
material. Electrons are thus required to charge balance equation 6.6. It is readily 
seen from equations 6.5 and 6.6 that if a surface oxygen vacancy is the site for 
oxygen adsorption, then the concentration of oxygen vacancies will affect the 
rate of exchange of oxygen. 

An alternative to the mechanism where a surface oxygen vacancy is involved can 
also be given. In this case there is no preferred adsorption site, the oxygen 
adatom can sit on what is effectively a new surface site. One possible process for 
atomic adsorption is illustrated in figure 6.5. 

Figure 6.5 (a) 

J % -

Figure 6.5 (b) 

\ \ / 

Figure 6.5 (c) 

Figure 6.5. Schematic illustration of atomic exchange 
on a defective crystal with no preferred sites for adsorption. 

The process illustrated in figure 6.5 can be represented by equations 6.7 and 6.8. 
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Oz/gas) ^ 20^ eqn. (6.7) 

20,J + On , O, + o : + V" + V. eqn. (6.8) 

From figure 6.5 it is clear that a cation must rotate around an anion thus 
effectively forming a surface cation vacancy. It is also clear that a surface 
oxygen vacancy is created, thus the surface is modified but its charge neutrality is 
not affected. This can be envisaged as a form of Schottky disorder occurring at 
the surface of the crystal rather than in the bulk. 

For a fluorite material, equation 6.8 is represented by, 

4 0 ^ + 2 0 ^ , ^ 4^ 2 0 , , ^ ) + 2 0 ; _ _ + 2 eqn. (6.9) 

The formation of V j is a high energy process, thus making this exchange 

process less likely for a fluorite material. Figure 6.6. shows the same procedure 

but this time the molecular bond between the is considered to be stronger 

than the attraction between the adsorbed oxygen and a surface oxygen atom. 
Thus a new molecule is formed and two '®0 ions enter the crystal. 18, 

The procedure is very similar but this time two cations are required to rotate 
around an oxygen ion. Figure 6.6 (b) simply shows the rotation of two cations 
around an oxygen ion to equivalent surface sites. Figure 6.6 (c) shows the 
breaking of the molecular bond to form two surface oxygen ions. Two 
neighbouring surface oxygen ions can then combine to form an oxygen molecule 
and the second species can rotate around the cation to sit on a vacated site. 

Figure 6.6 (a) Figure 6.6 (b) 
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Figure 6.6 (c) Figure 6.6 (d) 

Figure 6.6. Schematic illustration of molecular exchange 
on a defective crystal with no preferred sites for adsorption. 

Tt is essentially the relative strength of the molecular bond to the 

adatom- Oq bond which will determine whether atomic adsorption or molecular 

adsorption occurs. 

The movement of cations (even at the surface of a crystal) requires more energy 
than anion motion. Therefore the processes depicted by figures 6.5 and 6.6 are 
less energetically favourable than those given by figures 6.3 and 6.4 which does 
not require cation motion. 

In the above scenarios depicted in figures 6.3-6.6, the must subsequently be 
incorporated into the bulk of the solid. This can occur by the simple exchange of 
a bulk oxygen vacancy to the surface and the accompanying movement of the 
oxygen ion. This is given by equation 6.10 and illustrated schematically in figure 
6.7. 

Oo.surf + Vo.bulk ^ Oo.bulk + Ô.surf eqn. (6.10) 

Figure 6.7 (a) shows the exchanged oxygen sitting on a surface site. Figure 6.7 
(b) shows simply the random migration of an oxygen vacancy to a site which now 
neighbours the labelled oxygen ion. Figure 6.7 (c) then shows the labelled 
oxygen ion jumping into the newly vacated site and hence is incorporated into the 
bulk of the material Figure 6.7 (d) shows the result of this process at some given 
time after the exchange reaction has taken place. 
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Figure 6.7 (a) Figure 6.7 (b) 

Figure 6.7 (c) Figure 6,7 (d) 

Figure 6.7. Schematic illustration of an adsorbed surface 
oxygen being incorporated into the bulk of the material. 

It is apparent from the above argument that irrespective of whether a surface 
oxygen vacancy is the active site for adsorption, the overall rate of exchange will 
depend to some extent on the concentration and mobility of oxygen vacancies in 
the bulk (and hence by implication at the surface). 

The above models represent a very simplistic approach to the behaviour of the 
oxygen exchange process given by equation 6.2. Returning to equation 6.2 and 
using the information from figure 6.7 and equation 6.10, the forward reaction of 
this process can be given by equation 6.11. 

+ 0̂,bulk + 2e —>• eqn. (6.11) 

and the reverse of what is essentially a redox reaction may be regarded as. 
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^o.buik ^^2,(,gss) ô.buik + 2e eqn. (6.12) 

It is very important to note that there is no net charge transfer in this process, it is 
merely an equilibrium chemical reaction resulting from the random collisions of 
gaseous molecules with an oxide surface. 

6.2. The Surface Exchange Coefficient. 

In order to compare the rate at which reaction 6.2. occurs for a variety of 
materials it is necessary to have one single continuum parameter which is a 
function of the process as a whole. It must therefore not depend on which 
atomistic step is rate limiting in the process, but instead represent a continuum 
approach to the reaction. Thus a constant of proportionality between the flux 
across the exchange surface and the difference between the concentration of '̂ O 
in the gas phase and the surface of the sample can be used to represent the rate at 
which reaction 6.2 occurs. Thus, the flux across the surface of the sample can be 
represented by, 

J exchange ~ ^ ( ^ g a s " ^ s u r f a c e ) CqU. (6.13) 

where k is the constant of proportionality, Cg^ and are the concentration of 
'̂ O in the gas and at the surface of the solid, respectively, expressed as site 
fractions. Note that k is a continuum parameter and is not dependent on the 
atomistic mechanism by which the flux occurs. 

It should also be noted that in the experiments in which the exchange (and 
diffusion) fluxes are measured the solid sample is in equilibrium with the gas, 
such that the total oxygen chemical potentials are equal. Thus there is no net flux 
of oxygen [1]. 

The flux across the exchange surface of the sample must be equal to the flux from 
the surface of the sample into the bulk. This flux is given by Pick's first law (see 
equations 4.6 and 4.7) such that. 

J exchange ~ J bulk - 1 x=0 e q n . ( 6 . 1 4 ) 
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where Dj is the tracer diffusion coefficient of the species and C(x) is the 
concentration of the species at some distance, x into the sample. Note that 
C(x) at X = 0 is equivalent to equation 6.13. Therefore we can obtain 
equation 6.15, where, 

I \ 5C(x) I 

k(Cgas - = - D t I ,=0 eqn. (6.15) 

which can be regarded as a boundary condition. 

The time dependent, one dimensional diffusion equation as given by Pick's 2'"* 
law, is, 

a 'c(x, t ) ac(x,t) 

5x^ 5t 
D y — — eqn. (6.16) 

such that after a time, t, the concentration of at the surface of the solid is not 
equal to the concentration some distance, x, into the solid. Thus equation 6.15 
should more correctly be written to include a time dependency on concentration, 

k(c„. = eqn. (6.17) 

It can be seen that the constant of proportionality has the units cm/s and is known 
as the surface exchange coefficient. Under the experimental conditions which are 
generally used in the literature, and those used to obtained the diffusion results 
presented later in this work, the diffusion of is accurately described by Pick's 
second law. (The details of the experimental set-up will be described in chapter 
7.) The basic assumption in the experiment are that there is a large volume of gas 
such that Cgas is independent of time. In order to solve Pick's 2nd law an initial 
condition must be stipulated. This is that before the experiment begins, the solid 
contains the background level of '̂ O, represented by equation 6.18. 

C(x,0) = Cy eqn. (6.18) 

where is the natural isotopic abundance of O (0.204%). It is also assumed 
the solid is thick enough to behave as a semi-infinite medium (i.e. the exchange 
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surface is at x = 0 and at some distance into the sample the concentration of '®0 
does not increase above the background level). This can be given by equation 
6.19. 

C(co,t) = Cbg eqn. (6.19) 

Using the initial condition and the boundary condition given in equations 6.18 
and 6.17, respectively, then equation 6.16 can be solved. The solution has been 
given by Crank [2] as, 

c w - c > , 
^ [ - e x p ( h x + h^D,t)erfc. 

X 

2^Djt 
+ ^ eqn. (6.20) 

where h; k/ 

Almost all of the data published on the tracer diffusion and surface exchange 
coefficients have been solved using the above solution to Pick's 2"'' law of 
diffusion. Some of the early data did not include a surface limiting step, and 
there is a significant amount of data where short circuit paths are evident from 
analysis of the data. Rapid diffusion along a one dimensional line defect or 
through a planar defect such as a grain boundary combined with slow diffusion in 
the bulk lead to additional terms in the solution of the diffusion equation (see for 
example [3,4,5]). In fast anion conductors significant contributions from 
dislocation or grain boundary diffusion is seldom evident. 

It is an interesting aside to note that at any given time, t, the concentration of '̂ O 
at the surface is not only dependent upon the surface exchange coefficient but 
also on the tracer diffusion coefficient. This is illustrated simplistically, but 
effectively in figures 6.8 and 6.9. 
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Figure 6.8 (b) 

Figure 6.8. Schematic illustration of the exchange process (with no 
subsequent diffusion) for a slow exchanger (a) and a fast exchanger (b) 

In figure 6.8 (a) the rate of exchange is slow (only five atoms have exchanged) 

and as a result the concentration of on the surface is small. However, in 

figure 6.8 (b) the exchange rate is fast such that the surface concentration of '^O 

is high. The diffusion coefficient has been kept constant and very small such that 

no ions have yet diffused into the bulk. In figure 6.9 the exchange rate has been 

kept constant. However, in figure 6.9 (a), the surface concentration is high 

because very few ions have diffused into the solid (i.e. a small tracer 

diffusion coefficient) whereas in figure 6.9 (b), the concentration of at the 

surface is significantly lower, due to the rapid transport of '^O away from the 

surface. Note that even though the exchange rate is kept constant, more has 

exchanged in figure 6.9 (b). This is because the '^O exchange flux is 

proportional to so that as the surface concentration increases, so 

the exchange flux will decrease. 

% J 
Y-v / \ f V s r 

>• s-AN y»-N>\ if-S / f •> /-S-
It. / \ \ / 
^ ŷ -v yf \ ŷ -\ V-A / ' V -̂y / 

# # # # 
Figure 6.9 (a) Figure 6.9 (b) 

Figure 6.9. Schematic illustration of the exchange process for a slow 
diffuser (a) and a fast diffuser(b) where the exchange coefficient is constant. 
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A more mathematical approach has been given by Kikier [1] who expresses the 
solution to the diffusion equation at x = 0, such that, 

C(0) -C bg 

c - c bg 

1 - exp(h^Dyt)erfcjh^Dyt j eqn. (6.21) 

from which it can be seen that the surface concentration has a positive 

dependence on k and an inverse dependence on D^. Kilner has subsequently gone 

on to plot the surface concentration in terms of a dimensionless parameter 

dependent upon and k which he calls h , where 

h = h^Djt eqn. (6.22) 

From figure 6.10 it can be seen that the surface concentration asymptotically 
approaches the concentration of the gas. It is also evident that the there is a range 
of Dj and t, where any increase in k will have very little effect on the 
concentration of at the surface of the sample. From equation 6.21, some of 
the limitations of the SIMS instrument for oxygen exchange work can be 
determined. These will be discussed in more detail in Chapter 7. 
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Figure 6.10. The surface isotopic fraction as a 

frmction of the dimensionless parameter h [1]. 
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6.3. Experimental Behaviour of k for Perovskite Oxides. 

The experimental behaviour of the surface exchange coefficient as a function of 
temperature for several R e T m O s perovskites has been reasonably well 
documented. This is because of the importance of this parameter in determining 
the oxygen fluxes through thin dense ceramic membranes [6,7,8] and METC 
cathode polarisation resistances [9,10]. However, there are not many methods 
available for measuring this parameter, the two primary techniques being gas 
phase analysis and SIMS. Figure 6.11 shows the behaviour of the surface 
exchange coefficient as a function of temperature for a selected variety of 

perovskites. Tn this figure all the data has been obtained using STMS. 
This is because the surface exchange coefficient calculated from gas phase 
analysis has been obtained, by necessity at a low pO^. The importance of this 
will become clear shortly. 

Temperature (°C) 

1000 800 700 600 500 400 

e 

[11] 

Sm«,;Srg ;CoO; [11] 
[11] 

[12] 

[12] 

La„ gSr„ jMnO, [12] 

KjSr, 7C0O3 [14] * LaojCâ  jjCrOj [15] 

lO' /T ( K ' ) 

Figure 6.11. The surface exchange coefficient for a selection of 
ReTmOs perovskites as a function of temperature [11,12,13,14,15]. 

The measurements of Fullarton et al [11] on Smi^^Sr^CoOs^, De Souza [12] on 
Lao,8Sro.2Coi.yMny03 ,̂ and by Benson et al [13] on Lao.6Sro.4Coo.2Feo,803..8 were 
all made at pO; = 1 atmosphere. The measurements of van Doom et a/ [14] were 
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made at pO^ = 0.21 atmospheres and those of Yasuda et al [15] at 0.13 
atmospheres of oxygen. 

It is immediately clear from figure 6.11 that the surface exchange coefficient 
behaves in an Arrhenius type manner, such that the following equation will 
generally hold, 

k = ko exp(̂  eqn. (6.23) 

The similarity of this behaviour to that of diffusion indicates that there is an 
effective exchange attempt frequency, in analogy to the jump attempt frequency 
(given by equation 4.1) for the diffusion process. However, the atomistic 
parameters in the term kg are not clear. Kilner at al [16] has suggested an 
atomistic expression based on the theory of an exchange attempt frequency and 
assuming that oxygen vacancies are the active sites for adsorption. This is given 
for a simple cubic system by, 

ko = ajm ]vex eqn. (6.24) 

where a, is the lattice parameter, m is the number of oxygen sites per cell [ ' V" ] 
is the site fraction of surface oxygen vacancies, is a characteristic frequency, 
in analogy to the characteristic lattice frequency, Vj from equation 4.1. The 
physical meaning of the term is not clear. What is evident however, is the 
similarity between the expression for k^ and Djo (equations 4.11-4.14). 

As with the tracer diffusion coefficient, there is a large range of values of the 
surface exchange coefficient obtained depending on the nature of the T^ cation. 
The manganites and the chromites have the lowest surface exchange coefficients, 
while the cobaltites have the highest values of k. By doping the cobaltites on the 
B-site with either iron or manganese, the exchange coefficient can be reduced. It 
is also interesting to note that by increasing the level of A-site dopant on the 
cobaltite materials, the surface exchange coefficient increases. This evidence 
suggests that the surface exchange coefficient is dependent upon the number of 
oxygen vacancies in the material, as expected from the argument in section 6.1 
and also from the equation given by Kilner et al [16] (equation 6.24). It is also 
interesting to note that the activation energy for the surface exchange coefficient. 
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AHhx, appears to decrease with increasing acceptor dopant concentration. This is 
shown in figure 6.12, for the cobaltite systems. It has been assumed that the 
nature of the A-site cation (either lanthanum or samarium) will have little effect 
on the activation energy for the surface exchange coefficient. 
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Figure 6.12. Graph showing the relation ship between AHgx 
and strontium content in (La,Sm)i.xSrxCo03^ [11,12,14]. 

The error bars given in figure 6.12 are the standard uncertainties calculated from 
the linear regression of the data points taken from figure 6.11. The decrease in 
AHex with strontium content (and hence oxygen vacancy concentration) is clearly 
shown by figure 6.12. It appears to be an approximately linear decrease, 
although with the errors associated, this apparent phenomenon may be a 
coincidence. It should be noted that data of van Doom et a/ [14] for the highest 
strontium content may well be at the limits of the experiment indicated by figure 
6.10. This will be elaborated on in chapter 7. Furthermore, the diffusion profile 
shown by van Doom et al, does not appear to correspond to the assumptions 
made in calculating the solution to the diffusion equation. Therefore, this data 
point may be somewhat inaccurate. 
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There has also been a reasonable amount of work undertaken on determining the 
rate of surface exchange as a function of the partial pressure of oxygen of the 
exchange gas. This dependence is important since in practical operation, a dense 
ceramic oxygen separation membrane will be exposed to a range partial pressures 
of oxygen. Recently there have been pOj studies completed on LaojSrg 7Co03,5 
800°C by van Doom et al [14] and on L B q gSro 4Coo,2Feo 8O3.5 by Benson et al at 
400°C [13] and 800°C [17] using SIMS. Until these studies, the previous data of 
PO2 dependence on the oxygen exchange rate was carried out primarily by gas 
phase analysis. The work of van Doom et al and Benson et al is given in figure 
6.13. The pOj dependence of the surface exchange coefficient for Lao 3SrqjCo03_5 
and Lag gSro.4Coo,2Feo 303,5 are very similar at 800°C, both showing k a pO/'*. 
The data on Lao.gSro 4CO0 jFCq 8O3.5 at 400°C shows a k a dependence, 

although there is a larger uncertainty in this data set. Both van Doom et a/ [14] 
and Benson et <3/ [17] have proposed a mechanism by which the surface exchange 
process occurs based on their respective data sets. It is interesting to note that 
despite the almost exactly equal dependence on pOj at 800°C, the two works 
propose substantially different mechanisms. The respective validity of each 
hypothesis is not discussed here. 

Other workers have studied the pO; dependence of the rate of surface exchange 
for a variety of materials. For example Boukamp et al has studied various doped 
BijOj compounds and also Lag 4Sro gCo03.s using gas phase analysis [18,19]. 
However there is some difficulty in performing gas phase analysis on rapid 
diffusers due to gas phase diffusion limitations. In all cases however, a positive 
dependence of the pO^ is seen in the exchange rate. For Lao 4Sro 6C0O3.5, the 
dependence was given as pO^^^ at400°C [19]. 
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Figure 6.13. The p02 dependence of the surface exchange 
coefficient for two perovskite materials [13,14,17]. 

6.4. Experimental Behaviour of k for Fluorite Oxides. 

There has been much less work undertaken on the oxygen surface exchange rate 
on fluorite electrolyte materials. This is probably because the technological 
importance of this rate is less clear since electrolytes are not required to 
exchange oxygen without the presence of an electrode. However, extension of 
the triple phase boundary of the gas/electrode/electrolyte may occur if the 
electrolyte surface is active. It is also a scientifically important parameter and 
data on these systems may well help in understanding the rate determining 
processes involved in surface exchange kinetics. Figure 6.14 shows a 
compilation of some of the data on the oxygen surface exchange coefficient on 
some fluorite oxides obtained from the literature. 
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Figure 6.14. Arrhenius plot of the surface exchange 

coefficient for a variety of fluorite oxides [20,21,22,23,24], 

There is clearly a wide range of activation energies reported. The activation 
energies for ThOj [23], Zr0.944Y0.056O].972, (3YTZ) [24], and Zro.gsgCao.MzOi.ggg 
(CSZ) [21] all give values of «leV. The activation enthalpies for surface 
exchange of Zr0.g1Y0.19O1.905 (YSZ) by Manning et al [20] (at T>973K) are 
significantly higher than those for the other fluorites (AHex = 2.35eV). The work 
of Carter et al [22] on Ceo.997180.003Oi .99*5 also shows a high activation energy, 
although the data set is very limited and has a large uncertainty associated with it. 
It should be noted that in the works of Ando et al [23], Kim et al [24] and 
Simpson and Carter [21], the samples were suspended by either a Pt wire or mesh 
during exchange which, given the catalytic activity of platinum, will affect the 
rate of exchange. The effect of Pt loading has been shown to significantly reduce 
the activation enthalpy for surface oxygen exchange in YSZ [25]. It would thus 
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appear that the measurements of Manning et al represent the true behaviour of 
natural fluorite surfaces most accurately. 

Another very interesting feature of the data of Manning et al is that the surface 
exchange coefficient appears to undergo a transition from a low activation energy 
to a high activation energy at around 700°C. This change in activation energy is 
illustrated in figure 6.15. 
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Figure 6.15. Arrhenius plot of the surface exchange 
coefficient for single crystal Zr0.8iY0.19O1.905 (from [20]). 

In conjunction with Mr P. Manning, the author also conducted gas phase analysis 
on powdered YSZ at temperatures above and below the apparent transition in the 
activation energy for surface exchange. The results were reported in the paper of 
Maiming et al [20] and are illustrated below as figures 6.16 and 6.17. 
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Figure 6.16. Gas phase analysis of powdered 9.5 mol% YSZ sample at 900°C. 
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Figure 6.17. Gas phase analysis of powdered 9.5 mol% YSZ sample at 450°C. 
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At 450°C, there is substantial formation of the cross molecule {o'® -O'^ j i .e . 
whereas at 900°C there is no evidence of its formation, only an increase in 

This implies that at low temperatures atomic exchange takes place and at 
high temperatures molecular exchange takes place. It was also noted that the 
activation energy for surface exchange (2.35eV) was approximately half the 
electronic band gap (4.99eV [26]). This was interpreted as the rate limiting step 
for the exchange process being the availability of free electrons. These two 
features will be returned to in chapter 11. 

6.5. Atomistic Mechanisms of Surface Exchange. 

In this section, some of the many mechanistic steps that have been suggested for 
the exchange of oxygen on the surface of an oxide material will be given. At this 
stage the relative merits of each hypothesis will not be discussed. It is important 
to note that apart from the various steps suggested, there may also be a variation 
in the rate limiting step of the given process. 

One possible pathway has been given by Boukamp et al [27], described below, 

02(g) + Sad adsorption (i) 

02(ad) +6 4^ charge transfer (ii) 

02(ad) + e' + S,d o dissociation (iii) 

0(ad) + e' 20[^) charge transfer (iv) 

Ojad) + V; 4 ^ 0 ^ + incorporation (v) 

is a surface site for adsorption. This model assumes that oxygen is adsorbed 
as a molecule before being dissociated. Van Doom et al [14] have suggested a 
mechanism where dissociation of the oxygen molecule occurs simultaneously 
with adsorption, viz. 

02(g) + 2S^ 20(^) dissociative adsorption 

Oad + V; -> Og + + 2h charge transfer and incorporation 

Both of these models assume that a surface oxygen vacancy with an effective 
positive charge is involved in the exchange process. From this type of analysis, 
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the nature of the adsorption site 8̂ ^ is not apparent, i.e. if it is a defect site such as 
a surface vacancy. Neither is it possible to distinguish a mechanism whereby the 
oxygen is adsorbed elsewhere on the surface and can then diffuse along the 
interfacial plane to a vacant site. Mogensen [28], has suggested the following 
mechanism for the oxygen reduction reaction. 

2 -

02 ,ads+2e - > O ; 

o r ^ 2 0 

Q- +e-

In this model, the adsorption sites have been excluded. It has been assumed that 
the adsorption process is sufficiently rapid so as not to contribute to the energy 
required to drive the process. 

None of the above suggested pathways provide information concerning the rate 
limiting step within the mechanism, although van Doom et al [14] suggests that 
the charge transfer and incorporation process is the rate determining step which is 
in agreement with Takeda et al [29]. 

De Souza [12] has also offered a mechanism for the surface exchange reaction 
which involves surface vacancies. This mechanism is slightly different in that it 
suggests that the surface vacancy is a neutral moiety. This is described as. 

O2 (g)+'Vo ^ Vq - O2) adsorption (i) 

( ' - O 2 ̂ " ) charge transfer (ii) 

y8+ _ q^s-^ ^ yx 20Q dissociation and incorporation (iii) 

This implies that dissociation of the oxygen molecule does not occur until a 
second oxygen vacancy migrates to the adsorbed oxygen. Thus, this would 
represent a form of molecular exchange. 

Yet another mechanism involving surface vacancies, but also including electronic 
charge carriers has been suggested by Benson et a/ [17] to explain their data. It is 
therefore very evident that a wide range of mechanisms are possible, and given 
the current availability of accurate data, it is not reasonable to suggest that one 
hypothesis is better than another. 
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7. Experimental Techniques. 

7.1. Introduction. 

The objective of the work presented in this thesis is to investigate the mass 
transport and electrochemical behaviour of a series of electroceramic materials. 
In order to achieve this goal a variety of experimental techniques were employed. 
These are listed in the following sections. Both dense samples for conductivity 
and diffusion experiments, and porous electrodes were prepared. The 
morphology of these samples was investigated using optical microscopy, 
scanning electron microscopy (SEM) and atomic force microscopy (AFM). The 
conductivity of the materials was investigated using ac impedance spectroscopy 
and the oxygen diffusion and oxygen surface exchange properties examined using 
i6q/18q jgQ|-Qpg exchange and secondary ion mass spectroscopy (SIMS). The 
diffusion of cations was also investigated using SIMS. 

7.2. Sample Preparation. 

With only a few exceptions (which will be noted in the following sections), 
almost all the ceramic powders used in sample preparation were obtained from 
commercial suppliers: Praxair Speciality Chemicals (PSC, formerly Seattle 
Speciality Chemicals, SSC), Tosoh (T) or Rhone-Poulenc (RP). Depending on 
the nature of experiment employed, there were three types of sample preparation 
techniques used. 

7.2.1. Dense Ceramic Samples. 

Powders of the required composition were uniaxially pressed at a pressure of 
~75Mpa to form pellets of 13mm diameter and a thickness ranging from 0.5mm-
3mm. The pellets were then placed in air-tight, rubber bags and isostatically 
pressed at room temperature with a pressure of 300Mpa. The samples were then 
sintered in air at a variety of temperatures, depending on the composition used. A 
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heating and coohng rate of 300°C per minute was employed, 
temperatures and times utilised are outlined in table 7.1. 

The sintering 

Sample Temperature (°C) Time (Hours) 

Ceo.gGd,.;0,.m(SSC) 1550 5 

Ceo„Gd,,20,,(SSC) 1550 5 

Cco.gGdo igPrg 02O2-X (SSC) 1550 5 

Zr0.85Y0.15O1.925 (T) 1500 5 

CcogGdo jO] 95 (RP) 1550 5 

Table 7.1. Sintering temperatures and times 
employed in preparation of dense ceramic samples. 

The other dense samples used were a single crystal of Ceo ggGdqjiO, provided 
by Prof Y. Baikov of A.F. loffe Physico-Technical Institute , Russian Academy 
of Sciences, and single crystals of Zr̂  g,Yq igO; 905 obtained commercially from 
Pi-Kem. The single crystal of Ceg ggGdgjiO; 5̂ was prepared by inductive melting 
in a cold crucible as outline by Melekh [1]. The composition was determined 
from Inductively Coupled Plasma (ICP) analysis. 

The density of the samples was obtained using the Archimedes' method. A dried 
pellet was weighed, giving a mass Mj. The pellet was then weighed submerged 
in water, suspended from a wire of mass to give a mass M2. The pellet was 
then removed from the water and reweighed to give mass M3. The density of the 
pellet, , can then be calculated according to equation 7.1. 

Pexp 
Pwate r X M , 

(M3 - M2) + 
eqn (7.1) 

where is the density of water at the temperature at which the experiment 
was carried out. The experimentally obtained densities can then be compared 
with the theoretical densities of the materials. The theoretical density can be 
obtained from knowledge of the lattice parameter and the molecular weight of the 
sample. 

PTheoretcal 

M W x Z 
eqn (7.2) 
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where MW is the molecular weight of the sample, Z is the number of these 
formula in a unit cell and Volu„it ̂ eii is the volume of the unit cell. The volume of 
the unit cell is simply calculated jfrom the lattice parameters obtained from X-ray 
diffraction. 

The percentage of theoretical densities obtained for the ceramic samples are given 
below in table 7.2. 

Sample Pexp ( P T h e o r e t i c a l ) 

Ceo.,Gd,,0,,,: (SSC) 9 4 - 9 9 

Ceo,;Gdo.20,.,(SSC) 95-98 

Cco.gGdo igPrg 02O2.X (SSC) 9 5 - 9 8 

Z ô.ssYo.isOi.gzs (T) 9 7 - 1 0 0 

Ceo.gGdg ]0j 95 (RP) 9 7 - 9 9 

Table 7.2. Densities of samples obtained after sintering. 

7.2.2. Electrode Preparation. 

Symmetrical electrodes of composition Lag gSro 4Coo.2Fe{, 8O3.5 (from SSC) were 
examined using ac impedance spectroscopy. The powder was ball-milled and 
then made into a slurry by mixing with ethanol. The slurry was then painted on 
to dense samples of the ceria based materials and allowed to dry overnight. The 
electrode/electrolyte/electrode samples were then heated at a rate of 1°C per 
minute to a temperature of 400°C to allow slow removal of the ethanol from the 
slurry. The electrodes were then heated to 900°C at 300°C per hour and left for 
two hours, before cooling at 300°C per hour. For examination of the 
Zro.85Yo,i50i,925, CeoggGdgaiOi M; (single crystal) and Zro.g.Yo.igOi.gos (single crystal) 
by ac impedance spectroscopy, platinum electrodes were applied by the method 
given above, except the final sintering temperature used was 1000°C. 
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7.3. X-ray Diffraction. 

The ceramic materials were examined by x-ray diffraction to ensure they were all 
single phase materials and to detect any reaction between the 
Lao6Sro4Coo.2Feo803.5 and CeggGdoiOi ,; at elevated temperatures. The lattice 
parameters of all the samples and the solubility limits of cobalt and iron in 
CcogGdoiOigs were also calculated using x-ray diffractometry. A Philips 
PW1720 diffractometer, equipped with a graphite secondary monochromator, and 
using Cu-K^ radiation ( X = 1 . 5 4 1 7 8 A ) was used for the measurements. 

The lattice parameters of the solid-solutions were calculated as follows. Peak 
positions in the range of 29 = 70 to 140° were determined by profile fitting and 
the positions were corrected by reference to a silicon internal standard. The true 
lattice parameter was determined by linear regression analysis of the lattice 
parameter versus cos%, to obtain the lattice parameter at coŝ B = 0. 

7.4. Scanning Electron Microscopy. 

The morphology of the Lao gSrô Coo ̂ Feo gÔ ŝ electrodes was examined using a 
Jeol JSM 5300 scanning electron microscope operating with a primary electron 
beam at 30keV. Electron microscopy was carried out in the department of 
mechanical engineering by Mr. J. Wells. 

7.5. Atomic Force Microscopy. 

The topography of the surfaces of the dense ceramic samples was investigated 
using a Quesant atomic force microscope (AFM). Surface roughness values can 
be calculated fr-om the topographical information from the AFM. The particle 
size and distribution of the Lao gSro ̂ COo zFeo gO;̂  electrodes were also examined 
using AFM. 

The AFM consists of a sharp tipped probe (radius 10 to 50nm) attached to a 
piezoelectric material. In the instrument used in this work, the probe can be 
scanned across a sample surface over an area up to 40pm. The force between the 
sample surface and the tip of the AFM can be monitored as the probe is scanned 
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across the surface. The tip is never in contact with the surface, but a small 
distance is maintained by a feedback loop involving the piezoelectric material. 
The movement required to maintain this distance is recorded and thus the 
topography of the sample surface can be monitored. The AFM is, in principle, 
able to measure height variations of one atomic step while the lateral resolution is 
around 5nm. 

7.6. AC Impedance Spectroscopy. 

AC impedance spectroscopy was used to determine the ionic conductivity of a 
series of fluorite electrolyte materials. It was also used to examine the 
polarisation resistance of the La^ gSro 4Coo.2Feo.803.5 electrodes on a Cco gGdo iO, 95 
(SSC) electrolyte. 

The majority of the experiments were carried out in an atmosphere of air, 
however, some experiments were carried out using flowing streams of oxygen, 
dry nitrogen (passed through a CaSO^ desiccant) or wet nitrogen (passed through 
water). The gases used in the experiments are outlined in table 7.3. 

Sample Atmosphere 

CCfl gGdg jO] 95 Air 
wetNz 
dry N2 

C e o , 6 9 G d o . 3 i O , . 8 4 5 (siugle crystal) Air 
N, 

O2 

Zro.gsYg ijO] 925 Air 

Zro.8iYo,i90i,905 (single crystal) wetNz 
dryNz 

L^ogSro^Cog^FGogO].; Air 

Table 7.3. Atmospheres used for examining the electrical 
behaviour of samples using AC impedance spectroscopy. 
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AC impedance spectroscopy was carried out using two types of frequency 
response analyser (FRA). A Hewlett-Packard HP4192A FRA with a frequency 
range of lOHz to 13MHz and an applied voltage of SOmV was used to examine 
the electrolyte materials and a Solartron 1260 phase gain analyser using a 
frequency range of 0.01 Hz to lOMHz and an applied voltage of 20mV was used 
to examine the electrode behaviour. A temperature range of 200°C-900°C was 
used throughout the range of experiments. 

7.6.1. Response of an Electrolyte Under an AC field. 

If a small AC potential is applied to an electrolyte, a current will ensue, related to 
the impedance of the material through Ohms law, given by equation 7.3. 

V 
Z = Y eqn. (7.3) 

Z is the impedance, V is the applied voltage and I is the resultant current. It 
should be noted that the impedance is the time dependent transfer function 
between the applied voltage and the current, whereas the resistance is the steady 
state relationship between the voltage and current. Thus the impedance is a 
function of the frequency of the signal whereas the resistance is independent of 
the frequency. 

The applied AC voltage can be given by equation 7.4 and the resultant current by 
equation 7.5. 

V = Vq exp|jcot} eqn. (7.4) 

I = Iq exp|j(cot + (|))| eqn. (7.5) 

where Vq and Iq are the ampUtude of the voltage and subsequent current, 
respectively, co is the angular frequency of the signal {2nf), t is the time and (j) is 
the phase difference between tlie two sinusoidal wave functions. The phase 
difference arises from the natural dielectric response time of the material or due 
to other polarisation effects occurring at grain boundaries. Thus, the impedance 
can be expressed as. 
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Ioexp{j(a)t + (|))} 

This can simply be reduced to, 

Z = eqa(7.6) 

Z = ^ exp{- j())} eqn. (7.7) 

If the modulus of the impedance is expressed as, 

|Z| = — eqn. (7.8) 
' ' lo 

then we obtain, 
Z = |Zjexp{- j(t)} eqn. (7.9) 

This can also be expressed in Cartesian co-ordinates as, 

Z = |z| cos (j) - j|Z| sin (j) eqn (7.10) 

The real impedance can thus be expressed as equation 7.11 and the imaginary 
impedance as equation 7.12. 

Z'=|Z|cos(j) eqn (7.11) 

Z " = |Z| sin (j) eqn (7.12) 

where Z is the real impedance and Z is the imaginary impedance, such that 
equation 7.10 is now given by, 

Z = Z ' - j Z " eqn. (7.13) 

and the modulus of the impedance can be expressed as, 

|Z | '= (Z ' ) '+ (Z" ) ' eqn. (7.14) 
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Because the complex impedance is frequency (and time) dependant, if various 
processes occurring within a ceramic electrolyte relax at different rates, it is 
possible to deconvolute them as a function of frequency. 

If a single crystal of an electrolyte (i.e. a pure ionic conductor) is considered then 
the material behaves as a dielectric conductive material. That is the material has 
resistive component (arising from its conductivity) and a capacitive component 
(arising from its natural dielectric response). 

The current through a dielectric conductive material is given from Maxwell's 
equations, as 

V av 
eqn. (7.15) 

where C, the capacitance is related to the relative permitivity of the material by, 

C = ^ - ^ eqn. (7.16) 

Eq is the permitivity of free space, is the relative permitivity of the dielectric, 
A is the cross sectional area of the material and £ is the thickness of the material. 
If the voltage applied is a small sinusoidal perturbation, as given by equation 7.4, 
then the resulting current is given by. 

which can be expressed as. 

V 
I = —+ jG)CV eqn. (7.17) 

I = V l ^ + ja)Cj eqn. (7.18) 

Now, given equation 7.3, the complex impedance can be expressed as, 

V V 
z = —= —TT Y eqn. (7.19) 

v | ^ - + ja)Cj 

to give. 
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and thus. 

or, 

Z = 

R 

Z = 

+ jcoC 

R 

(l + jcoCR) 

Z — R 
" 1 ^ 

\1 + jcoCR, 

eqn. (7.20) 

eqn. (7.21) 

eqn. (7.22) 

If we define, t = RC, then equation 7.22 becomes 7.23, 

Z = R 
Ll +jOT; 

eqn. (7.23) 

Given equation 7.16 and R = —- it is clear that, 
CTA 

T = RC = SoG, 
eqn. (7.24) 

which gives it the units of seconds. Thus x is said to be the characteristic 
relaxation time for the response of the dielectric material. Note that t , unlike the 
measured resistance and capacitance, is a geometiy independent parameter. 
Given the relative permitivity of both ceria and zirconia is around 20, the 
characteristic relaxation time can be calculated from the conductivity. For 
example, if the conductivity is of the order of lO'^S/cm, the characteristic 
relaxation time will be of the order of lO'^seconds. If the complex impedance is 
plotted in the frequency domain the response will occur with a characteristic 
frequency of the order of lO^Hz. If the temperature of the material was increased 
such that the conductivity increased (as is the case for ceria and zirconia) to say 
10"'S/cm, then the response will occur at around lO'Hz, which is at the limit of 
the apparatus used. Thus with knowledge of the relative permitivity of a material, 
the upper limit to conductivity that can accurately be measured using AC 
impedance spectroscopy can be determined. 

Equation 7.23 will produce a semi-circle with a centre at co-ordinates (% ,0) and 

a diameter, R, when plotted on a Cartesian complex plane as a function of 
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frequency. This is mathematically equivalent to the impedance generated by a 
resistor and capacitor in parallel. Thus, electrolyte materials are often modelled 
using electrical equivalent resistor-capacitor (RC) circuits. 

If a polycrystalline ceramic material is considered then the oxygen ions will have 
to travel across grain boundaries as well as through the grains themselves. The 
transport across grain boundaries produces a second response, also behaving as a 
parallel RC electrical network. The resistance associated with the grain 
boundaries can be considered as the resistance of the phase itself, or as a 
constriction resistance due to the proportion of oxygen ions which are unable to 
travel across the grain boundary. If all the oxygen ions cannot traverse the grain 
boundary, a space charge region will develop. Thus the capacitance associated 
with the grain boundary is not due to the relative permitivity of the grain 
boundary phase, but rather is associated with the polarisation occurring at the 
interface. Since the capacitance associated with a space charge region is higher 
than that due to the natural dielectric response of the material the relaxation time 
associated with the grain boundaries will be longer than for the bulk. Therefore, 
the grain boundary response is only seen at lower frequencies. 

If the characteristic relaxation time associated with the grain boundary is 
significantly longer than the characteristic relaxation time associated with the 
intracrystal movement of oxygen ions, the two responses will be easy to separate 
in the frequency domain. In the electrolyte materials examined in this work, there 
is normally some two to three orders of magnitude difference in the characteristic 
relaxation times of the two processes, and so two semi-circlular responses are 
identified. Figure 7.1 shows the effect of the difference in characteristic 
relaxation time between two responses of equal magnitude. 

P. 50000 

Real Impedance (Q) 

Figure 7.1 (a) 

O. 50000 

Real Impedance (Q.) 

Figure 7.1 (b) 

Figure 7.1. Generated AC impedance spectra given two responses of 1 OOkD and 

(a) TI =10"^ secs,T2 = lO""* sec sand (b) T, =10" 'secs ,T2 =10"" sees . 
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It is clear that where there are three orders of magnitude difference in the time 
constant, the semi-circles are easy to separate, but when the difference is as small 
as one order of magnitude, deconvolution becomes more difficult. However, a 
non-linear least squares fitting routine may employed to deconvolute the two 
responses with only a small degree of uncertainty. 

In practise, perfect semi-circles, with the centre on the x-axis are seldom 
obtained. In general, some degree of depression below the axis occurs. This is 
normally attributed to the inhomogeneities within the material. Therefore a 
statistical distribution of the relaxation frequency can be added into equation 
7.23, to give, 

r 

Z = R 
vl + (jfOT)' "y 

where a is the angle by which the semi-circle is depressed below the x-axis. 

The results obtained using AC impedance spectroscopy for studying electrolytes 
are discussed in Chapter 9. 

7.6.2. Response of an Electrode Under an ACfield. 

The behaviour of electrodes under an AC field tends to be very complex and 
hence considerably more difficult to interpret than electrolytic behaviour. This is 
because there are a number of contributing parameters to the polarisation 
resistance of the electrode, and hence RC electrical equivalence is seldom 
observed. 

A variety of processes can occur at the electrode. These include charge transfer 
from the current collector to the electrode, charge transfer from the electrode to 
the electrolyte, the reduction of oxygen gaseous molecules and their subsequent 
incorporation into the electrode (or directly into the electrolyte at the triple phase 
boundary of the gas/electrode/electrolyte), diffusion of oxygen ions through the 
bulk of the electrode and diffusion of oxygen gas through the pores of the 
electrode. Because of the complexity of the behaviour and the fact that different 
types of elecfrode can have massively different responses, it is not appropriate to 
discuss the subject in detail here. A variety of mathematical equations describing 

eqn. (7.25) 
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the behaviour of mixed conducting porous cathodes given certain rate 
determining steps have been put forward by Adler et al [2]. Other mathematical 
expressions may be appropriate given different morphologies or materials 
properties. 

It is important to note at this stage, however, that electrode responses generally 
have a significantly larger characteristic relaxation time than electrolyte materials, 
thus enabling separation of the electrode response a whole, from the electrolyte. 

The results obtained using AC impedance spectroscopy for studying electrodes 
are discussed in Chapter 8. 

7.7. Diffusion Measurements. 

The diffusion of both cations and oxygen ions has been studied. The instrument 
used to measure the penetration profile in both cases was an Atomika 6500 
secondary ion mass spectrometer (SIMS). The technique employed to introduce 
the diffusing species differed however. In the following sections the introduction 
of a tracer isotope of oxygen will be described, then the method used to diffuse 
cations into electrolyte materials. A separate section is included describing the 
SIMS and the limitations of the instrument associated with the specific 
experiments described here. 

7.7.1. ^ Isotope Exchange. 

The diffusion of oxygen ions in various fluorite materials was investigated by 
introducing a tracer isotope of oxygen to the system. The method of introducing 
the tracer isotope (in this case '̂ O) was to anneal the sample in a large volume of 
gas with known enrichment of the '̂ O isotope. 

Prior to the annealing experiment the samples were all ground flat and polished 
with successively finer grades of diamond polish down to % micron. This 
produced a consistent surface finish in order to compare the results from various 
experiments. 
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The samples were annealed in the apparatus shown schematically in figure 12. 
The samples were situated in a silica tube, which was heated by a "roll-on" 
furnace. The furnace set-up allows very fast heating and cooling rates of the 
sample (several hundred degrees Celsius per minute). 

The apparatus was evacuated to < 5 x 10'̂  mbar before research grade oxygen 
(99.996%) of natural isotopic abundance was introduced. The samples were then 
annealed at the required temperature and pressure for a duration of 4-10 times 
that of the exchange anneal. The furnace was then removed and the sample 
quenched to room temperature. This ensures that the sample is in chemical 
equilibrium with the oxygen gas that is used in the exchange anneal. If the 
sample is not in chemical equilibrium with the gas then the resulting difference in 
chemical potential between the oxygen in the gas and the solid will produce 
chemical diffusion effects and so the forward and reverse surface reactions given 
by equations 6.11 and 6.12, respectively will not have the same reaction rates. 
That is, the material will either lose oxygen or gain oxygen, and the overall 
chemical reaction will not be in the steady state. 

Quadrupole RGA Leak Valve 

Gate Valves 

Turbomolecular 
Pumps — 

r 
i 

j r ® - J - ^ TT—I 

J u J U — T u t Moisture 
\ Meter 

\ t / 
Sorption Pumps 

Needle Valve 

Sample 

Roll On 
Furnace 

Normal Oxygen Thermocouple 
to Data Logger 

Figure 7.2. Schematic illustration of the 0/ 0 isotope exchange apparatus. 

Once the samples had cooled, the apparatus was again evacuated, and oxygen 
enriched in the '^0 isotope was introduced via molecular sieve sorption pumps. 
The sample was then rapidly heated by rolling the preheated furnace over the 
sample holder. A constant temperature was then maintained for a set time before 
the sample was quenched by removing the furnace. 
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Once the sample had cooled the labelled oxygen was cryogenically recovered 
using the molecular sieve sorption pumps. During the exchange anneals the 
isotopic composition of the labelled oxygen can be monitored by introducing a 
small quantity of the gas into a quadrupole residual gas analyser via a controlled 
leak valve. Alternatively, the composition of the gas can be determined in a 
separate experiment where a single crystal of silicon is oxidised in the 
isotopically enriched gas, and the composition of the oxide monitored using 
SIMS. The concentration of in the gas phase is required to be known 
accurately for use in determining the diffusion and surface exchange coefficient 
from the solution to the diffusion equation. It is also important that the 
concentration of in the gas phase does not change during the exchange anneal. 
Any change in concentration will result in deviation from the behaviour described 
by the solution to Pick's 2""̂  law given in equation 6.20. With the large volume of 
oxygen used in the exchange experiments, no significant change in gas 
composition was noted. 

During the anneals the temperature was monitored to an accuracy of 1°C with a 
k-type thermocouple. The data from the thermocouple was logged with a data 
logger attached to a PC. From the thermocouple data the temperature and the 
time of the anneal could be calculated. However, during heating and cooling of 
the samples, the thermal inertia of the sample holder infroduced an uncertainty in 
the exact duration of the anneal time. In order to minimise the uncertainty in the 
anneal time, a correction was made for the effect of the heating and cooling 
periods, given by De Souza [3] and based on the method described by Killoran 
[4], The error induced by the heating and cooling is minimal when very long 
anneals are used but can be significant when short anneals at high temperatures 
are employed. 

7.7.2. Cation Diffusion Couples. 

In order to study the diffusion of various transition metals in the fluorite materials 
given above, so-called diffusion couples were produced. A variety of methods 
were utilised, outlined below. 

The first was a thin layer of the transition metal oxide (TMO) applied to the 
fluorite substrate by pulsed laser deposition (PLD) [5]. This method was 
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employed for the low temperature diffusion experiments of manganese into 
polycrystalline Zro.ss Yq, 15O i .925. 

The second method was the application of a dense sample of the TMO to the 
fluorite substrate. This method was used for the diffusion of manganese into 
single crystal Zro.8iYo,i90i 905. However, when this procedure was employed to 
study the diffusion of cobalt and iron into Ceo.gGdo.iOi 95, significant cracking of 
the Ceo gGdo ]0] 95 pellet occurred. This was attributed to the large difference in 
thermal expansion of the two materials. Therefore a third method was employed. 
In this method transition metal nitrates were intimately mixed with powders of 
the same composition of the fluorite substrate in a 50:50 ratio by weight. The 
powder mixture was then heated to decompose the nitrates to form a T M O / M O 2 

composite powder. This powder was then pressed on to the fluorite substrate 
before the diffusion anneal. This method was used for the study of diffusion of 
cobalt and iron into Ceo.9Gdo.1O195 and the high temperature diffusion 
experiments of manganese into polycrystalline Zr̂ .ŷ Yo J5O1.925. 

T M O 

1, Pulsed laser 
depostion of f i lms 

i 
Fluorite substrate 

2. Oxide Couples 

T M O 

Fluorite substrate 

3. Composite 
powder Fluorite substrate 

Figure 7.3 Schematic illustration of the diffusion 
systems used for the study of cation diffusion. 
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filtration system is a Wein filter [6] (not shown in figure 7.4). The beam is then 
focused with an electrostatic lens. The primary ion beam can be scarmed over a 
small area (up to 2 x 2mm) of the sample. However, maintaining a fine focus of 
the ion beam over such a large scanned area can prove difficult. 

Primary ion source 
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Acceleration electrode 

x,y deflection plates 

Focussing lens 

ELECTRON 
GUN 

Primary beam 

Electron beam 

Sample 

MAIN 
CHAMBER 

PRIMARY BEAM COLUMN 

Focussing electrode 

Acceleration electrode 

Deflection plates 

Focus / Deceleration electrode 

Circular 
quadrupole Channeltron 

rods 

Analysed signal 

Quadrupole 
mass filter 

Secondary 
ions 

SECONDARYION 
DETECTION SYSTEM 

Figure 7.4. Schematic illustration of the 
Atomika 6500 Ion Microprobe (from [7]). 

The sample under investigation is kept in the main chamber shown in figure 7.4, 
The main chamber is kept a pressure below 10"'̂  bar during analysis. This avoids 
adsorption of species onto the surface of the sample and also limits scattering of 
the ion and electron beams. The sample can be rotated through an angle of 0-90° 
from the horizontal plane shown in figure 7.4 to allow different angles of 
incidence of the primary ion beam. In this work, the sample was always kept at 
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normal incidence to the primary ion source. The electron beam is at a 45° angle 
to the primary ion beam and the sample. 

Secondary ions emitted as a result of the collisions between the primary ion beam 
and ions at the surface and near surface the sample are focused and accelerated 
towards a mass spectrometer in the secondary ion detection system. The 
secondary ions are passed through an energy filter before being decelerated and 
passed through a quadrupole mass filter. A defined secondary ion energy 
window is required to allow optimum resolution in the quadrupole. The 
quadrupole mass filter is described in detail in [8] (jpp419-442). In essence, the 
quadrupole only permits ions with a specific mass/charge ratio to pass through 
the system. The mass/charge ratio can be altered by changing the voltages 
applied to the rods of the quadrupole. In the Atomika 6500 used in this work, the 
mass/charge ratio able to pass through the quadrupole can be changed from 1 to 
-250 a.m.u.. Once the secondary ions have been mass filtered, they are detected 
with a channeltron electron multiplier. A brief description of channeltron 
multipliers is given in ref [8], p551. The channeltron is placed off axis to avoid 
interference firom neutral species. The intensity of the sputtered secondary ions 
of any mass/charge ratio can then be analysed sequentially as a fiinction of time. 

The secondary ion optics can be controlled using an external computer system to 
produce the required mass resolution and intensity of the secondary ions. It is 
important for the analysis of profiles that the detection variables used for the 

isotope are identical to those used for the isotope to allow a direct 
comparison of the ion intensities. In the case of the cation study a quantitative 
study of the concentration of ions is not possible due to the different ion yields of 
the various cations. 

7.8.2. Depth Profiling Mode of Analysis. 

The depth profiling mode of analysis allows the measurement of depths upto 
-lOmicrons. In this mode the primary ion beam is rastered across a square region 
of the sample surface to produce a crater in the sample. The secondary ion 
intensities of the ions of interest are recorded sequentially as a fimction of time. 
The beam was rastered over an area of 300x300 microns in this work. The reason 
for this is because the ion beam intensity is not uniform over its diameter, but 
follows the approximate shape of a Gaussian distribution. Therefore, higher 
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sputter rates will result at the centre of the beam than at the edges. The area of 
analysis over which the secondary ions are measured can then be gated to avoid 
crater wall effects. The depth of the crater is then measured post-analysis using a 
Talystep (Rank-Taylor Hobson) surface profilometer. Assuming a constant 
sputter rate with depth, the time scale can easily be converted to a depth scale, 
thus the secondary ion intensities are effectively monitored as a function of 
depth. In the work presented here, the primary ion energy used was lOkV and the 
primary beam current varied between 20nA and 300nA, depending on the depth 
required. The electron beam used to charge neutralise the sample was 
accelerated at 1.6kV, with a current of 2.6A. The values chosen were determined 
empirically. 

The profilometer has a 10% error associated with it. This error was further 
increased by the roughness seen at the bottom of the craters. This roughness was 
due to the original surface roughness and porosity of the sample. The roughness 
increased as a function of depth of the crater, therefore there is a maximum depth 
before the level of roughness becomes unacceptable. 

A typical example of the raw data from the SIMS operated in the depth profile 
mode is shown in figure 7.5. From this data a diffusion coefficient can be 
calculated by fitting the data to the appropriate solution to the diffusion equation. 

8 

I g 

300 

Time (minutes) 

Figure 7.5. SIMS raw data for a depth profile 
of manganese into polycrystalline YSZ at 1250°C. 
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7.8.3. Line-scanning Mode of Analysis. 

The line-scanning technique allows significantly longer depths to be monitored 
(up to ~1500microns). The line-scanning technique was developed for fast 
oxygen ion conductors by Chater et al [9]. The exchanged sample (or the 
manganese diffusion sample) is cut perpendicular to the diffusate surface ('^O or 
manganese). The cross-section is then mechanically polished. The sample is 
then placed in the SIMS with cross-section normal to the primary ion beam. An 
area is then rastered to clean the sample and then a highly focused beam is 
scanned laterally across the exposed surface. Again, the secondary ions of 
interest are recorded sequentially. In this case the length of the scan is controlled 
by the SIMS instrument and so no post-analysis is required to calculate the depth. 
There is an uncertainty in the lateral position of the ion beam which translates 
into an uncertainty in the penetration depth of around 10%. The line-scanning 
technique is shown schematically in figure 7.6. 

I S O T O P E E X C H A N G E S I M S L I N E S C A N 

"O i6r ®0 

Sample Sect ioned 

a n d Po l i shed 

Ion B e a m 

Linescan ( < 2 m m ) 

'®0 Intens i ty 

Ras ter C lean (<2 x 2 m m ) 

Figure 7.6. Schematic diagram summarising 
the SIMS/line-scan technique (redrawn fi-om [9]). 

The line-scanning mode also has minimum depth to which it can accurately 
monitor a diffusing species. This is due to width of primary ion beam. The beam 
was focused to a size of around 10-20 microns by maximising the energy (15kV) 
and reducing the beam current (0.5-5nA). However, a beam width of 10 microns 
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will have a large effect on the intensities measured if the depth is limited to say 
50 microns. The effect of the beam diameter has been shown to significantly 
affect the shape of the diffusion profile, thus making determination of the 
diffusion length difficult, by a model developed by De Souza [3] for relatively 
short profiles. De Souza thus suggests the minimum line-scan length with a beam 
diameter of 10-20 microns is around 100 microns. A typical set of raw data from 
the line-scanning technique is shown in figure 7.7. From this an oxygen 
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concentration profile, C(x) = i s q ^ i s q 

appropriate solution to the diffusion equation (equation 6.20). 
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Figure 7.7. SIMS raw data for a line-scan for 
diffusion into single crystal CGO at 858°C. 

7.8.4. Limitations of the SIMS Instrument. 

There are some fundamental limitations to SIMS analyses given by the primary 
and secondary ion systems utilised. These can be divided into the lateral and 
depth resolution and the concentration detection limit. The detection limit of the 
SIMS is in the ppm range, and as a result more than adequate for the experiments 
undertaken here. The ultimate depth resolution of the instrument is governed by 
ion beam mixing of the target atoms caused by the collision cascade of the 
primary ion particle within the sample. The lateral resolution is governed by the 
primary ion beam dimensions, as mentioned above. The uncertainty in depth 
caused by ion beam mixing is of the order of nanometres for keV primary ion 
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beams. Since the penetration depths used in this work were seldom below I 
micron, ion beam mixing does produce a significant error. Descriptions of ion 
beam mixing phenomena can be found in, for example, [3,8]. A more significant 
depth error is introduced by roughening of the sample. As a result care was taken 
to ensure the samples were as flat and smooth as possible. Figure 7.8 shows an 
AFM image of the surface of a ceramic used for diffusion experiments and a 
single crystal of zirconia used for manganese diffusion. It is clear that the level of 
surface roughness is very small in both cases, although the polycrystalline 
material has a greater mean surface roughness. 

3% 

Figure 7.8 (a). Polycrystalline Ceo .9Gdo .101 .95. 

Figure 7.8 (b). Single crystal Zr0.g1Y0.19O1.905. 

Figure 7.8. AFM images of the surface of CGO and YSZ. 
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In order to reduce the error due to the lateral resolution of the beam in the line-
scanning mode, scans of over 250 microns were employed. However this 
introduces another limitation to the experiments. 

The minimum time for a diffusion anneal is around 600 seconds due to 
uncertainties introduced to heating and cooling rates. The maximum length of an 

anneal is governed by limitations in time. It is not practical to use the 
exchange rig for more than one week for each anneal. Assuming the pre-anneal 
to equilibrate the sample is 10 times longer than the exchange anneal, then the 
exchange anneal is limited to around 15 hours, or 54000 seconds. The minimum 
depth we can measure is around 200 nanometres, governed by the topography of 
the sample, and the maximum depth is 1500 microns. However, a region 
between ~10 microns and 250 microns can also not be measured accurately. 
Therefore a range of oxygen diffusion coefficients that can be determined can be 
calculated from equation 6.20 and substituting the limits to depth and time given 
above. This is summarised in table 7.5, below, separating the two modes of 
analysis. 

Min Dj (cmVs) 
Anneal time 54000 sees 

Max Dt (cmVs) 
Anneal time 600 sees 

Depth profiling 5x10^* 1x10"'° 
Line-scanning 6x10^° 3x10^ 

Table 7.5. Limitations to the oxygen tracer diffusion 
coefficient measurable using exchange/SIMS technique. 

Similarly this can be adapted for the diffusion of cations, except the maximum 
diffusion anneal time is not limited to the same extent since a pre-anneal to 
equilibrate the sample is not necessary, nor is a UHV system required, therefore 
other furnaces in lower usage can be used. The longest armeal used in the study 
of cations was 400 hours. Table 7.6 shows the limitations of the cation solute 
diffusion coefficient measurable with these experimental limits. 
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Min (cmVs) 
Anneal time 2160000secs 

Max (cmVs) 
Anneal time 600 sees 

Depth profiling 1x10"'' 1x10"'° 

Line-scanning 2x10^ ' 3x10^ 

Table 7.6. Limitations to the diffusion coefficient 
measurable using exchange/SIMS technique. 

It is clear from tables 7.5 and 7.6 that a wide range of diffusion coefficients can 
be measured. However, measuring diffusion coefficients above 3 x 10~®cm /̂s is 
difficult. There is also a small region around 10"'° cmVs which is difficult to 
measure accurately, as profiles will tend to lie in the transition depth where both 
depth profiling and line-scanning are at their upper and lower limits, respectively. 

A further limitation is that regarding the surface exchange coefficient. It was 
shown in chapter 6 that as the ratio of k to Dj increases, the surface concentration 
will asymptotically approach the concentration of in the gas. This means at 
high k:Dx ratios a large change in k will result in only a very small change in the 
surface concentration. The scatter which is evident in the '®0 signal (and thus the 

IgQ 
C(x) = i6q 1̂8 Q values used in the solution to the diffusion equation) limit the 

accuracy to which k can be measured at high k/D-j. ratios. The maximum value 
for the surface exchange coefficient for a given can thus be estimated and the 
ultimate limit to k estimated from the Max given in table 7.5. 

Figure 7.9 shows the effect of changing k at = 10'^cm^ / s and 

Dy = 10"̂  cm^ / s at t = 1000 seconds and 20000 seconds, respectively. The 

profiles have generated fi-om equation 6.20, using a program in MATLAB created 

by De Souza [3]. 
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Figure 7.9. Effect of changing k on the shape of the 
diffusion profile at given values of Dt and anneal times. 

Using the limitations of Max D ̂  and the minimum anneal time t = 600 diffusion 
profiles can be generated for given values of the surface exchange coefficient. 
These are shown in figure 7.10. 
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Figure 7.10. Effect of changing k on the shape 
of the diffusion profile at = 3 x 10'^, t = 600, 
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It is evident from figures 7.9 and 7.10 that when the value of the surface 
exchange coefficient is more than three orders of magnitude greater than the 
tracer diffusion coefficient, it becomes almost impossible to determine the 
absolute value of k. An increase in k by a factor of 5 leads to less than a 1% 
change in the surface concentration. This is less than the scatter in the data given 
in figure 7.7. It is also evident therefore that the maximum value of the surface 
exchange coefficient that can be determined with any precision is ~5 x 10~''cm/s. 
If the exchange rate is greater than this it can not be detected with any accuracy. 

The small effect on the surface concentration by increasing the surface exchange 
coefficient above a certain value was also illustrated by the plot of against 
h in figure 6.10. 

The tracer diffusion results using the isotope exchange method are 
presented in Chapter 10 and the surface exchange results are given in Chapter 11. 
The initial results of the cation diffusion study are given in Appendix A. 
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8. Electrode Behaviour of Perovskite Cathodes on Ceo.9GdojOi 95. 

8.1. Introduction. 

The material properties required for the successful operation of a cathode in 
electrochemical devices such as SOFC and COG were described in chapters 1 and 
2. The electrochemical function of the cathode is to increase the rate at which 
oxygen from the gas phase is incorporated into the electrolyte, to provide an even 
current distribution across the area of the electrolyte, and to convert the electronic 
current in the connecting wires/current collecting material to the ionic current that 
passes through the electrolyte. The overall reaction at the cathode can be written 
grossly as: 

XO2 (gas)+ 2e" (electrode, current collector) ^ 0^~ (electrolyte)eqn. (8.1) 

However, the processes that make up this overall reaction are not well 
understood. The matter appears to be complicated by the fact that different 
electrode materials operate in different ways and also by the wide range of 
hypotheses for the cathodic processes given in the literature. Several possible 
steps for the reduction of oxygen at a solid surface were given in chapter 6. The 
reduction process at a cathode is further complicated by the fact that three phases 
are present and in contact with each other. The point where the electrolyte, 
electrode and gas are all in contact with each other is known as the triple phase 
boundary. 

The overall polarisation resistance of the cathode is due to the energy required for 
reaction 8.1 to occur. If an attempt is to be made to reduce this polarisation 
resistance, then the processes which provide the main energy barrier to the 
reaction must be determined. Steady state analysis methods do not provide 
information concerning the individual steps therefore methods such as current 
interruption [1,2], AC impedance spectroscopy [3,4,5,6] or state space modelling 
[7] are used. 

In this chapter all of the myriad of possible reaction mechanisms and their 
respective equations governing the polarisation resistance are not given. 
However, a selection of the more plausible proposed mechanisms will be 
mentioned, then the results obtained for the mixed conducting perovskite 
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Lao^Sro^CoozFeo gOs-B on a Ceo.yGdo.iOi yj electrolyte will be presented. Finally 
the data will be compared to a proposed model for the electrode reaction. 

In general the nature of electrode reaction is expected to be different for slow 
oxygen ion diffusers and for fast oxygen ion diffusers. In the case of slow 
oxygen ion diffusers the reaction occurs primarily at the triple phase boundary. 
For fast oxygen ion conductors the reaction may occur over a larger volume of 
the electrode material. The overall transport of oxygen in both slow and fast ion 
conductors is illustrated schematically in figure 8.1. 
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Figure 8.1. Schematic illustration of the electrode process in 
(a) a slow oxygen ion conductor and (b) a fast oxygen ion conductor. 

8.2. Slow Oxygen Ion Conductors. 

For very slow oxygen ion conductors such as lanthanum manganite, and noble 
metals such as gold or platinum, it is widely considered that the reduction 
reaction occurs at or near the triple phase boundary [1,8]. If oxygen is only 
incorporated into the electrolyte at the triple phase boundary then oxygen gas 
must diffuse through the pores or be adsorbed onto the surface of the electrode 

197 



and diffuse along the surface to the triple phase point. The adsorbed oxygen can 
then be incorporated into the bulk of the electrolyte if an oxygen vacancy from 
the electrolyte and two electrons from the electrode are available. Therefore gas 
phase diffusion through the pores, surface diffusion of an adsorbed species, 
ionisation of the adsorbed species and incorporation of the oxygen into the 
electrolyte all contribute to the overall polarisation resistance. This process can be 
described by the following set of equations. 

02(pores,l) 02(pores,2) ^qn. (8.2) 

^2(pores ,2) + ^ a d ( 8 3 ) 

02,ad+Sad eqn. (8.4) 

Oad.i ^ Oad,2 e q n . ( 8 . 5 ) 

O a d , 2 ^O,electrolyte + 2 e ^ O q + S ^ C q n . ( 8 . 6 ) 

Equation 8.2 represents the diffusion of oxygen through the pores from site 1 to 
site 2. Equation 8.3 shows the physisorption of oxygen gas at a site for 
adsorption, Equation 8.4 shows the dissociation of the adsorbed molecule at 
another site for adsorption. Equation 8.5 then represents the diffusion of the 
adsorbed species along the surface of the electrode from site 1 to site 2 and 
equation 8.6 shows the charge transfer reaction as the adsorbed molecule is 
ionised and then transferred into the electrolyte, leaving behind an adsorption site. 

Any of these steps may be rate limiting and the rate limiting step may change 
depending on the conditions to which the electrode is being subjected. For 
example, Badwal et al [5] suggest for a platinum electrode at high temperatures 
the elecfrode polarisation resistance is governed by surface diffusion of adsorbed 
oxygen along the platinum surface. Several other workers have reported that gas 
phase diffusion provides the limiting step [9,10]. The effect of gas phase 
diffusion is more significant at low oxygen partial pressures [6,11]. The 
dissociative adsorption of the oxygen molecule is also often cited as the rate 
limiting step for noble metal cathodes [3]. It is important to note that if several 
serial processes are occurring, all with different activation energies, then the 
relative importance of each process will change with temperature. It also likely 
that oxygen partial pressure and the degree of overpotential to which the cathode 
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is exposed will also change the importance of each process as both pO; and the 
overpotential will alter the oxygen stoichiometry of a perovskite cathode. It is 
therefore imlikely that any one step is rate limiting for all cases. 

If the charge transfer process across the electrode/electrolyte interface is rate 
limiting (described by equation 8.6) then the polarisation resistance is determined 
by the Butler-Volmer relationship of current to voltage, given as equation 8.7 
[12,13]. 

I = Io exp 
'a.nFril [ - a , n F r | ] ' 

^ RT J RT I 
eqn. (8.7) 

where and are the anodic and cathodic transfer coefficients, respectively, n 
is the number of charges transferred in each reaction, I is the current density, Iq is 
the exchange current density and the other symbols have their usual meanings. 
The magnitude of Iq is dependent on the electrode and the electrolyte material. r| 
is the overpotential of the cathode describing how far away from the equilibrium 
potential the system is and is defined as, 

ri = V - eqn. (8.8) 

where is the equilibrium or reversible potential and V is the potential 
difference across the interfacial layer. The charge transfer resistance, R̂ t can be 
determined by differentiating equation 8.7 with respect to t], where, 

1 dl 

In the case where there is only a very small overpotential, such that V = then 

combining equations 8.8 and 8.9, equation 8.10 is obtained. 

eqn. (8.10) 

If the polarisation resistance of the electrode is governed by a gas phase mass 
transport process the concentration of adsorbed species able to take part in the 
charge transfer process will be less than the equilibrium value. Therefore a 
concentration gradient through the electrode will develop and create a driving 
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force for the flow of oxygen ions. In this case the current density will be 
proportional to the concentration gradient, such that, 

I ot Qeq 

where 0 is the fraction of occupied adsorbed sites and is the fraction of 
adsorbed sites under equilibrium conditions. There is thus a limiting current 
density, 1̂  where 9 = 0. (Iq occurs when 9 = 8,^.) It can then be shown that the 
current density through the electrode for a mass transport limitation (i.e. 
concentration polarisation) can be expressed as [14,15], 

1 = 1, exp eqn.(8.11) 
I RT J 

At small overpotentials, equation 8.11 can be linearised to give, 

1 = 1 , ^ eqn. (8.12) 

It is clear then that at small overpotentials there is a linear dependence of current 
to the overpotential so that the cathode material shows Ohmic behaviour. The 
mass transfer resistance, at small overpotentials can then be found by 
differentiating equation 8.12 with respect to r\. 

1 51 
eqn. (8.13) 

Rmt 5ti 

to give, 

eqn. (8.14) 

The limiting current density is proportional to pO/' [14] and as such mass 
transfer polarisation at low overpotentials (or I ̂  0) is also proportional to pO/'. 
The charge transfer resistance can be shown to be proportional to pO '̂̂  [15]. 
Thus resistance measurements as a frmction of oxygen partial pressure are a 
useful tool in determining the rate determining step in a triple phase boundary 
mechanism. 

200 



8.3. Fast Oxygen Ion Conductors. 

For slow oxygen ion conductors it is reasonable to neglect diffusion through the 
bulk of the electrode as a possible pathway for the transport of oxygen into the 
electrolyte. However, for fast oxygen ion conductors such as the lanthanum 
cobaltites, oxygen may be able to pass through the bulk of the electrode as well as 
along its surface, thus increasing the total current through the electrode and hence 
reducing the polarisation resistance. The reduction in the polarisation resistance 
has been seen experimentally by several workers [1,14,16]. 

The reaction mechanism for this bulk diffusion mechanism can be described in a 
similar method to that used to describe slow oxygen ion conductors [17]. Gas 
phase diffusion described by equation 8.2 is the same for this mechanism. 

( ^ 2 ( g ) + ^ a d ^ ad,electrode ( 8 - 1 5 ) 

Oad,electrode ^O,elect rode + 2 e —> O g C q U ( 8 . 1 6 ) 

Oo ,e l ec t rode ( ^ ) + ^O,elect rode ( 2 ) C)o,electrode ( 2 ) + ^O,e lec t rode ( ^ ) ^ q U . ( 8 . 1 7 ) 

^O,e lec t rode ^©.electrolyte ^ ^0 ,e l ec t ro ly te ^O,elect rode e q n . ( 8 . 1 8 ) 

Equation 8.15 describes the dissociative adsorption of oxygen molecules onto the 
electrode surface occurring at an unspecified adsorption site. The adsorbed 
oxygen is then incorporated into the bulk of the electrode (away from the triple 
phase boundary) as described by equation 8.16. Equation 8.17 summarises the 
diffusion of oxygen ions from one point in the electrode to another. Equation 
8.18 describes the transfer of oxygen ions from the electrode into the electrolyte. 

It should be noted that all materials exhibit some oxygen ion conductivity. Thus 
both processes are likely to occur to a greater or lesser extent in all materials. 
Therefore the three phase boundary mechanism for slow oxygen ion conductors 
can be considered to be one limiting case (and the bulk diffusion for fast oxygen 
ion conductors the other limiting case) of a given reaction, rather than a totally 
different process [14]. 
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As with the slow oxygen ion conducting electrodes, it is possible there is one rate 
limiting step in the overall reaction. Any of the steps such as gas phase diffusion, 
dissociative adsorption, eqn. 8.15, incorporation of oxygen, eqn. 8.16, diffusion 
of oxygen ions, eqn. 8.17 or transfer of oxygen ions from the electrode into the 
electrolyte, eqn. 8.18 could be the rate determining step given certain conditions. 
Gas phase diffusion is described in the same way as for slow oxygen ion 
conductors and transfer of oxygen ions from the electrode into the electrolyte is 
similar to the charge transfer process given earlier, and thus follows a Butler-
Volmer type response. It should be noted that equations 8.15 and 8.16 
(dissociative adsorption and incorporation of oxygen) can be combined to give 
the surface exchange reaction described in chapter 6. There are therefore two 
possible limiting processes which have not yet been considered, surface exchange 
and diffusion through the bulk. 

Given certain assumptions, if the rate limiting process is the diffusion of oxygen 
through the bulk of the mixed ionic electronic conducting electrode it can be 
shown that the steady state resistance of the electrode, is given by [6,15,17], 

= 
f RT 

diff -
^ f. 

D 

S C;D, 
eqn. (8.19) 

where i is the thickness of the electrode, S is the area of the electrode/electrolyte 
interface, Dy and f^ are the tracer diffusion coefficient and correlation factor, 
respectively (see chapter 4), Cj is the concentration of oxygen sites in the 
electrode and the other symbols have their usual meanings. There are some 
assumptions required in creating the above expression, which are outlined below, 

1. The electronic conductivity is much greater than the oxygen ion conductivity. 
2. The diffusion of oxygen is driven by a chemical potential gradient between the 

electrode/gas interface and the electrode/electrolyte interface. 
3. There are no interactions between the oxygen vacancies so their chemical 

potential is determined directly from their concentration. 
4. The concentration of electrons throughout the thickness of the electrode is 

constant. 
5. The thickness of the elecfrode is constant over the whole area of the electrode 

and the electrode/gas interfacial area is equal to the electrode/electrolyte 
interfacial area. 
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6. The overpotential is small enough so it does not affect the concentration of 
oxygen vacancies (and thus oxygen sites) in the mixed conductor and 

D„f„[v"] = D,C,. 

The time dependent impedance response due to diffusion through a finite length 
electrode as been given by Siebert et al [17] and Lane [15]. The equation is 
shown in an adapted form to include tracer diffusion coefficients (as measurable 
from SIMS) rather than vacancy diffusion coefficients. 

d̂iff ~ 
r RTl ^ fn 

tanh 

U F V S CJDT 

J® V"]f„ 

Dt-C 

| j o ) [Vok 

D t Q 

•t 

eqn (8.20) 

This produces a characteristic shape known as a finite length diffusion Warburg 
impedance spectrum and has been seen experimentally in dense silver electrodes 
[18]. 

If the exchange of oxygen from the gas with the electrode is the rate limiting step 
then another expression can be derived. Equation 8.22 is based on that given by 
Adler et al [6] with a few specified alterations. 

R_ = 
RT 1 

2FV kC,S 
eqn. (8.21) 

where k is the surface exchange coefficient. This assumes the 
electrode/electrolyte area is equal to the electrode/gas area, that is, there is no 
porosity in the electrode. The equation also uses the expression 

kCj = ro(a^ +cCb) (taken from [6]). 

If the electrode has a small degree of porosity or surface roughness the surface 
area will be increased. Therefore a geometric factor must be included to reflect 
the fact that the active area for exchange is the gas/electrode interface over the 
whole volume of the elecfrode, rather than the electrode/electrolyte cross 
sectional area. This then produces equation 8.22, 
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R_ = 
RT 

V2FV 
eqn. (8.22) 

where Ag/̂ i is the total area of the gas/electrode interface. 

As with the diffusion limitation, a time-dependent impedance can be given 

^ex -
r . \ 

1 + j©T 
eqn. (8.23) 

where is the time constant for the surface exchange process. This process will 
thus exhibit the shape of a semi-circle. In this case, the resistance due to the 
exchange process is clearly strongly dependent on the microstructure. If a very 
fine particle size is used to provide a large active surface area, then the resistance 
will decrease substantially. 

It is also apparent that although the terms "slow oxygen ion conductor" and "fast 
oxygen ion conductor" have been used to described the two limits to the electrode 
process, for the so-called "bulk diffusion mechanism" to significantly decrease 
the polarisation resistance, the surface exchange coefficient of the material must 
also be substantial. 

It has been shown in chapter 6 and by several pieces of work by Kilner and De 
Souza (see for example [19,20]) that the surface exchange coefficient and tracer 
diffusion coefficient are related in the mixed conducting perovskite materials. It 
is therefore likely that given certain electrode microstructures, the resistance to 
diffusion will be of a similar magnitude to the resistance due to the surface 
exchange process. In the case of a porous material, the exchange process is 
taking place over the entire volume of the electrode and diffusion can then occur 
from the site of exchange to the electrode/electrolyte boundary. Using this 
theory, a continuum model has been developed by Adler et al [6]. This model is 
appropriate for calculating the AC response of a symmetrical cell consisting of 
two identical, porous, mixed conducting electrodes exposed to the same gas 
atmosphere. The model used here assumes the only contributions to the electrode 
polarisation resistance are the diffusion of oxygen ions in the mixed conductor 
and the exchange of oxygen gas at the mixed conductor/gas interface. As with 
the diffusion limited resistance, similar assumptions are required to reduce the 
number of variables in the equation. These are. 
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1. The electronic conductivity is much greater than the oxygen ion conductivity. 
2. The diffusion of oxygen is driven by a chemical potential gradient between the 

electrode/gas interface and the electrode/electrolyte interface. 
3. There are no interactions between the oxygen vacancies so their chemical 

potential is determined directly from their concentration. 
4. The concentration of electrons throughout the thickness of the electrode is 

constant. 
5. The thickness of the electrode is constant over the whole area of the electrode 

and there is a homogeneous particle size and distribution throughout the 
electrode. 

6. The equations are linearised around the zero bias (I —> 0) solution. 

Using these assumptions the total area specific polarisation resistance for this 

chemical reaction, R'chem , is given by Adler et al [6] as, 

R chem -1 I .r ^ , eqn. (8.24) 
Pvapor ro(a f+a j 

Dy is the vacancy diffusion coefficient, is the tortuosity of the electrode, G,, is 
the porosity of the electrode, is the specific surface area (i.e. per unit volume) 
of the electrode, r,, is the exchange neutral flux density and and are constants 
specific to the mechanism of the exchange reaction. Using the expressions for the 

tracer diffusion coefficient and surface exchange coefficient, Dyfo [v" ] = D^Cj 

and kCj =rQ(aj. +a^ ) and S as the cross sectional area of the sample, the 

chemical resistance to the reaction can be expressed as, 

RT 1 T.,f, 
R,h™ l ,2F ' sJ -J ( l -6 . , )D,C, ' a„ ,k eqn. (8.25) 

The time dependant impedance can then be expressed as. 

^ — ^cbemJ. • eqn. (8.26) 

Where is the relaxation time defined as, 
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'chem 
K I d ' s . , ) 

Aap,,kCi 
eqn. (8.27) 

A is a thermodynamic factor, given in equation 4.41. This again gives a very 
characteristic shape of the impedance spectrum, known as a Gerischer 
impedance. 

The shapes of the impedance spectra for the finite length diffusion limited 
process, the surface exchange limited process and the combined diffusion and 
exchange process are all shown on a normalised Nyquist plot of imaginary 
against real impedance, given as figure 8.2. 

It is clear from figure 8.2. that each limiting situation has a different shaped 
impedance spectra and therefore a good insight into the dominant response can 
be gained solely from the shape of the spectra obtained. It should also be noted 
that a charge transfer limitation will produce a semi-circular response (with a 
relatively short time constant) and a gas phase diffusion limitation will also 
produce a semi-circular response but with a very large characteristic relaxation 
time. 
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Figure 8.2. Impedance spectra for fast oxygen ion conducting 
cathodes where surface exchange and bulk diffusion are rate limiting. 
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8.4. Morphology of the Lao.6Sro.4Coo.2Feo.803.5 Electrode. 

The Lao.6Sro.4Coo.2Feo.803.5 electrode was deposited on a Ceo.9Gdo.1O1.95 

electrolyte by painting on a slurry, burning off the organic material and then firing 
the electrode as described in chapter 7. Therefore the microstructure is not 
optimised to produce the lowest polarisation resistance possible. However, if the 
microstructure is known to allow estimates of the porosity, tortuosity and surface 
area of the electrode then the experimental results can be compared to those 
predicted by the equations presented in the previous sections. 

Figure 8.3 shows a secondary electron image from SEM of the electrode on the 
electrolyte material. The electrode is approximately 12|j.m thick. The electrode 
shows a reasonable degree of porosity (20-30%) although some agglomeration of 
the particles appears evident. The contact between the electrode and the 
electrolyte appears good. 

. i. 

—I 
10 microns 

- LSCF 
Electrode 

- CGO 
Electrolyte 

Figure 8.3. Scanning electron micrograph of the cross sectional view 
of a Lao.6Sro.4Coo.2Feo.803-5 electrode on a C e o . 9 G d o . 1 0 1 . 9 5 electrolyte. 

Figure 8.4 shows an AFM image of the top view of the electrode. The particles 
are very fine giving a large surface area but it is clear that there is not a 
homogeneous distribution of the particles and agglomerations are visible. The 
specific surface area was investigated using BET. The specific surface area was 
found to be 1.33m^/g. This can be converted to cm /̂cm^ with knowledge of the 
lattice parameter, density and porosity of the electrode material. 
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Figure 8.4. Atomic force micrograph of the top view of a 
Lao gSro ̂ Coô FGo gO;.; electrode on a Ceo gGdo ,0,95 electrolyte. 

8.5. Polarisation Behaviour of the Lao gSro 4CO0 zFe,, 8O3.5 Electrodes. 

The electrode polarisation resistance for symmetrical LaogSrô Coô FeggO^̂ g 
electrodes on a CeogGdo,Oi g; electrolyte was measured using AC impedance 
spectroscopy, applying a 20mV alternating signal with zero DC bias, as described 
in chapter 7. A frequency sweep from 0.01 Hz to lOMHz was used and the 
measurements were made in air. Typical impedance spectra obtained are shown 
in figure 8.5. 

For the high frequency data (the left hand side), the response is due to the grains 
and grain boundaries of the CGO electrolyte. The electrolyte response becomes 
distorted at high temperatures where the resistance is small and large frequencies 
are required to measure the signal. This is because the time constant of the 
electrolyte response is small at high temperatures. The reactance of an inductor is 
directly proportional to the frequency, therefore, at high frequencies and small 
impedances, internal inductive effects become more pronounced. 

It is immediately clear that the electrode response is not semi-circular in shape. It 
thus appears to have some diffusion limitation, but it is not immediately evident 
whether it is a finite length diffusion limitation (equation 8.20) or a combined 

208 



diffusion and exchange hmitation over the entire volume of the electrode 
(equations 8.26, 8.25 and 8.27). 

420°C 
G 800 439°C O.lHz 
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Figure 8.5. Impedance spectra for symmetrical 
Lao gSro^CoozFeo gOs^ electrodes at 420°C and 439°C in air. 

The resistance of the electrode can be determined from the high frequency and 
low frequency intercepts with the x-axis. At the lower temperatures the response 
had to be extrapolated to the x-axis at the low frequency end of the spectrum. 

The area specific resistance (i.e. the measured resistance multiplied by the cross 
sectional area of the sample) can be plotted on a graph against the reciprocal of 
temperature in order to determine an activation energy for the electrode response. 
This is shown in figure 8.6. 

The activation energy for the electrode polarisation resistance was calculated 
from a linear regression of the data and found to be 132±3kJ/mol. The activation 
energy of tracer diffusion and surface exchange in Lao gSro ̂ Coo zFeo gOs^ is 
186kJ/mol and 105kJ/mol, respectively [21]. Therefore the activation energy for 
the electrode polarisation resistance falls between the activation energy for these 
two processes. If the polarisation was dominated by diffusion (as given by 
equation 8.20) then the activation energy for electrode resistance would be 
expected to be the same as that measured in the tracer diffusion experiments. It 
therefore appears likely that a combination of diffusion and exchange controls 
the polarisation resistance of the electrode. 
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Figure 8.6. Area specific resistance of La .̂eSro 4C00 2Feu 
electrodes in air as a function of temperature. 

Thus, two scenarios are possible. The first is that diffusion and exchange takes 
place over the entire volume of the electrode as suggested by Adler ei al [6] or 
the second is that exchange takes place on the surface furthest away from the 
electrolyte and then diffuses through the electrode. Thus the surface exchange 
limited resistance (equation 8.23) would be in series with the finite length 
diffusion resistance (equation 8.20) and the two terms can then simply be added. 

8.6. Comparison of the Experimental Polarisation to the Models. 

If the values of the tracer diffusion coefficient and the surface exchange 
coefficient taken from the data of Benson et a/ [21] are substituted into equations 
8.26, 8.25 and 8.27, together with the value of apor= IVOOOcmVcm^ (from the 
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BET measurements), A, the thermodynamic factor taken from thermogravimetric 
analysis (TGA) of Benson et al [22], the porosity (30%) and the tortuosity 
(estimated at 1.5) then an impedance spectrum can be generated. A generated 
impedance spectrum for Lao,6Sro.4Coo,2Feo,803^ at 420°C is shown together with 
the experimental data in figure 8.7. 
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Figure 8.7. Impedance spectrum of La^ ̂ Srô Coo 2Feo at 420°C 
together with a generated profile using equations 8.26, 8.25 and 8.27. 

Tt is very important to note that the calculated data is not a fit to the experimental 
data using electrical equivalent circuits which is most commonly seen in the 
literature. This is a response calculated from entirely independent data obtained 
from tracer diffusion measurements and knowledge of the microstructure of the 
material from microscopy. 

It is clear that the calculated polarisation resistance matches the shape of the 
experimentally determined polarisation resistance very well. The magnitude of 
the two values are also closely matched. There is a deviation from the theoretical 
impedance spectrum at the low frequency end of the spectrum. This can be 
attributed to several factors. The first is the heterogeneity shown in figure 8.4 
will lead to an extension of the semi-circle with respect to the x-axis. Another 
possibility is that gas phase diffusion may be playing a part in the polarisation 
resistance. This will manifest itself as a semi-circular response at the low 
frequency end of the spectrum. 
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Figure 8.8 shows a comparison of the polarisation resistance calculated from the 
model with the experimentally obtained values. As can be seen the values are in 
good agreement over the entire temperature range. 
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Figure 8.8. Comparison of experimental polarisation resistance for 
Lao.eSro^Coo.iFeo.gOs^ with the resistance obtained from the ALS model. 

Furthermore, the activation energy for the calculated resistance is 138kJ/mol 
which is very close to the experimentally observed value. It therefore appears 
that the model developed by Adler et al [6] known as the ALS model, is in good 
agreement with experimental results both qualitatively in terms of the shapes of 
the impedance spectra, and also quantitatively for the electrode morphology used 
here. It should be noted that with very different electrode morphologies, gas 
phase diffusion, for example, may play a more significant role and thus greater 
deviation from the ALS model may ensue. 
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If the exchange process takes place only at the external surface of the electrode 
away from the electrolyte and the oxygen diffuses then through the bulk of the 
electrode, the surface exchange limited resistance (equation 8.23) is added in 
series with the finite length diffusion resistance (equation 8.20) and the total 
resistance of the electrode is easily calculated by equation 8.28. 

^ T o t a l ^ d i f f ^ e x eqn. (8.28) 

This total resistance can then be compared to the experimental resistance on an 
Arrhenius graph. This is shown in figure 8.9. 
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Figure 8.9. Comparison of experimentally obtained polarisation resistance 
for Lao.6Sro.4Coo.2Feo.g03_5 with the resistance obtained from the sum of 

the finite length diffusion resistance and the surface exchange resistance. 

213 



There is a more noticeable deviation from the experimental behaviour using this 
model than for the ALS model, particularly at low temperatures. This is because 
of the high activation energy for diffusion, making oxygen transport at low 
temperatures very slow. It would therefore appear less likely for the exchange 
process to occur only at the furthest electrode/gas interface and to diffuse through 
the entire length of the electrode. This fact also implies that the entire length of 
the electrode is not being used to reduce oxygen gas but will act only as a current 
collector. This is particularly the case at low temperatures where the diffusion is 
slower in comparison to the rate of oxygen exchange. 

It should also be noted that as the ALS model provides an accurate description of 
the electrode behaviour, then charge transfer across the electrode/electrolyte 
interface is not an important factor in the polarisation resistance. This therefore 
implies that the electrode response should be independent of the electrolyte 
material, assuming no reaction between the electrode and electrolyte occur and no 
impurities affect the electrode response. 

Again, it is stressed that in this chapter the impedance spectra have not been fitted 
to an electrical equivalence circuit to obtain the "best fit". Instead the impedance 
spectra have been compared to data obtained fi-om an entirely independent set of 
experiments using tracer diffusion measurements and microstructural knowledge 
of the electrode. 
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9. Conductivity of Cê .̂ Gd̂ Oz a and s Electrolytes. 

9.1. Introduction. 

In chapter 8 the polarisation resistance of a prospective cathode material was 
examined. For the successful operation of a SOFC or COG the electrolytic 
resistance must be kept to a minimum as well as the cathodic polarisation 
resistance. It is also important in an electrolyte material that the predominant 
charge carriers are oxygen ions and other charged species, such as electrons, 
electron-holes or protons, do not contribute significantly to the overall 
conductivity of the material (see chapters 1-4). The transport properties of 
stabilised zirconias and doped ceria materials have been the subject of intensive 
studies for many years due to their technological importance [1,2,3,4,5,6,7,8]. 
There are a phenomenal number of publications on the ionic conductivity of 
doped zirconia materials alone. In general, the results on the ionic conductivity 
of zirconia based materials are reasonably consistent, despite subtle variations in 
the dopant level and the presence of a number of impurities. The effect of 
impurities in the ceria based materials appears to create a larger difference in the 
conductivities observed [9]. 

Despite the consistency in the conductivity measurements obtained for zirconia, 
there appears to be different interpretations of the processes governing the 
temperature dependence of the conductivity. Kilner et al [10] have shown that 

the effect of the binding enthalpy of a defect associate, for example j , 

can significantly affect the population of free vacancies in fluorites at low 
temperatures. This introduces a curvature in an Arrhenius graph of the logarithm 
of conductivity against the reciprocal of the temperature. However, despite the 
evidence of curvature in their work, Orliukas et al [4] state that the actual number 
of mobile, charge carrying oxygen vacancies remains constant, and equal to the 
number of extrinsic vacancies created by the dopant, over the entire temperature 
range of their investigation. 

The electronic conductivity of stabilised zirconia materials [3] and doped ceria 
materials [8] have been found to be negligible in oxygen atmospheres. There are 
some inconsistencies in the literature regarding protonic conductivity in both 
yttria stabihsed zirconia and gadolinia doped ceria. Wagner [11] showed that the 
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solubility of interstitial protons (H J in YSZ was of the order of 10^, expressed 
as a mole fraction. Wagner also quoted a protonic diffusion coefficient of the 
order of 10"'-10"® cmVs at 900-1000°C. If the solubility of protons is that 
suggested by Wagner, then the protonic conductivity would be negligible 
compared to the oxygen ionic conductivity. More recently Aaberg et a/ [12] also 
suggested that protonic diffusion in zirconia is considerable, and moreover, 
suggested that, under anodic conditions, a larger number of protons may be 
injected into YSZ than predicted by the solubility measurements of Wagner. If 
the solubility of protons is considerable, an appreciable effect on the conductivity 
will be observed. The possibility of considerable proton solubility in gadolinia 
doped ceria has also been suggested in the work of Steele ef a/ [13,14]. 

A discrepancy in the oxygen diffusivity obtained using tracer measurements and 
conductivity measurements has also been observed by Manning et al in high 
quality single crystals of yttria stabilised zirconia [15]. Small differences in the 
conductivity of both zirconia [4] and ceria [8] samples have also been seen when 
using DC or AC methods. 

There is, therefore, a need to re-evaluate the oxygen transport properties of these 
materials. In the remainder of this chapter the oxygen ion conductivity, measured 
by AC impedance spectroscopy, of various doped zirconia and ceria materials 
will be presented and discussed. The oxygen ion diffusivity measured by tracer 
experiments using secondary ion mass spectroscopy will be presented in chapter 
10, and a comparison between the results obtained by AC impedance and SIMS 
discussed. In chapter 11, results of the oxygen exchange process on the surface 
of these oxide materials will be given. 

9.2. CCo ggGdo siO, 845 Single Crystal. 

The work on the single crystal of CGO was carried out in conjunction with Mr. E. 
Ruiz-Trejo, at the Department of Materials, Imperial College. 

Several segments of a CGO single crystal were cut on the same direction with no 
specific crystallographic orientation. These samples were polished down to 
finish using a diamond spray. One sample was then selected for electrical 
conductivity measurements and the others used for tracer diffusivity experiments. 
Platinum electrodes were painted on both sides of the sample and sintered at 

217 



1000°C. The measurements were carried out in air, oxygen and nitrogen using an 
impedance analyser (Hewlett Packard 4192A). The range of temperature was 
190-550°C, the voltage applied was 50 mV and the frequency range lOHz -
13MHz. Three typical impedance spectra obtained for the single crystal in 
oxygen are shown in figure 9.1. 
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Figure 9.1. Impedance spectra obtained for single crystal CGO in oxygen. 

The red line shows a non-linear least square (NLLS) regression assuming a 
resistor and capacitor electrical equivalent circuit with a statistical distribution in 
the time constant, as given by equation 7.25. As expected for a single crystal the 
impedance plot shows only one complete semicircle attributed to the bulk 
response plus a signal that can be attributed to the electrode response. This 
impedance shape was observed within the span of temperatures examined. The 
conductivity is thus obtained from the value of resistance given by the NLLS fit. 
A graph of the conductivity of the sample as function of temperature in three 
atmospheres, oxygen, air and nitrogen, is shown in figure 9.2. 

As can be seen, all measurements lie on one line yielding the same conductivity 
values in this range of temperatures. It is therefore reasonable to assume this 
material is a pure oxygen ion conductor in this oxygen partial pressure range. An 
approximate value for the migration and association enthalpies for the sample in 
air have been calculated using equations 3.54 and 4.19. These are given as 
AHjjj = 77kJ / mol and AH^ = 37kJ / mol, respectively. This value of 

migration enthalpy is high for a doped ceria solid solution [16]. However, due to 
the small temperature range and the low data concentration, it is difficult to 
identify a separate term for the migration enthalpy and association enthalpy and 
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thus little confidence can be placed in these values. Therefore the activation 
energies for the conduction process were calculated using a simple linear 
regression analysis. The activation energies obtained were 109 ± 1 kJ/mol 
(nitrogen), 110 ± 1 kJ/mol (air) and 107+1 kJ/mol (oxygen). These values are 
very similar to the sum of the migration enthalpy and association enthalpy, as 
expected. 
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Figure 9.2. Arrhenius graph of conductivity 
of single crystal CGO in various atmospheres. 

Figure 2 also contains the bulk conductivity of polycrystalline Ceo,7oGdo,3o02-8 
obtained by Ralph, in air, displayed as a continuous line [9]. The results are in 
excellent agreement with the single crystal data and display a similar activation 
energy. This shows that in AC impedance spectroscopy the bulk and grain 
boundary resistances can be accurately separated. 

The activation energies obtained for the single crystal are higher than those 
generally reported for gadolinia doped ceria with a lower dopant concentration 
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[7,8], This is consistent with the argument given in chapter 4 and by Kihier and 
Waters [10] that at high defect concentrations, a large number of vacancies can 
be trapped as defect associates. Thus a large association enthalpy contribution to 
the overall activation energy for conduction is expected at these high dopant 
concentrations. 

9.3. Ceo.9Gdo.1O1.95 Polycrystal. 

Polycrystals of Ceo.yGdo iOi ^j (powder supplied by SSC and prepared according 
to the details provided in Chapter 7) have been examined using AC impedance 
spectroscopy in air, diy N2 and wet N .̂ It has already been established that the 
material is a pure ionic conductor within this range of oxygen partial pressure. 
However, by exposing the sample to water vapour for a prolonged period of time 
it may be possible to introduce protons into the sample (as suggested by Kiratzis 
e? a/ [14]) and thus affect the overall conductivity of the material. The sample 
examined in air had platinum electrodes painted on both sides of the sample, 
sintered at 1000°C. 

A slightly more complicated procedure was required to perform the 
measurements in the wet and dry atmospheres. The platinum electrodes were 
painted on to the sample. The electrodes were sintered on in a mixture of 20% 
O2 (research grade) and 80% oxygen free nitrogen (OFN), in a sealed glass tube 
at 1000°C for two hours. The glass tube was then evacuated (~10"'° atm, <1.5 
v.p.m H2O) and the samples annealed at 900°C for 48 hours to remove any water, 
and hence protonic carriers, from the sample. However during this process the 
ceria sample reduced considerably. Therefore, the sample was then annealed 
again in research grade O2 at 900°C, to re-oxidise the sample. The partial 
pressure of water vapour was less than 2 v.p.m H2O during the oxidation process. 
The electrical measurements were first carried out in a flowing atmosphere of 
dry, oxygen free nitrogen (OFN) which was passed through a desiccant 
(anhydrous calcium sulphate). 

The OFN was then passed through water to produce a wet atmosphere. The 
sample was heated to 700°C and left overnight to equilibrate to the new 
atmosphere. Measurements were then carried out in the wet atmosphere over the 
entire temperature range. 
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Figure 9.3. shows typical low temperature impedance spectra for polycrystalline 
Ceo.gGdo iOi 95 in wet and dry atmospheres. The high frequency semicircle is due 
to the bulk response and low frequency response is due to the grain boundaries. 
The shape and time constant (5x10^ seconds) of the bulk response is essentially 
unaffected by the presence of water vapour. The small difference in response in 
the wet and dry atmospheres is most likely due to the difference in temperature of 
the two measurements. 
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Figure 9.3. Impedance spectra obtained for 
polycrystalline Ceo.9Gdo.1O1.95 in wet and dry nitrogen. 

The grain boundary response is not complete at these low temperatures and hence 
the resistance calculated for the grain boundary is less accurate than that obtained 
for the bulk. Again, a NLLS regression was used to obtain the resistance and 
hence the conductivity of the material. 

Figure 9.4. shows an Arrhenius graph of the bulk and grain boundary 
conductivity of the Ceo.9Gdo.1O1.95 sample in the wet and dry atmosphere. It is 
clear that the bulk conductivity is totally unaffected by the presence of water 
vapour. This suggests that the proton solubility in Ceo.9Gdo.1O1.95 is very low or 
the incorporation kinetics of protons at 700°C are too slow to allow a significant 
number of protons into solution. There is a slight difference in the grain 
boundary response in the wet and dry atmospheres. However, the data is more 
scattered for this response and so it is not possible to infer a meaningful 
discrepancy. It has been shown that severe reduction of ceria materials results in 
micro-cracking at the grain boundaries [17]. This may be the cause of both the 
scatter in the grain boundary response and also the small difference between the 
two atmospheres. 
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Figure 9.4. Arrhenius graph of the bulk and grain boundary 
conductivity of Ceo.gGdo.iOi.gs in a wet and dry atmosphere. 

The activation energy for the bulk conductivity in dry Nz is 73kJ/mol, the grain 
boundary is 80kJ/mol and the total conductivity is 74kJ/mol, over the 
temperature range examined. This is lower than the value obtained for the 30% 
doped single crystal sample. This could be due to the presence of higher order 
defect associates created by the higher level of doping in the single crystal 
producing a larger association enthalpy or even the formation of stoichiometric 
second phases leading to an increase in the migration enthalpy. Due to the 
narrow temperature range it was not possible to derive migration and association 
enthalpies. 

Figure 9.5. shows the conductivity of Ceo.yGdo.iOi.ys in air. This data set spans a 
greater temperature range and so a migration enthalpy and association enthalpy 
could be estimated using the quadratic equation for the concentration of free 
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oxygen vacancies given by equation 3.54 and equation 4.19 describing the 
conductivity. 
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Figure 9.5. Conductivity of polycrystalline 
Ceo.gGdo.iOi 95 in air as a function of temperature. 

Using equations 3.54 and 4.19, AHm was calculated to be 61kJ/mol and AHa was 
25kJ/mol. Thus the total activation energy is given as 86kJ/mol. The activation 
energy for the grain boundary is 97kJ/mol, calculated from a linear regression of 
the data. The value of migration enthalpy is similar to 63kJ/mol predicted by 
atomistic computer simulations for indium doped ceria [16]. 

The total conductivity obtained in the wet and dry atmospheres is compared with 
the total conductivity obtained in air in figure 9.6. As can be seen, there is very 
little difference in the conductivity in any of these atmospheres. This suggests 
that the material is within the ionic domain and also the reduction caused in the 
sample by annealing in a vacuum is fully reversible. 
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Figure 9.6. Comparison of the total conductivity of 
Ceo yGdo.iOi.95 in a wet and dry nitrogen atmosphere and air. 

9.4. Zr0.85Y0.15O1.925 Polycrystal. 

Polycrystalline samples of YSZ were examined using AC impedance 
spectroscopy in air, over a temperature range of 300-800°C. The resistance of 
the bulk and the grain boundaries were obtained from a NLLS fit of the semi-
circles. However, at the higher temperatures the semi-circles became indistinct 
and so the high frequency intercept of the x-axis for the electrode response was 
used to calculate the total resistance of the grains plus the grain boundaries. The 
conductivities are plotted as a function of temperature in figure 9.7. Also shown 
in figure 9.7 is the data for single crystal YSZ obtained by Manning ei al [15], 
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Figure 9.7. Conductivity of polycrystalline Zro.ssYo.isOi 925 and 
single crystal Zro.siYo iyOi.yos as a function of temperature. 

The polycrystalline sample has a very similar bulk conductivity to the single 
crystal material over the entire temperature range. However, the resistance of the 
grain boundaries makes the total conductivity of the polycrystalline material 
lower than the conductivity of the single crystal. 

The migration enthalpy for the bulk of the polycrystalline sample was calculated 
to be 77kJ/mol and the association enthalpy 23kJ/mol using a regression analysis 
from equations 3.54 and 4.19. These values are similar to the values calculated 
by Manning et al [15] for the single crystal sample. They gave an association 
enthalpy of 25kJ/mol and a migration enthalpy of 81kJ/mol, calculated over a 
similar temperature range. The association enthalpy is also similar to that 
calculated for the polycrystalline sample of Ceo.9Gdo.1O195. However, the 
migration enthalpy is higher for the zirconia based samples. The activation 
energy for the grain boundaries was found to be 105kJ/mol. 
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9.5. Zro.8iYo.i90i.905 Single Crystal. 

A single crystal of Z r o ^ i Y o h a s been examined using AC impedance 
spectroscopy in wet and dry atmospheres of flowing nitrogen. The procedure 
used was the same as that described in section 9.3 for the ceria sample, except 
the sample did not need to be re-oxidised after annealing in the low water 
pressure vacuum and the sample was left at 900°C overnight in a wet atmosphere 
of flowing nitrogen. The measurements were made using both increasing and 
decreasing temperature cycles. Figure 9.8 shows the conductivity of the single 
crystal of YSZ as a function of temperature in the wet and dry atmospheres. 
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Figure 9.8 Conductivity of single crystal of YSZ as a 
function of temperature in the wet and dry atmospheres. 

It is clear from figure 9.8 that there is no discernible difference in the 
conductivity of YSZ in wet or dry atmospheres. It is also evident that the results 
are repeatable using an increasing or decreasing temperature range (i.e. no 
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hysterisis is evident). This indicates either or both of the following: (i) the 
kinetics of proton incorporation are slow at 900°C; (ii) the thermodynamics of 
the process only permit a small solubility of protons. This result is in agreement 
with Wagner [11] who stated that the solubility of protons in YSZ is very small, 
and thus will not affect the conductivity. The results also agrees well with the 
data on the polycrystalline ceria sample where no protonic conductivity was 
evident. 

The ionic conductivity of the YSZ single crystal in the wet and dry atmospheres 
is compared to the polycrystalline YSZ and single crystal data of Manning et al 
[15] in figure 9.9. 
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Figure 9.9. Comparison of polycrystalline and 
single crystal YSZ in different atmospheres. 

It is clear that all the conductivity data for this level of doping in the YSZ system 
is very similar, irrespective of the atmospheres used or whether the sample is a 
polycrystal or single crystal. The possibility of systematic errors in the 
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instrumental set-up make it difficult to identify a unique reason for the small 
differences in conductivity. 

9.6. Comparison of the Conductivity Data for the Fluorite Materials. 

The conductivity data for the series of fluorite materials examined here is 
presented in figure 9.10. For the polycrystalline samples, the bulk conductivity is 
used. 
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Figure 9.10. Comparison of the conductivity of YSZ and 
CGO materials obtained using AC impedance spectroscopy. 

At the lower temperatures the Ceo.yGdo.iOi,95 sample has the highest 
conductivity. However, at higher temperatures (around 600°C) the single crystal 
of Ceo.69Gdo.31O1 845 has a higher conductivity. At higher temperatures still (800-

228 



900°C, by extrapolation), the YSZ samples have a high conductivity. This is due 
to the difference in activation energies for the materials. 

The migration enthalpy, the association enthalpy and the overall activation energy 
for the conduction process for these materials are shown in table 9.1. 

Atmosphere AH^ (kJ/mol) AHg (kJ/mol) Eg (kJ/mol) 

Csg gGdg ,0; 9̂  Air 61 25 86 

Ceg gpGdo 3 jOj 845 Air 77 37 106 

^^siYfl.igOi.gos O2 81 25 107 

Zr,) ggYgigO; 925 Air 77 23 99 

Table 9.1 Activation energy for the conductivity of selected fluorites. 

In all cases the association enthalpy contributes significantly to the activation 
energy for conduction at the lower temperatures. The association enthalpy of all 
the materials are similar with the exception of the single crystal of CGO. This 
material is very highly doped and the fact that the association enthalpy increases 
for this dopant concentration suggests that the binary associate model is not an 
accurate description of highly doped materials. The larger migration enthalpy 
also suggests that microdomains of ordered phases may exist in at this level of 
dopant concentration. Vacancy ordering has been seen in both YSZ [18] and 
ceria based fluorites [19,20]. 

The association enthalpy calculated for zirconia is similar to that found by Filal 
[21] for YSZ using AC impedance spectroscopy. The association enthalpy for 
CeogGdo iOus (25kJ/mol) is somewhat higher than the value of 12kJ/mol found 
by Gerhardt-Anderson [22] for CcgggGdo 020,99. Butler et al [23] made 

calculations of the binding enthalpy of {Gd^eV"} associates and found them to 
be 17kJ/mol. Interestingly, they also calculate the binding enthalpy for an 
oxygen vacancy associated with two gadolinium dopant cations and find it to be 
25kJ/mol. This may suggest that for the CeggGdo iOi 95 composition, the simple 
binary associate model no longer holds. Recently, Grimes [24] recalculated the 
binding enthalpies for CeoggGdgozOi.gg and found them to be 21kJ/mol for a 
simple binary associate, correcting for dopant concentration. 

The migration enthalpy of the materials also matches previous experimental and 
calculated data. Filal found the migration enthalpy of YSZ to be 86kJ/mol [21] 
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while Ralph and Kilner obtained an activation energy of 73kJ/mol for 
CcopGdo iOi 95 [8], although they made no attempt to calculate a migration and 
association enthalpy. Ralph and Kilner also obtained a higher activation energy 
by increasing the dopant level in CGO. 

At the higher temperatures, the activation energy approaches the calculated 
migration enthalpy [16] and so the association enthalpy plays a lesser role. Thus, 
at low temperatures there is near full association and at high temperatures 
(>1000K) the material is close to full dissociation. 
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10. Oxygen Diffusion in Doped Cerium and Zirconium Oxides. 

10.1. Introduction. 

In Chapter 9 the oxygen ion conductivity of various single crystal and 
polycrystalline fluorite materials measured by AC impedance spectroscopy was 
discussed. In this chapter values of the tracer diffusivity of the same group of 
materials obtained by SIMS analysis (described in Chapter 7) are presented. The 
oxygen surface exchange data from these results are discussed in Chapter 11. 
The tracer diffusion results are compared to values obtained from the literature, in 
particular the SIMS work of Manning et al{\^ and Solmon [2] on single crystals 
of YSZ, and to the conductivity measurements from Chapter 9 using the Nemst-
Einstein relationship. 

A selection of promising solid oxide elecfrolytes for use in electrically driven 
COGs and SOFCs have been selected for this diffusion study. CcopGdo iO, 95 is 
currently being extensively studied as an alternative to YSZ as an electrolyte. It 
is therefore important to accurately determine the oxygen ion transport properties 
of this material and compare them to YSZ. This was done using AC impedance 
spectroscopy in Chapter 9, which showed that that the bulk conductivity of CGO 
was significantly lower than YSZ, but the grain boundary contribution of CGO is 
large. By altering the composition of CGO, it is possible to improve its total 
conductivity [3]. In this chapter the oxygen tracer diffusivity of several 
compositions of CGO are studied and compared to polycrystalline and single 
crystal YSZ. The first data on single crystal CGO is also presented. 

10.2. Oxygen Diffusion in Single Crystal Ceo ĝ Gda jjO,, 845-

The work on the single crystal of CGO was carried out in conjunction with Mr. E. 
Ruiz-Trejo. The single crystal specimen obtained from Prof Y. Baikov was 
sectioned into several plates, all with the same unspecified orientation. The 
samples were polished to a V̂ \xm finish before the '̂ O isotope annealing process. 
All measurements were made using the line-scanning method. Table 10.1 shows 
the anneal temperatures and times in the diffusion experiments on the single 
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crystals. A typical set of raw line-scan data for the single crystal taken at 858°C 
is shown in figure 10.1. 

Ceo.69Gdo.31O1.845 Single crystal 

Temperature (°C) Time (seconds) 

568 28475 
639 27852 
711 537 

811 618 

858 571 

950 547 

Table 10.1. Anneal temperatures and times in 
the diffusion experiments on Ceo.69Gdo.31O1.845. 
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Figure 10.1. Raw line-scan data for oxygen diffusion in a 
Ceo 69Gdo.31O1.845 single crystal annealed at 858°C for 571 seconds. 
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The primary ion beam was scanned across the exchanged surface and through the 
sample. Due to the finite width of the primary ion beam, a step function increase 
in the signal at the surface of the sample is not seen. Therefore, the surface of 
the sample is taken as the point where the secondary ion intensity for both the 
signals reaches its maximum. This introduces a small uncertainty into the depth 
measurement and also to the surface concentration of the sample. The point 
taken as the sample surface is shown in figure 10.1. 

The isotopic fraction (normalised to the background concentration and the 
concentration of tracer isotope in the exchange gas) can then be calculated. Two 
typical, high temperature diffusion profiles are shown in figure 10.2. In both 
cases the surface concentration is high, making the SIMS analysis relatively 
straightforward. 
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Figure 10.2 Typical high temperature diffusion 

profiles obtained for single crystal Ceo,69Gdo.3iOi.845-

The blue fitted data line in figure 10.2 is the result of a regression analysis based 
on the solution to Pick's 2°̂  law, described by equation 6.20. The profile at 
858°C is described very accurately by equation 6.20. The profile at 950°C shows 
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a small deviation from the regression at the sample surface. This could be due to 
the uncertainty created by the interpretation of the position of sample surface. 
Alternatively, because of the high concentration of and the long diffusion 
profile, there could be a small depletion in the concentration of the gas during the 
anneal which would reduce the sample surface concentration slightly. 

At the low anneal temperatures the concentration of was very much lower. 
This made the SIMS analysis significantly more difficult. In order to improve the 
statistics many line-scans (between 50 and 100) were done on each sample. The 
secondary ion intensities were then averaged and the isotopic fraction 
subsequently calculated. A typical low temperature diffusion profile for the 
Ceo,69Gdo.3iO 1.845 single crystal is shown in figure 10.3. The profile still follows 
the solution to Pick's 2°̂  law (shown as the solid line), however it is clear that 
despite the care taken to improve the statistics the data exhibits more scatter and 
the fit is not as good. 
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Figure 10.3 Typical low temperature (568°C) 
diffusion profile obtained for single crystal Ceo.eyGdojiO 
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The tracer diffusion coefficients obtained throughout the temperature range are 
given in table 10.2, together with the values for the surface exchange coefficient 
(obtained firom the regression analysis). Figure 10.4 shows the tracer diffiisivity 
as a fimction of reciprocal temperature. The surface exchange coefficients will be 
discussed in Chapter 11. 

The line in figure 10.4 is a linear regression of the data. The tracer diffiisivity can 
be defined from the linear regression by equation 10.1 

+ 0.050 f -112±7kJ /mo l^ 
eqn. (10.1) 

The uncertainties quoted are the standard uncertainties calculated from the linear 
regression of the data. The error in the pre-exponential term is very large due to 
the extrapolation of data taken in a relatively narrow temperature range to T = oo . 
The uncertainty in the activation energy is considerably smaller and reflects the 
small deviation from a straight line in the results. A frill analysis of the errors in 
each measurement is not practical due to the problems involved in the summation 
of errors from different sources. In all the following Arrhenius type equations, 
both in this chapter and Chapters 11 and 12, the standard uncertainties from the 
linear regression will be quoted. 

Ceo.69Gdo,3,Oi,845 Single crystal 

Temperature (°C) Dy (cmVs) k (cm/s) 

568 3.0x10"^ 2.0x10"^ 
639 1.7x10"^ 6.1x10"® 
711 6.0x10"^ 1 9 x 1 0 ^ 
811 1.2x10"^ &9xlO^ 
858 22x10"^ 2.4x10"® 
950 5.7 X IQ-"̂  1.0x10"^ 

Table 10.2. Values of the tracer diffiision coefficient and the 
surface exchange coefficient for single crystal Ceo gpGdojiO, 345. 

This is the first set of tracer diffusion measurements on a single crystal of CGO 
and so direct comparison with data from the literature is not possible. Tracer 
diffiision measurements performed on single crystals of ZroB,Yo,gO, by 
Manning et al [1] and by Solmon [2] yield values of the activation energy of 
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96kJ/moi and 119kJ/mol, respectively. The AC impedance data on the single 
crystal of CGO in oxygen gave an activation energy for ionic conduction of 
107kJ/mol. This value is in excellent agreement with the activation energy for 
tracer diffusion. A more detailed comparison of the two sets of results is given 
later in this chapter. 

Temperature (°C) 

1000 900 800 700 600 500 

loVr (K"') 

Figure 10.4. Tracer diffusivity of single crystal 
Ceo,69Gdo.3iOi 845 as a function of reciprocal temperature. 

10.3. Oxygen Diffusion in Polycrystalline Ceo.9Gdo.1O1.95. 

Tracer diffusion measurements were made on polycrystals of Ceo,yGdo,iOi.95 
polished to a ^pm finish. The line-scanning method was used for all the 
temperatures, except the lowest temperature (486°C). The anneal temperatures 
and times used for the diffusion experiments on the Ceo yGdojO] samples are 
shown in table 10.3. 
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Two typical high temperature diffusion profiles are shown in figure 10.5. As 
with figures 10.2 and 10.3. the blue line is the result of a regression analysis 
based on equation 6.20. 

Ceo.9Gdo.1O1.95 Polycrystal 

Temperature (°C) Time (seconds) 

486 2730 
560 38325 
790 15157 

889 10995 

915 780 
974 3565 
1033 707 

o % 

0.20 

Table 10.3. Anneal temperatures and times in 
the diffusion experiments on Ceo.gGdo.iOi.gs. 
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Figure 10.5. Typical high temperature diffusion 
profiles obtained for polycrystalline Ceo.9Gdo.1O1.95. 
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The regression analysis accurately describes the diffusion profile and so diffusion 
and surface exchange coefficients can readily be obtained from the curves. These 
values are shown in table 10.4 an plotted in an Arrhenius form in figure 10.6. 
Again, the surface exchange data will be discussed in the following chapter. The 
dotted line in figure 10.4 is the result of a linear regression of the data and is 
defined by equation 10.2. 

+ 0.0027 f - 8 8 ± 1 0 k J / m o l 
Dn- = 0.0011 ^exp 

0.0008 RT 
eqn. (10.2) 

There is more scatter in this data set than for the single crystal and this is shown 
by the larger uncertainty in the activation energy calculated by the linear 
regression. The reason for the scatter in the data is likely due to small 
inhomogeneities in the sample as a result of the processing techniques employed 
in making the samples. Also, the diffusion profiles often traverse several grain 
boundaries in the polycrystalline material, and so the diffusion coefficients 
calculated also include a contribution fi*om the grain boundaries. 

CcogGdo lO, 95 Polycrystal 

Temperature (°C) Dj (cm^/s) k (cm/s) 

486 5.0x10"'° 3.0x10"'° 

560 83x10^ 52x10^° 
790 27x10^ 2 7 x 1 0 ^ 
889 &0xl0^ 14x10^ 
915 1.9x10"' 18x10^ 
974 1.4x10"' 83x10^ 
1033 5.2x10"' 5.4x10"' 

Table 10.4. Values of the tracer diffusion coefficient and the 
surface exchange coefficient for polycrystalline Ceg gGdo ,0, 95. 

The value for the activation energy from the SIMS data is in very good agreement 
with the value of 89kJ/mol obtained for the total conductivity from AC 
impedance spectroscopy. The activation energy for the Ceo.9Gdo.10,95 material is 
also lower than that for the Ceo.ggGdo.aiOi 345 single crystal, in agreement with data 
from AC impedance specfroscopy. Further comparisons will be made later in this 
chapter. 
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Figure 10.6. Tracer diffusivity of polycrystalline 
Ceo.9Gdo,iOi.95 as a function of temperature. 

10.4. Oxygen Diffusion in Ceo.gGdo.zOi., and Ceo.gGdo.igPro.ozOz.̂  
Polycrystals. 

The tracer diffusion measurements made on polycrystals of Ceo gGdo zOi 9 and 
Ceo.gGdo.igPro.oiOi-x were undertaken using the line-scanning method for all the 
temperatures examined. The anneal temperatures and times used for the 
diffusion experiments on the CeogGdo20i.9 and Ceo.gGdo.igPro.ozOz.x samples are 
shown in table 10.5. 
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CcggGdojOi 9 CcogGdo jgPrQQ̂ Oz-x 

Temperature (°C) Time (seconds) Temperature (°C) Time (seconds) 

508 33409 701 5901 

605 39641 802 936 

701 5901 899 824 
941 941 941 767 

995 632 

Table 10.5. Anneal temperatures and times used in the 
diffusion experiments on Ceg gGdo zO, , and Ceo gGdo igPro gjOj.x-

Typical diffusion profiles obtained for the CeogGdo igPrgq̂ Oz-x sample are shown 
in figure 10.7. The diffusion profiles are in general accurately described by the 
linear regression analysis based on equation 6.20. However, the diffusion profile 
at 899°C does show some deviation from the theoretical profile. Due to the depth 
of the profile, it is unlikely to be affected by line-scan limitations caused by the 
width of the primary ion beam. It is possible that there may be gas phase 
depletion of the '̂ O concentration although there is little evidence of this at the 
higher temperature (941 °C) profile. The surface '̂ O concentration and hence the 
surface exchange coefficient is higher than anticipated from the other results. It is 
possible that sectioning the sample to use the line-scanning method may have 
affected the surface of the sample and thus the apparent concentration of '̂ O at 
the surface. The diffusion profile at 802°C also shows a deviation from the 
theoretical profile and furthermore there is more scatter in the measurement. The 
"humps" seen in the profile at -240 microns and -600 microns could be 
indicative of some porosity or another form of inhomogeneity in the sample. 
Diffusion measurements taken at lower temperatures did not produce an error 
function decay as expected fi-om the solution to Pick's 2"̂  law. This could also be 
a result of porosity or inhomogeneities in the material. Figure 10.8 shows an 
optical micrograph of a Cco gGdo jgPro ojOj.x sample, with a thermal etch at 1400°C 
for 2 hours. It is evident from the micrograph that there is little porosity. 
However, the grain size is small (-0.5-2 microns) and appears to have a bi-modal 
distribution of grain sizes. This may account for some of the deviations seen in 
the diffusion profiles. 
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Figure 10.7. Typical diffusion profiles for polycrystalline Ceo.gGdo.igPro.oiOa-x-

The tracer diffusion and surface exchange coefficients obtained for the 

Ceo.gGdo.18Pro.o202-x sample are given in table 10.6. 
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Figure 10.8. Optical micrograph of Ceo gGdo igPrq ô Oz-x-

Ceo.gGdo.igProoPj., Polycrystal 

Temperature (°C) Dy (cmVs) k (cm/s) 

701 &4xlO^ 3.2x10-* 
802 1.8 X 10-7 3.7x10-8 
899 23x10-7 2 5 x 1 0 ^ 
941 28x10^ 1.8x10-* 
995 5.1x10-7 9 j x l O ^ 

Table 10.6. Tracer diffusion and surface exchange 
coefficients obtained for polycrystalline Ce,, gGd ,̂gPrg ozOz-x-

Two diffusion profiles obtained for the polycrystalline Ceo gGdo zO, g sample are 
shown in figure 10.9, together with the diffusion profiles obtained for 
CeogGdoigProozOa-x the same temperature. The CeogGdo^O,, and 
Cco gGdo igPro ojOj.x diffusion profiles shown were exchange annealed at the same 
time, thus the anneal temperatures and times are the same for both materials. It is 
clear that the diffusion length is essentially unaffected by the presence of 
praseodymium at both temperatures, but the concentration of at the sample 
surface (and hence the surface exchange coefficient) is lower in the CeogGdo^O,, 
sample. Table 10.7 shows the tracer diffusion and surface exchange coefficients 
obtained for the Ceg gGdo^O,, sample. 
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Figure 10.9. Typical diffusion profiles Ceo yGdo ̂ Oi ^ compared 
with Ceo.gGdo. igPro 02O2-X at the same temperature and anneal times. 

Ceo.gGdo 2O1 gPolyciystal 
Temperature (°C) Dt (cm^/s) k (cm/s) 

508 4.7 X IQ-^ 3.2 X10"̂ ° 

605 1.7x10"^ 1.4 X 10"̂  
701 8.0 X 10"̂  2.5x10-^ 
941 2.8 X10-"̂  1.8x10^ 

Table 10.7. Tracer diffusion and surface exchange 
coefficients obtained for polycrystalline Ceo.gGdo 2O1.9. 

At 701°C the diffusion profile is very accurately described by the regression 
analysis based on equation 6.20. The profile at 941°C is also well described by 
the theoretical profile although there is some evidence of "humps" in the profile 
at around 200 microns. Again, this may be due to some porosity or another 
inhomogeneity in the material. 

Figure 10.10 shows the diffusion data for the CeoxGdojyPro.ozOz-x and 
Ceo,8Gdo.20i.9 samples as a function of temperature. The dotted lines are the 
result of a linear regression analysis and are defined by equations 10.3 and 10.4 
for the Ceo.yGdojyPro ozOz-x and Ce0.yGd0.201.9 materials respectively. 
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Figure 10.10. Tracer diffusion coefficient of Ceo gGdo iKPro ozOz-x 
and Ceo.gGdo 20i ,9 as a function of temperature. 

+ 0.0003 f - 6 5 ± 9 k J / m o l ^ 
= 0.0002 expl 

•0.00001 RT 
eqn. (10.3) 

+ 0.0013 f - 7 6 ± 8 k J / m o l 
D , = 0 0 0 0 6 _ o o o q j e x p ^ ^ eqn. (10.4) 

The activation energy for the praseodymium doped sample is the same, within 
the uncertainty limits given, as Ceo.gGdozOi g. The magnitude of the tracer 
diffusivity is also essentially unaffected by the presence of praseodymium. Ralph 
measured the conductivity of Ceu yGdojyPruozOz-x and Ceo yGdo ^Oi.y using AC 
impedance spectroscopy and found the conductivity of the praseodymium doped 
sample slightly greater than Ceo yGdo,20i.9 [4]. This may suggest that there is a 
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small contribution to the conductivity from electronic carriers. However, the 
measurements of Ralph were carried out at lower temperatures, 200-500°C and 
so direct comparisons are difficult. 

10.5. Oxygen Diffusion in Polycrystalline Zr0.85Y0a5O1.925. 

The work on polycrystalline Zro.85Yo.15O1925 was completed in conjunction with 
Mr. P.S. Manning, Department of Materials, Imperial College. Line-scan 
measurements were used for all the temperatures examined. The anneal 
temperatures and times employed are given in table 10.8, 

Zr0.85Y0.15O1.925 Polycrystal 

Temperature (°C) Time (seconds) 
508 33409 

605 39641 
651 11099 
698 3825 

701 5901 

805 990 

898 626 

941 767 

1000 687 

1097 545 

Table 10.8. Anneal temperatures and times used 
in the diffusion experiments on Zro.g5Yo.15O1.925. 

Two typical diffusion profiles are shown in figure 10.11. The ^^0 isotopic 
concentration at the surface of the sample annealed at 701°C is again small. 
Both the profiles are described well by the regression analysis based on equation 
6.20. Table 10.9 shows the tracer diffusion and surface exchange coefficients 
obtained and figure 10.12 shows the tracer diffusivity as a function of 
temperature for the Zro jj5Yo.15O1.925 polycrystalline material, together with the 
data of Manning et al [1] for single crystal zirconia with the composition 

Zr0.8iY0.19O1.905. 
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Figure 10.11. Typical diffusion profiles 
obtained for polycrystalline Zro.85Yo.15O1.925. 

Zro.g5Yo.15O1.y25 Polycrystal 

Temperature (°C) Dx (cm^/s) k (cm/s) 

508 12x10-9 10x10^ 
605 5.9 X 10-^ 1.2 X 10-* 
651 9.2 X 10-^ 1 2 x 1 0 ^ 
698 4.4 X10-* 78x10-9 

701 3 j x i c r * 9.4 X10-9 

805 1.2 X 10-^ 7 5 x 1 0 ^ 
898 1.9 X 10-7 1.1x10"^ 
941 2 j x l 0 ^ 1.0x10"^ 
1000 27x10-7 4.4 X 10-^ 
1097 4.7 X 10-7 41x10^ 

Table 10.9. Tracer diffusion and surface exchange 
coefficients obtained for polycrystalline Zro.85Yo.15O1.925. 
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Figure 10.12. Tracer diffusivity of polycrystalline Zro.ssYo.ijOi 925 
and single crystal Zro.giYo.igOi 905 as a function of reciprocal temperature. 

The linear regression of the polycrystalline data can be described by equation 
10.5. 

+ 0.0021 f - 9 1 ± 6 k J / m o l 
D t = 0.0020 ,exp| 

0.0010 RT 
eqn. (10.5) 

This is similar to the results obtained for the single crystal material. The linear 
regression for the single crystal data of Manning et aim is described by equation 
10.6. 

+ 0.005 f -106±5kJ /mo l 
D t = 0.007 expl 

- 0.003 RT 
eqn. (10.6) 
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There is shghtly more scatter evident in the polycrystalline data (as was seen with 
the CGO materials) and this is manifested in the degree of uncertainty in the 
activation energy for the two materials. The activation energy for the 7.5mol% 
Y2O3 doped zirconia polycrystal is a little smaller than the 9.5mol% doped 
single crystal zirconia. This is in general agreement with the data obtained for 
ionic conductivity from AC impedance spectroscopy (shown in chapter 9). The 
value obtained for the activation energy for 7.5mol% YSZ from the SIMS is 
slightly less than that obtained by AC impedance spectroscopy (lOOkJ/mol), 
however, the difference is within the limits of experimental error. 

10.6. Comparison of Tracer Diffusivities Obtained for Different Materials. 

The activation energies obtained for the five materials examined in this work are 
given in table 10.10 and the oxygen tracer diffrisivities obtained for the materials 
are shown as a function of temperature in figure 10.13. In figure 10.13, the 
symbol (P) represents a polycrystalline sample and the symbol (S) a single 
crystal. It is important to note when comparing the values of activation energy 
and the actual magnitude of the oxygen fracer diffusivity that the polycrystalline 
material represents a total diffusivity (bulk + grain boundaries) whereas the data 
for the single crystal is only the result of a bulk response. 

Material Activation Energy (kJ/mol) 

CeQgGdp [Oi 95 88 + 10 

^^0.8^^0.201.9 76 + 8 
CCg gpGdg 31O1 g45 112 + 7 

Ccg gGdg 18Pro.o202.x 65 + 9 

'̂"o.sŝ o.isOi.gas 91 + 6 

Table 10.10. Activation energy for oxygen 
tracer diffusivity in various fluorite materials. 
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Figure 10.13. Oxygen tracer diffusivity in various 
fluorite materials as a function of reciprocal temperature. 

The activation energies of the CeogGdoiOi^s, Ceo,69Gdo.3iOi.845 and 
Zro,85Yo.i50i.925 materials compares well with the data obtained from AC 
impedance spectroscopy given in Chapter 9. Of the CGO materials, the 
CeogGdozOi g sample has the lowest activation energy then the CeoyGdo.iOi ŷ  
sample and the Ceo.69Gdo.31O1.845 single crystal has the highest activation energy. 
This trend is similar to that seen by Ralph and Kilner [3] where the activation 
energy for the total conductivity measured by AC impedance spectroscopy shows 
a decrease with increasing gadolinia content, followed by an increase above 
11.5mol%Gd203. 

The activation energy for the Ceo,8Gdo.i8Pro.o202-x sample is very low and is 
similar to the theoretical migration enthalpy for CeOi based materials. It is 
possible that because this material was examined in a high temperature regime 
(700-1000°C), the material is behaving as an unassociated dilute solution, despite 
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the large dopant concentration. If the binding enthalpy for defect associates is 
relatively low, then very few oxygen vacancies will be trapped in defect 
associates or clusters at such high temperatures. 

Due to the difference in activation energies of the various materials, different 
compositions show the highest tracer diffusivity at different temperatures. At 
low temperatures (~500°C), the Ce0.gGd0.2O].9 sample has the highest tracer 
diffusivity. The Ceo.9Gdo.1O1.95, Ceo.69Gdo.31O1.M5 and Zro.y5Yo.1501.925 materials 
all have a similar tracer diffusivity at 500°C. At 1000°C to 1100°C the oxygen 
diffusivity of YSZ is similar to Ceo.KGdo.2O19 and Ceo.sGdo. igPro ozOz-x. Due to 
the high activation energy of Ceo69Gdo.31O1.845, the oxygen diffusivily above 
900°C is considerably larger than the other fluorite materials. 

Based on this data, the best material, in terms of the oxygen ion mobility, for an 
electrochemical device operating in the low to intermediate temperature range is 
Ceo gGdo zOi 9. However, recently the oxygen ion conductivity of Ceo.9Gdo.1O1,95 
materials has been significantly improved by reducing the level of impurities in 
the material, thus reducing the grain boundary impedance [4]. 

10.7. Comparison of Tracer Diffusivities with Data from the Literature. 

There is very little work on oxygen tracer diffusivities measured by SIMS on 
highly doped ceria systems. The work of Carter et al [5] on lanthanum doped 
ceria has a low dopant concentration, and thus the tracer diffusivity is small, 
while the yttria doped ceria data is very limited. Floyd used gas phase analysis to 
determine the oxygen tracer diffusivity in yttria doped ceria with a high dopant 
concentration [6]. The lack of SIMS data published reflects the difficulties in 
performing tracer experiments on ceria based materials due to the low oxygen 
surface exchange rate and the insulating nature of the samples, making ion beam 
induced charging a problem when measuring the oxygen ion intensities. Figure 
10.14 shows the tracer diffusivity of Ceo.9Gdo.1O1.95 and Ceo.gGdo.zOi g compared 
with the data of Carter et al [5] and Floyd [6], 
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Figure 10.14. Comparison of the oxygen tracer 
diffusivity of CGO with other ceria based fluorites [5,6]. 

The data of Carter is very much lower than the other data due to the small 
concentration of dopant and hence a small concentration of vacancies. The data 
of Floyd is comparable with SEMS data on the CGO materials given here. 
Furthennore, both Floyd and Carter et al saw an increase in the tracer diffusivity 
with increasing yttria dopant concentration (and hence oxygen vacancy 
concentration). Floyd's data also shows a minima in the activation energy at the 
Ceo.gYo.iOi 9 concentration, as seen in this work with the gadolinia doped sample. 
Floyd's measurements show the Ceo.9Yo.101.95 sample has an activation energy of 
81kJ/mol, Ceo.yYo.20i,9 an activation energy of 77k.T/mol and Ceo^Yo^Oi.y an 
activation energy of 90kJ/mol. The activation energies from the data of Carter et 
al on Ceo.9Yo.1O1.95 is slightly less. The activation energies for the Ceo.9Yo,iOi,95 
and Ceo.gYo.iOi.g samples are very similar to that found in the gadolinia doped 
samples of the same composition. The higher doped material of Floyd has an 
activation energy less than that found in this work, although a single crystal was 
used here whereas Floyd used polycrystalline materials which may affect the 
results. 

There is somewhat more oxygen tracer diffusion data on stabilised zirconia 
systems. The work of Simpson and Carter [7] is often cited as a reference point 
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for tracer diffusion experiments on fluorite materials. Figure 10.15 shows a 
comparison of the tracer diffusivity of Zro.85Yo.15O1.925 with other zirconia based 
fluorites. 
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Figure 10.15. Comparison of the oxygen tracer 
diffusivity of YSZ with other zirconia based fluorites [1,2,7,8] 

18 

The tracer diffusivities of Zryy^Yo i^Oi 2̂5 polycrystalline samples are very 
similar to the values obtained for single crystals of YSZ with a similar 
composition by both Manning et al[Y\ and Solmon [2] in the same temperature 
range. The data of Simpson and Carter [7] and Kim et al [8] are slightly lower in 
the temperature range measured. 

A similar trend in the activation energies for oxygen diffusion as seen for the 
ceria based fluorites can be seen in the zirconia materials. The calcia stabilised 
zirconia examined by Simpson and Carter [7] has a very high concentration of 
oxygen vacancies and so has a high activation energy. The data of Kim et al [8] 
on yttria stabilised zirconia with a low dopant (and thus low oxygen vacancy 
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concentration) also has a high activation energy, while the intermediate doped 
materials (i.e. this work and that of Manning et al{\'\ and Solmon [2]) have an 
activation energy between the values of Simpson and Carter [7] and Kim et al 
[8]. Thus a minima at around the same dopant level as seen for ceria solid 
solutions is observed for zirconia based fluorites. This phenomena provides 
some evidence that the oxygen diffusion processes in both these fluorite 
materials are controlled by similar mechanisms. It also suggests that in both 
cases there is a high binding energy for defect associates, or clusters, at high 
dopant levels. 

10.8. Comparison of Tracer Diffusion with Ionic Conductivity from AC 
Impedance Spectroscopy. 

There has been very little work published comparing oxygen ion conductivity 
with oxygen tracer diffusivity on the same samples of fluorite materials. 
Maiming et al [1] produced a comprehensive study over a wide range of 
temperatures on high quality single crystals of Zro.siYo 19O1905. Their data was 
shown in figure 4.4, in Chapter 4. In their work, the tracer diffusivity was lower 
than the oxygen ion conductivity, giving a Haven ratio (as defined by, e.g., Murch 
[9]) of less than unity. This is as expected for a vacancy mechanism in a cubic 
lattice [9,10,11], However, the Haven ratio obtained by Manning et al [I] 
deviates from the value of 0.653 predicted for a simple cubic system [9]. At high 
temperatures (above 700°C) they observed a Haven ratio of 0.48, while at low 
temperatures a Haven ratio of 0.33 was seen. They relate this change to a 
possible order/disorder transition in the oxygen vacancies observed in 
Zro.83Yo.i70i,9i5 at 650°C [12]. The possibility of electronic or protonic 
conduction affecting the results was discounted due to the low electronic 
transference number (10^ [13]) and the conductivity results obtained in wet and 
dry atmospheres (see Chapter 9). 

The reason for the lack of data comparing tracer diffusion measurements and 
ionic conductivity is small partly because performing tracer diffusion 
measurements is difficult but also due to errors associated with measuring the 
ionic conductivity and the fact that the most accurate data from tracer diffusion is 
obtained at high temperatures and the most accurate data from AC impedance 
spectroscopy is at significantly lower temperatures. There is clearly significant 
scatter in the tracer diffusion measurements, particularly in the polycrystalline 
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materials. There is also the possibility of systematic errors in both measurement 
techniques. In AC conductivity measurements where small samples were used, 
contact between the experimental AC impedance head and the sample can often 
produce problems. Thus the cross sectional area of the pellet which is used in 
calculations of the conductivity is not always equal to the active area of the 
conductive path, therefore producing a systematic error in the conductivity. 

A further source of error is in determining the temperature of the experiments. 
Small differences in the temperature from both experiments can lead to large 
errors in determining the ratio between the two types of diffusion coefficient. 
However, because all three materials produced similar results, it is reasonable to 
assume that the Haven ratio calculated is a real value rather than one brought 
about by errors in the experiments. The following discussion assumes that the 
data presented in Chapter 9 and the previous sections in this Chapter are accurate 
and that the work of Manning et al[\\ forms a reasonable basis for discussion. 

Murch [9] predicted a change in the Haven ratio with an order/disorder transition. 
Murch also states that the value of 0.65 for the Haven ratio is only appropriate for 
imassociated dilute solutions. At the high level of dopant used in the work of 
Manning et al [1], this is unlikely to be the case, particularly at low temperatures 

where the concentration of defect associates is expected to be high. If 

the material is not behaving as an unassociated dilute solution, the theoretical 

value of the Haven ratio will be incorrect. Furthermore, Weller and Schubert 

[14] suggested that the charged defect associates will reorientate in an electric 

field, thus contributing to the electrical conductivity but not to the tracer 

diffusivity. If there are more ^ defect associates present at lower 

temperatures then the Haven ratio will be smaller at lower temperatures, as seen 
by Manning etaiyV]. 

It should be noted that the definition of the Haven ratio provided by Murch [9] is 
the ratio of the tracer diffusivity to the D C. ionic conductivity, thus the 
possibility of re-orientation of dipoles due to an electric field is discounted, and 
the conductivity correlation factor can be regarded as unity. In the work of 
Manning et aim the work undertaken here, an AC field is applied and thus 
dipole re-orientation carmot be discounted. Thus the ratio measured by Manning 
et al and in this work is not strictly speaking a Haven ratio, but this term is still 
applied here. 
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In this work, three materials have been examined using AC impedance 
spectroscopy and SIMS: single crystal Ceo.69Gdo.3iOi,845, polycrystalline 
Ceo.gGdo.iOi.gs and polycrystalline Zro.gsYo.isOi.gas. Figure 10.16 shows a 
comparison of the tracer diffusion coefficient with diffusion obtained from the 
electrolyte response from AC impedance spectroscopy (hereafter named AC 
conductivity diffusion, or D^) for single crystal Ceo ̂ ^GdojiOi Ms. Figure 10.17 
shows a comparison of the tracer diffusion coefficient with (electrolyte grains 
plus grain boundaries) for polycrystalline Ceo.gGdo.iOi.gs and figure 10.18 
compares the tracer diffusion coefficient with (electrolyte grains plus grain 
boundaries) for polycrystalline Zro.85Yo.15O1.925. The AC conductivity diffusion 
coefficient is calculated from the oxygen ion conductivity using the Nernst-
Einstein relationship, given as equation 10.7 [10], 

D„ = 
kTo, 
NqZ 

eqn, (10.7) 

k is the Boltzmann constant, T is the absolute temperature, CTj is the ionic 
conductivity, N is the concentration of oxygen sites per volume and q is the 
charge of the oxygen ion. It should be noted that the various correlation factors 
have been omitted from this equation, thus the ratio between Di and is given 
by the Haven ratio. 

Temperature (°C) 
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53 10-" 
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Figure 10.16. Comparison of the tracer diffusion coefficient with the 
AC conduction diffusion coefficient for single crystal Ceo.69Gdo.3101.845-
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Figure 10.17. Comparison of the tracer diffusion coefficient with the 
AC conduction diffusion coefficient for polycrystalline Ceo gGdo iOi ^. 
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Figure 10.18. Comparison of the tracer diffusion coefficient with the 
AC conduction diffusion coefficient for polycrystalline Zro gsYo igOi ̂ s. 
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In all cases, the tracer diffusion coefficient is less than the AC conductivity 
diffusion coefficient in the temperature range examined. As with the data of 
Manning et al [1], the ratio between the two measurements deviates from the 
predicted value 0.65. In figures 10.16 and 10.17 the conductivity data has been 
extrapolated to enable a comparison of the two diffusion measurements at the 
same temperatures. Calculation of the Haven ratio for all the materials is made 
difficult by the scatter in tracer diffusion data. The Haven ratio has been 
estimated at 600°C and 800°C from the ratio between the regression lines in 
figures 10.16 to 10.18. These values are shown in table 10.11. 

Material Haven ratio Material 

600°C 800°C 

Ceo g9Gdo 3jO, 845 (S) 0.14 0.17 

CcogGdo [Oj 95 (P) 0.16 0.20 

Zro sgYg [gO; 925 (P) 0.15 0.14 

Table 10.11. Haven ratio for Ceg ggGdo jiO, 345 single 

crystals, CeogGdo iO, ,; and Zro.ssYo isO. gzs polycrystals. 

The Haven ratios calculated for the three materials are somewhat less than those 
reported by Manning et al [1] on single crystal ZrogjYo 190, 905. The two ceria 
based materials follow the same trend observed by Manning et al where the 
Haven ratio is larger at higher temperatures. This is due to the curvature in the 
AC conductivity diffusion caused by the association binding enthalpy. This 
suggests that the materials are behaving more like an unassociated dilute solution 
in the high temperature regime. However, the AC impedance data does not 
extend to a high enough temperature to determine if a Haven ratio of 0.65 is 
approached. The polycrystalline Zro gjYo 15O1925 data shown in figure 10.18 does 
not follow the same trend as the ceria materials or the data of Manning et al. The 
Haven ratio is of a similar value to the ceria based materials, however, the same 
increase with temperature is not observed. It is not immediately obvious why this 
should be the case. 

There are several possible explanations why the Haven ratio in all three materials 
is significantly lower than predicted from computer simulations, however there is 
insufficient data, and too much scatter in the data to determine which, if any, of 
the most obvious explanations are correct. It is unlikely that the small Haven 
ratio is caused by electronic conductivity in any of these materials which are 
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known to have a very small electronic transference number [13,15]. Pro tonic 
contributions to the conductivity were also shown to be very unlikely in Chapter 
9. Other possible explanations arise because in the tracer diffusion measurements 
mass transport is being monitored while in the ionic conductivity measurements 
charge transport is being monitored. This means that if species other than an 
are involved in either measurements (such as O" or even neutral oxygen) the 
Haven ratio would not be 0.65. A more likely explanation is that the charge 
defect associates present in high concentrations at lower temperatures reorientate 
in an AC field contributing to the electrical conductivity but not to a long range 
diffusion process. 

Ordering of the oxygen vacancies would also lead to a deviation from 0.65 in the 
Haven ratio. There have been reports of ordering in YSZ materials, with an 
order/disorder transition occurring at around 650°C [12]. Atlas [16,17] proposed 
a statistical model to account for partial ordering of anion vacancies in 
hypostoichiometric fluorite materials. In this work, the model was compared to 
the data of Sevan and Kordis [18] for non-stoichiometric ceria solid solutions and 
good agreement was found. Atlas later proposed a model for defect ordering in 
UO2+X [19]. Sevan [20] showed the formation of stoichiometric intermediate 
phases of Cê zOgg, Cê Ôgg and Cê ^O^̂  in hypostoichiometric ceria solutions as a 
result of ordering of the anion and cation sub-lattices, although Sevan and Kordis 
[18] later suggest that the intermediate phases have the composition Ce^Ozo, 
CegOjg and Ce^O,;. These ordering effects are likely to occur in highly doped 
ceria materials which consequently have a large number of oxygen vacancies. 
This will therefore affect the diffusion and conduction behaviour of the materials 
such that dilute solution theory is not appropriate and deviations from the 
calculated Haven ratio are expected. 

These comparisons are further complicated in the case of the polycrystalline 
materials. In the tracer diffusion measurements the long range diffusion is being 
measured when the line-scanning technique is employed. Therefore the tracer 
diffusion coefficient measured is an effective diffusion coefficient for the bulk 
plus some grain boundaries. In the AC impedance spectroscopy data the 
conductivity of the bulk and all the grain boundaries are being measured. 

In the calculation of the Haven ratio for the materials given above the total 
conductivity was used to calculate not just the bulk response. The total 
conductivity has to be used because the Dj involves grain boundaries. However, 
the Nemst-Einstein equation (equation 10.7) is appropriate for lattice transport 
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and does take into account boundary phenomena such as grain boundaries. 
Certainly the concentration of oxygen sites per unit volume at grain boundaries is 
expected to be different than in the bulk. Therefore, a comparison of tracer 
diffusion measurements and ionic conductivity in polycrystalline materials 
requires greater understanding of the grain boundary contribution to the overall 
ionic transport. It should also be noted that if the depth profiling method of 
analysis is employed in the SIMS, the number of grain boundaries traversed is 
very small thus adding to the difficulties. The single crystal data of Manning et 
a/ [1] and the work done on the single crystal of CGO presented here is a better 
comparison of the two measurement techniques. 

In future work, to avoid many of the problems regarding defect associates, it 
would be more appropriate to compare DC electrical conductivity measurements 
to tracer diffusion measurements as dipole reorientation effects are thus 
eliminated. The other advantages of using DC conductivity is that long range 
transport is monitored (as with tracer diffusion) and higher temperatures are 
possible with DC techniques than with AC impedance. 

In order to obtain the most accurate values of the Haven ratio, measurements 
should therefore be performed using DC electrical conductivity and line-scanning 
SIMS analysis on single crystal materials over the same temperature range. 
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11. Oxygen Exchange on the Surface of Fluorites. 

11.1. Introduction. 

Oxygen surface exchange and the surface exchange coefficient were discussed in 
detail in Chapter 6 for a variety of different oxide materials. Various models 
were presented together with data for different materials obtained by workers 
using both SIMS and gas phase analysis. In this chapter the values of the oxygen 
surface exchange coefficient for single crystal CeoggGdo îO, 345 and 
polycrystalline samples of Ceo.9Gdo.10,95, CeogGdozO, ,, CeogGdo igProoiO .̂̂ , and 
Zfo.ssYo.isOi 925 are presented and discussed. The values for the surface exchange 
coefficient of the above materials were given in Chapter 10, tables 10.2, 10.4, 
10.6, 10.7 and 10.9. The data for these materials together with some of the data 
given in Chapter 6 is used to develop a possible model for the mechanism of 
surface exchange. 

11.2. Surface Exchange Coefficients of Polycrystalline Ceo gGdo iO, ,;. 

A graph of the surface exchange coefficient as a fiinction of reciprocal 
temperature for CeggGdo iOi g; is given in figure 11.1, together with the values of 
the tracer diffusion coefficient at these temperatures. 

For this material there are two temperature regimes with different activation 
energies for the surface exchange coefficient. The dotted blue line is the result of 
a linear regression on the low temperature data and the dashed blue line is the 
result of a linear regression on high temperature data. At high temperatures 

(>750°C) the activation energy is high (AHg^ = 330kJ / mol) while at lower 

temperatures, the activation energy is low (aH^x = 50kJ/mol). The high 

temperature regression of the data is defined by equation 11.1. 

_ +1.7x10'" r - 3 3 0 ± 1 9 0 k J / m o n 
k = 1.4x10' ^ ^ e x p — eqn.(ll . l) 

-1.4x10" RT 
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As with the tracer diffusion data the error in the pre-exponential constant is very 
large and not a meaningful value due to the extrapolation of data over a small 
temperature range to T = co. 
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Figure 11.1. Oxygen surface exchange coefficient of 
polycrystalline Ceo.9Gdo1O1.95 as a function of reciprocal temperature. 

The error in the activation energy in the high temperature regime is also very 
large due to the scatter in the data. However, despite this large error it is still 
clear that there are two distinct temperature regimes. If the activation energy was 
constant at 330kJ/mol throughout the entire temperature range then there would 
be no evidence of a diffusion profile at the low temperatures due to the extremely 
slow surface kinetics that would exist. 

This data was the first the first reported observation of a change in the activation 
energy for the surface exchange coefficient of fluorite materials, and was 
published in the proceedings of the 17^ Riso Symposium in 1996 [1], The same 
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result was also observed by Manning et al [2] on single crystal Zro.giYo igO 1,905 
and compared to this data for polycrystalline Ceo.9Gdo1O1.95. For Zr0.g1Y0.19O1.905 
the activation energy changed from 210kJ/mol above ~650°C to 70kJ/mol below 
-650°C. 

In this paper the two sets of data were compared using an "h plane" plot, a plot of 
log k against log Dt, first employed by Kilner [3] to compare a range of 
perovskite and fluorite materials. The two sets of data show a remarkable 
correlation. This plot is shown in figure 11.2. This strong correlation implies 
that YSZ and CGO have the same mechanisms for surface exchange and 
diffusion. Since the YSZ is a single crystal and the CGO was polycrystalline, the 
correlation also implies that the change in the activation energy of the oxygen 
surface exchange coefficient is not due to a grain boundary mechanism. 
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Figure 11.2. "h-plane" plot of k and Dt values obtained for 
single crystal Zro.g1Yo.19O1905 and polycrystalline Ceo.9Gdo.1O1.95. 
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The slope of the relationship changes from 0.6 below ~700°C to 2.5 above 
~700°C. This is quite different to a review of results on fluorites by Kilner [3] 
where only one slope with a gradient of approximately unity was obtained. 
However, much of the data used in this review was obtained on samples 
suspended by either a platinum mesh or wire. It is believed that the platinum will 
catalyse the surface exchange reaction, thus the true surface exchange coefficient 
of the materials are not been measured. The effect of surface modifications to the 
oxygen surface exchange coefficient will be discussed later in this chapter. 

11.3. Surface Exchange Coefficients of Single Crystal CGO. 

A graph of the surface exchange coefficient as a function of reciprocal 
temperature for CeggpGdojiOi 545 is given in figures 11.3, together with the values 
of the tracer diffusion coefficient at these temperatures. 

For this material two temperature regimes where the activation energy for the 

surface exchange coefficient is different are again seen. The dotted and dashed 

blue lines are the result of linear regression analyses on the low and high 

temperature data, respectively. At high temperatures (>700°C) the activation 

energy is again high =230kJ/mol) while at lower temperatures, the 

activation energy is low (aH^x = lOOkJ / mol). The high temperature regression 

of the data is defined by equation 11.2. 

+ 1.3x10® r - 2 3 0 + 22kJ/mol 

Again, the error in the pre-exponential constant is not a meaningful indication of 
the quality of the data. For this data the uncertainty in the activation energy is 
considerably smaller. This is probably due to the fact that the material is a single 
crystal and thus the diffusion profiles obtained do not have any problems 
associated with the grain boundaries. Furthermore, the polycrystalline materials 
are more likely to have impurities due to the preparation method. These will 
segregate to the surface of the material and thus may play a role in the oxygen 
surface exchange. The effect of impurities on the surface of the materials will be 
discussed later in this chapter. 

265 



I 
g 

10-5 _ 

10"® : 

10 •7 . 

10-8 _ 

1 0 - -

Temperature (°C) 
1000 9 0 0 8 0 0 7 0 0 6 0 0 

\ 
\ 0 T r a c e r D i f f u s i o n 

\ C o e f f i c i e n t 

S u r f a c e E x c h a n g e \ \ % ^ 
\ \ 

C o e f f i c i e n t 

\ \ 
\ \ 

\ X 
10 11 12 13 

l O ' / T (K" ' ) 

Figure 11.3. Oxygen surface exchange coefficient of single 
crystal Ceo.egGdojiOi 345 as a function of reciprocal temperature. 

The value of the activation energy for the oxygen surface exchange coefficient is 
lower than that obtained for the polycrystalline sample of Ceo.gGdo.iOi.gs but very 
similar to that obtained from the single crystal YSZ data of Manning et al [2]. 
However, it should be noted that the large uncertainty in the activation energy of 
k for Ceo.9Gdo.1O195 overlaps the data obtained for the single crystal CGO and 
YSZ. This similarity also indicates the CGO and YSZ have the same limiting 
steps for oxygen surface exchange. 
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11.4. Surface Exchange Coefficients of Polycrystalline Ceo gGdo zOi.,. 

The surface exchange coefficient plotted as a function of reciprocal temperature 
for polycrystalline Ceo.gGdo.2O19 is given in figure 11.4, together with the values 
of the tracer diffusion coefficient at these temperatures. 
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Figure 11.4. Oxygen surface exchange coefficient of 
polycrystalline Ceo.8Gdo.2O1.9 as a function of reciprocal temperature. 

From this data alone it not possible to determine if there are two temperature 
regimes where the activation energy for k is different. However, if this material 
behaves as the other fluorite materials a change in slope would be seen at around 
600-700°C. Therefore, the slope for the highest three temperatures and the 
lowest two temperatures have been calculated. These are = 190kJ / mol 
for the high temperatures and AHg^ = 90kJ / mol for the low temperatures. 
Despite the fact that the lack of data means these results have little meaning, they 
are remarkably similar to the values obtained for the other three fluorite 
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materials. However, these activation energies will not be used in the following 
discussion and comparison of the data. 

11.5. Surface Exchange Coefficients of Polycrystalline Ceo.gGdo.igPro.ozOz-x. 

The data for the surface exchange coefficient and tracer diffusion coefficient of 
Ceo.gGdo 1 gPro 02O2.X plotted as a function of reciprocal temperature is shown in 
figure 11.5. Again, there is evidence of a change in the activation energy for the 
oxygen surface exchange at around 750°C. The temperature range of this data 
makes determination of the activation energy in the low temperature regime 
impossible. The result of the high temperature linear regression is defined by 
equation 11.3. 
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Figure 11.5. Oxygen surface exchange coefficient of polycrystalline 
Ceo gGdo,igPro ozOz.x as a function of reciprocal temperature. 
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.+8.4x10'° r - 3 2 0 ± 6 5 k J / m o n ^ _ 
-1.2x10' ' "P l S f ) =4" ('^ 3) 

Again there is a significant error in the activation energy due to the scatter in the 
data, but this value is very similar to that obtained for Ceo jGdo ,0i 95 in the high 
temperature regime. 

11.6. Surface Exchange Coefficients of Polycrystalline Zro gsYo ijOi .925' 

Figure 11.6 shows a graph of k and Dj as a function of reciprocal temperature for 
polycrystalline Zro.85Yo.15O1.925- Again the data is more scattered than the single 
crystal data suggesting that obtaining a low impurity concentration (and other 
surface flaws) is more difficult in polycrystalline materials than in single crystals; 
or that the grain boundaries themselves are affecting the results. Two 
temperature regimes are again observed. The activation energy in the high 
temperature regime is 190kJ/mol and in the low temperature regime is 65kJ/mol. 
The result of the linear regression on the high temperature data is described by 
equation 11.4. 

+ 5.9x10' r -190±16kJ /mol 
- 1 . 4 x l 0 ' ' = " ' l ) """.(11.4) 

This value for the activation energy is slightly lower than the 230kJ/mol obtained 
by Manning et al [2] for single crystal YSZ and is somewhat lower than the 
values obtained for the ceria based samples. However, the scatter in the data, 
particularly at the very high temperatures makes a comparison difficult. For 
example, if the highest temperature data point at 1097°C which deviates 
significantly fi'om the regression line is excluded fi-om the regression, the value 
for the activation energy becomes 210 ± 13kJ / mol which is close to the value of 
Manning et al. 

The fact that the removal of one data point can make such a marked difference to 
the value of activation energy calculated makes comparison and interpretation of 
these data sets difficult. Ideally, there should be a similar data density to that 
obtained fi-om the AC impedance spectroscopy measurements. However, due to 
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the complexity and time required to make each tracer measurement, it was not 
possible to obtain such a high data density for all the materials examined. 
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Figure 11.6. Oxygen surface exchange coefficient of 
polycrystalline Zro.85Yo.15O1925 as a function of reciprocal temperature. 

11.7. Comparison of the Surface Exchange Coefficients of CGO and YSZ. 

The activation energy obtained for the fluorite materials examined in this study 
are shown in table 11.1, together with the values of Manning et al for single 
crystal YSZ. 
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Material ( (J/mol) 

Low Temperature High Temperature 

Ceg gGdg 10 j 95 50 330 + 190 

C-6o.69Gdo 3]0] 845 100 230 ±22 

Ĉ o.gGrdo jgPrg Q2O2.X 320 + 65 

2̂ 0.85̂ 0,15O] 925 65 190 + 16 

9Q5 [2] 70 212 + 10 

Table 11.1. Activation energy for oxygen 
surface exchange on various fluorite materials. 

The errors for the low temperature values of activation energy are not quoted 
because the errors calculated are the result of the standard uncertainty in the linear 
regression analysis on the data and not actual errors associated with the 
measurements themselves. This means that the value of the uncertainty is 
dependent on the number of data points used in the linear regression as well as 
the scatter in the data. For example, if only two data points are used (as was the 
case for Ccq gGdo jO, 9) the standard uncertainty would be zero. In all cases very 
few data points were used in calculating the low temperature value of activation 
energy, and so the errors assigned would be unrealistically small. For example in 
the case of Ceg pGdo iOi 9, the uncertainty associated with the low temperature data 
is only 500J / mol, i.e. 1%. 

The scatter in the polycrystalline data is in general greater than in the single 
crystal data. This may be an effect of the grain boundaries but is more likely to 
be a reflection of the surface finish of the materials. The AFM images of typical 
polycrystalline and single crystal samples was shown in figure 7.8. This figure 
shows that surface roughness of the single crystal samples is much less than the 
polycrystalline samples as a result of the preparation and polishing methods used. 
The porosity in the polycrystalline also adds to the surface roughness and thus 
reduces the quahty of finish. 

In general the high temperature activation energy for the surface exchange 
coefficient is lower for the YSZ materials than for the CGO materials. It is 
interesting to note that the electronic band gap of ceria is 5.5eV {= 530kJ / mol) 
and the band gap of zirconia is 5eV (= 480kJ / mol). These values are 
approximately twice the values obtained for the activation energy of surface 
exchange in YSZ and CGO, respectively. This suggests that in the high 
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temperature regime, the availabihty of free electrons able to take part in the 
charge transfer step of the surface exchange reaction is the rate limiting step for 
the reaction. 

The same correlation between the materials in the low temperature regime is not 
evident. The activation energy for the YSZ materials lie in between the values 
for the CGO materials. However, two interesting features can be observed from 
these values. The first is that there appears to be a trend in the activation energy 
with dopant concentration. As the dopant level is increased, the activation energy 
for k increases. The lowest activation energy obtained is for CcogGdo ,0,95 (10% 
acceptor), then Zr,, gjYo 150,925 (15%), then Zrg giYo.igOi 905 (19%) and the highest is 
for Ceog9Gdo3,Oi 845 (31%). As the dopant concentration increases, the 
concentration of oxygen vacancies increases. This may indicate that the supply 
of oxygen vacancies is the rate limiting step in this temperature regime. 

The second interesting feature in this low temperature data is the correlation 
between the activation energy for oxygen surface exchange and for oxygen tracer 
diffusion. Table 11.2 shows the activation energy for k together with that for 
on the same materials, presented in Chapter 10. 

Material Low Temp AHĝ  (kJ/mol) AHgiH- (kJ/mol) 

C-Sg.gGdg jOj 95 50 88±10 

CGo.ggGdg 3)0, g45 100 112 + 17 

ZJ'O.SSYQ.ISOJ 925 65 91 + 6 

^̂ O.SlYo.igO, 905 [2 70 96±5 

Table 11.2. Comparison of the activation energy 
of k and Dj for various YSZ and CGO materials. 

The activation energy for k in the low temperature regime follows the same trend 
as the activation energy for Dj. The values are almost identical for the single 
crystal CGO and for the other materials the values of AH^x are approximately 
KAHpijj-. This correlation in the activation energy for the two processes 
(exchange and diffusion) also suggests that in the low temperature regime the 
supply of oxygen vacancies is the rate determining step for oxygen exchange. 
This would suggest both that surface oxygen vacancies play an important role in 
the exchange process and that at low temperatures it is in the incorporation step 
which is rate limiting. 
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The transition seen in the activation energy for the surface exchange coefficient 
is similar to many extrinsic/intrinsic transitions seen in, for example, semi-
conductor analysis. This may suggest that in the low temperature regime the 
exchange behaviour is affected by impurities. If the supply of electrons is the 
limiting step, then this suggestion is reasonable as small concentrations of 
impurities may form donor levels that would affect the electronic structure but 
not the oxygen diffusion properties of the material. Furthermore, because 
impurities (and dopant materials) are known to segregate to the surface in these 
materials [4], it is very likely the surface electronic structure will be different 
than in the bulk. Thus electrons may be able to take part in oxygen surface 
exchange but would not be readily transported in the bulk of the material, thus 
keeping tĵ ^ =1. Figure 11.7 shows the logarithm of the surface exchange 

coefficient plotted against the logarithm of the tracer diffusion coefficient on a 
so-called h-plane. 
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Figure 11.7. "h-plane" plot of k and Dt 
values obtained for YSZ and CGO materials. 
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There are clearly two slopes evident on this h-plane projection. This is a result of 
the change in the activation energy of k at around 700°C. The slope in the high 
temperature region is 2.6 and the slope in the low temperature region is 0.8. This 
plot follows the same trend, shown in figure 11.2, that was presented in the work 
of Maiming et al [2] for two of these materials. Again there is a very good 
correlation of the results for all the materials, particularly in the high temperature 
regime where the surface concentrations are high, and thus the SIMS analysis 
is made easier. A strong correlation was also noted in the perovskite materials by 
Kilner [3] although no change in slope was seen, and the gradient was found to 
be somewhat lower at approximately 0.5. 

It is also interesting to compare the values of surface exchange coefficient as a 
function of reciprocal temperature for the materials investigated. Figure 11.8 
shows a graph of the surface exchange coefficient for the CGO materials and 
figure 11.9 shows a graph of k for the YSZ materials. 
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Figure 11.8. Graph of the surface exchange coefficient of 
various CGO materials as a function of reciprocal temperature. 
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The dashed hnes on figure 11.8 are the results of the linear regression analyses 
carried out on the high temperature data. For the CGO materials there is a 
general increase in the value of the surface exchange coefficient with dopant 
concentration over the entire temperature range examined. This would indicate 
that oxygen vacancies are important in the oxygen exchange process even at high 
temperatures where the availability of electrons appears to be the rate determining 
step. This implies that the concentration of oxygen vacancies is involved in the 
pre-exponential constant kg as is the case for diffusion where [V" ] appears in the 
pre-exponent term. This is also in agreement with the atomistic expression given 
by Kilner et al for ko [5], given in Chapter 6 (equation 6.24). 

It is also interesting to note that the addition of praseodymium to CGO appears to 
increase the surface exchange coefficient. This was illustrated in figure 10.9 
where the surface concentration of Ceo gGdo jOj 9 was almost doubled at 701 
and 941°C by the presence of 2% praseodymium (substituted for gadolinium). 
The surface exchange coefficient was 30% higher for the Pr doped material at 
701°C and 50% higher at 941°C. Praseodymium will change its valence state 
more readily than either gadolinium or cerium, thus electronic carriers are more 
likely to occur in a praseodymium doped sample. The AC impedance data of 
Ralph [6] showed that the addition of praseodymium increased the conductivity 
of CGO. No difference in the diffusion coefficient was seen between 
Ceo.gGdo jOi 9 and CeggGdo igProô O;.̂  suggesting that the increased conductivity 
seen with addition of praseodymium may be due to electronic carriers. Therefore, 
if the supply of electrons is the rate limiting step for surface exchange at high 
temperatures, the presence of praseodymium would be expected to increase the 
surface exchange coefficient, especially if praseodymium were to segregate to the 
surface. 

The high temperature data for the two YSZ materials are very similar and the 
transition temperature where the activation energy changes also match. However, 
the values of the activation energy in the low temperature regime are higher for 
the polycrystalline sample than for the single crystal material. This could indicate 
that a substantial proportion of the exchange takes place at the grain boundaries 
or, that if the low temperature regime is dominated by impurities, then there is a 
higher impurity concentration in the polycrystalline material. The second 
suggestion is believed to be more likely since if the grain boundaries did enhance 
the rate of surface exchange then the effect would be seen over the entire 
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temperature range, the same effect would be noticeable in the CGO materials and 
substantially different activation energies would be expected. 
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Figure 11.9. Graph of the surface exchange coefficient of polycrystalline 
and single crystal YSZ materials as a function of reciprocal temperature. 

11.8. Comparison of Surface Exchange Data with Data from the Literature. 

There has been very little data published on the surface exchange coefficient of 
fluorite materials, particularly at the low temperatures. This is a reflection of the 
difficulty in performing tracer experiments on these materials. The slow surface 
kinetics at low temperatures results in very low surface concentrations that 
can only be detected with sensitive surface analysis tools such as SIMS. The 
problem is further complicated by the low electronic conductivity of these 
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materials making charge compensation difficult. The data set presented earlier in 
this chapter represents the most comprehensive work on the oxygen surface 
exchange coefficient of fluorites to data. The only other data on fluorite 
materials spanning this temperature range is the work on YSZ by Manning et al 
[2]. 

There have been several sets of data published on a variety of fluorites at high 
temperatures (i.e. 700-1200°C). These include the work of Ando et al [7] on 
thoria, Simpson and Carter [8] on calcia stabilised zirconia (CSZ) and Kim et al 
[9] on 2.8mol% yttria stabilised zirconia (3YTZ). This data is plotted together 
with the high temperature data of some of the materials given above on figure 
11.10. 
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Figure 11.10. Arrhenius Graph of the surface 
exchange coefficient of various fluorites [7,8,9]. 
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It is clear that surface exchange coefficients measured by Kim et al [9] and 
Simpson and Carter [8] are considerably larger than the values measured in this 
study. The activation energy obtained by these workers is smaller than obtained 
here (88kJ/mol for CSZ and 91kJ/mol for 3YTZ). The study of thoria by Ando et 
al [7] also has a low activation energy (116kJ/mol) but is substantially lower than 
the doped zirconias. This is because the thoria is not doped and so has very few 
oxygen vacancies. 

It is believed that the method used by Kim et al [9] and Simpson and Carter [8] to 
determine the surface exchange coefficient is the reason why the values are so 
high and why the activation energies are low. In their studies the sample was 
suspended by a platinum wire or mesh while the tracer isotope was introduced. It 
is therefore likely that the platinum has catalysed the surface exchange reaction 
thus increasing the magnitude of the surface exchange reaction. The effect of 
platinum in contact with a sample surface is shown by figure 11.11. In this figure 
two diffusion profiles are shown. The dashed line is an '̂ O diffusion profile 
obtained for a polished, bare sample of Ceo gGd,, ,0i 95 at 486°C. The sohd line is 
an diffusion profile at 493°C obtained for a sample of CcogGdo ,0,95 which 
had a fine dispersion of platinum particles deposited on the surface. The surface 
of the CGO was not completely covered so the resultant exchange behaviour was 
not merely the result of the surface exchange rate of platinum, but shows the 
catalytic effect platinum particles have on CGO. As can be seen, the '̂ O surface 
concentration has been increased by a factor of six by the platinum. It is therefore 
believed that tracer diffusion and exchange measurements made on samples in 
contact with platinum are not measuring the true value of the oxygen exchange 
coefficient but in fact are determining a measure of the catalytic activity of 
platinum on the given material. 

The difference in activation energy is also believed to be due to the presence of 
platinum. In the high temperature regime the supply of electrons is the rate 
limiting step of the reaction. Therefore, the activation energy is half the 
electronic band gap (i.e. 250-300kJ/mol). However, if the material has a partial 
covering of platinum particles, electrons can be readily supplied by the platinum. 
Platinum has a very large electronic conductivity and so it is very unlikely that 
the supply of electrons will still be rate limiting. Thus, as at low temperatures for 
bare fluorite surfaces, the supply of oxygen vacancies may become rate limiting 
even at these high temperatures. 
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Figure 11.11. Effect on the surface concentration by coating 
CGO with platinum particles. (Bare CGO annealed at 486°C for 

2730 seconds, Pt coated CGO annealed at 493°C for 2892 seconds). 

The activation energies calculated for CSZ (88kJ/mol) and 3YTZ (91kJ/mol) at 
high temperatures are more similar to those found in the low temperature regime 
by Manning et al [2] on single crystal YSZ (70kJ/mol) and in this study on 
polycrystalline YSZ (65kJ/mol). The activation energy for the tracer diffusion 
coefficient of CSZ is 118kJ/mol and for 3YTZ is 125kJ/mol. Thus, 
AHpy « % AH n,ff for these two materials. This is also a similar relation to the 

activation energy calculated for tracer diffusion at low temperatures in this study. 

The data of Kim et al [9] and Simpson and Carter [8] appears to add confidence 
to the many of the hypotheses given above. First, that at low temperatures, the 
oxygen exchange rate of bare fluorite surfaces is substantially affected by the 
presence of surface impurities. Secondly, at high temperatures, the oxygen 
exchange rate of bare fluorite surfaces is limited by the supply of electrons and 

279 



thirdly, at low temperatures the oxygen surface exchange rate is limited by the 
supply of oxygen vacancies. 

It is interesting to note the effect that particles of the potential electrode material, 
LSCF, has on the '®0 surface concentration. Figure 11.12 shows a comparison of 
CGO coated with LSCF particles with the CGO coated with platinum. The 
samples were annealed at the same temperature and time. 
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Figure 11.12. Comparison of the '^0 surface concentration 
of CGO covered with LSCF particles and platinum particles. 

It is immediately obvious that the LSCF has a much more marked effect on the 
surface concentration than the platinum. This suggests that LSCF catalyses the 
oxygen exchange reaction better than platinum and this may be, in part, the 
reason why LSCF is a better electrode than platinum on CGO. However, the 
percentage of surface coverage of the two coatings has not be compared and so 
the extent of the increase may be misleading. 
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11.9. Atomistic Mechanism of Oxygen Surface Exchange. 

Using the data and information given above and the information provided in 
Chapter 6 the following mechanism for surface exchange for fluorite materials is 
proposed. It is emphasised that this hypothesis is not intended to be a unique 
description of the surface exchange mechanism, nor that it is appropriate for all 
materials in all environments. 

11.9.1. Suggested Mechanism for Surface Exchange on Fluorites at High 
Temperatures. 

The gas phase analysis on fine powdered YSZ at 900°C given in figure 6.16 
showed no formation of the ^0% cross molecule. This means that molecular 
exchange occurs. In the high temperature regime of these fluorite materials the 
activation energy for surface exchange suggests that the rate determining step is 
the supply of electrons. It is therefore believed that oxygen molecules are readily 
adsorbed onto the surface of the fluorite. Two oxygen ions from the surface of 
the crystal can combine to form an oxygen molecule, leaving four electrons to 
fully ionise the adsorbed molecule. As soon as electrons are provided the 
adsorbed molecule can be incorporated into the bulk. Figure 11.13 shows a 
possible schematic representation of this procedure. Figure 11.13 (a) shows the 
adsorption of an oxygen molecule (equation 11.5). Figure 11.13 (b) shows the 
rotation of an oxygen ion to an equivalent site, effectively forming a surface 
oxygen vacancy. It is possible to envisage the new oxygen site as a surface 
interstitial. This is essentially surface anti-Frenkel disorder (equation 11.6). 
Figure 11.13 (c) shows the combination of the oxygen surface interstitial and a 
second oxygen surface ion to form an oxygen molecule leaving four electrons and 
another oxygen vacancy (equation 11.7). This step which is a high electron 
transfer process is believed to rate determining. The electrons are likely to be 
loosely bound to the surface oxygen vacancies. The surface mobility of the 
electrons is higher than the bulk mobility thus the electrons will move to the 
adsorbed oxygen molecule where they will combine to form a charged adsorbed 
species which will then dissociate to form two oxygen adatoms (figure 11.13 (d)). 
These oxygen adatoms can then move into the bulk of the lattice via the oxygen 
vacancies, shown by figure 11.13 (e). Thus molecular exchange occurs. 
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Figure 11.13 (e) 

Figure 11.13. Schematic illustration of the proposed mechanism 
for oxygen exchange on fluorite surfaces at high temperatures. 
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02.gas 02.ad Cqil. (11.5) 

' 0 ^ ^ ' 0 ; + ' V ~ eqn. (11.6) 

' 0 ^ + ' 0 : - » 0 , ^ + ' V ; ' + 4 e ' * eqn.(11.7) 

02,ad + 4 e ' ^ 2 0 [ j eqn. (11.8) 

20L,+2'Vo ^ 2 ' O o eqn. (11.9) 

* This equation is believed to represent the rate limiting step of the oxygen 
exchange reaction. (The superscript "s" represents a surface site.) 

The above set of equations shows the complete exchange reaction, not just the 
forward reaction. Thus the total number of moieties on the reactant sides equals 
the number on the product side. No specific site for adsorption has been given 
although clearly surface oxygen vacancies are involved in the exchange 
mechanism. 

In order to help verify that the supply of electrons is the rate determining step at 
high temperatures, exchange measurements should be made at a constant (high) 
temperature as a function of oxygen partial pressure. The fluorite materials are in 
the ionic domain down to low pOj and so a variation of several orders of 
magnitude from pO^ = 1 to pO^ = 1 x 10'^ atmospheres could be achieved 
without changing the oxygen stoichiometry. However, the concentration of 

electrons will vary with pO^"^. (See Chapter 3, equation 3.41 and figure 3.8.) 

Thus, if the surface exchange coefficient is proportional to the concentration of 

electrons then k oc pO^"^ . 

11.9.2. Suggested Mechanism for Surface Exchange on Fluorites at Low 
Temperatures. 

The gas phase analysis on fine powdered YSZ at 450°C given in figure 6.16 
shows the substantial formation of the cross molecule. This means that 
atomic exchange occurs. The relationship between the activation energy for 
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surface exchange and for tracer diffusion in these materials indicates that the 
supply of oxygen vacancies is rate determining. 

It is thus believed that after oxygen gas molecules are adsorbed on the fluorite 
surface they must find surface oxygen vacancies at which to sit. The adsorption 
of the oxygen molecule is represented by equation 11.10 and figure 11.14 (a). 

02,gas02,ad cqn. (11.10) 

A surface vacancy will then diffuse to the oxygen molecule. The diffusion of a 
surface vacancy is shown in figure 11.14 (b). It is believed that the diffusion of 
the surface vacancy to the adsorbed molecule is the rate limiting step. At these 
low temperatures where the mobility of electrons and oxygen vacancies are low, 
it is believed that electrons (probably provided by surface impurities) will be 
trapped at surface vacancies making the oxygen vacancy a neutral moiety. This is 
represented by equation 11.11. 

Vo+2e '^Vo^ eqn. (11.11) 

The oxygen molecule will then sit in the vacant site. This is represented by 
equation 11.12 and figure 11.14 (c). 

0 , , , „ + " V o ^ ( ' 0 < - 0 \ ^ eqn.(11.12) 

The term in equation 11.12 represents an adsorbed oxygen molecule 

sitting in an oxygen vacancy and is shown by the cyan coloured molecule in 
figure 11.14 (c). 

The molecule is then dissociated leaving a neutral adsorbed oxygen and a normal, 
filled oxygen surface site. This process is represented by equation 11.13. 

( • 0 S - O ) _ ^ ^ O ; + O . . eqn.(11.13) 

Equation 11.13 is represented by the breaking of the molecular bond in figure 
11.14(d). 
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Figure 11.14 (a) Figure 11.14 (b) 

Figure 11.14 (c) Figure 11.14 (d) 
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Figure 11.14 (e) 

Figure 11.14. Schematic illustration of the proposed mechanism 
for oxygen exchange on fluorite surfaces at low temperatures. 
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The adsorbed oxygen can then readily combine with a surface oxygen ion to 
leave a surface oxygen vacancy and two strongly bound electrons, making the 
vacancy a neutral moiety. This is represented by equation 11.14 and by figure 
11.14(e). 

Oad + Oq -> Oj + Vq eqn.( 11.14) 

Thus cross molecules are fornied and the reaction is limited by the diffusion of 
surface oxygen vacancies. 

It is important to emphasis that the schematic illustrations given in figures 11.13 
and 11.14, and those presented earlier in Chapter 6, represent a static image of the 
oxygen exchange process. It is recognised that the surface exchange process is 
dynamic and the actual rate of collisions of gaseous oxygen molecules with the 
oxide surface is far greater than the number of exchanges. Furthermore, surface 
vacancies and adsorbed oxygen species are expected to be very mobile such that 
when a vacancy is formed at one location, it does necessarily remain there for an 
adsorbed oxygen ion to move into. However, visualisation of a dynamic surface 
is very difficult and figures 11.13 and 11.14 offer a more recognisable image of 
the exchange process. The figures also only show one adsorbed oxygen molecule 
to enable a clearer representation of the exchange process, although it noted that 
an adsorbed layer of oxygen will cover most of the surface at low temperatures. 

Boukamp et al [10] have offered an alternative explanation to the formation of 
or molecules based on the dynamics of the process. They suggest that the 

relative rates of the dissociation of an adsorbed oxygen (Ojaj 20^^) and the 

incorporation of the adsorbed oxygen into the bulk O^) determine which 

molecular species is formed. If the adsorbed oxygen dissociates rapidly and is 
able then to move across the oxide surface for a substantial time before being 
incorporated into the bulk then cross molecules are likely to be formed. 
However, if the dissociation of oxygen is difficult, but once dissociated are 
rapidly incorporated into the bulk, then molecules are likely to be created. 
This does not contradict the processes described above but is merely an 
alternative method of explaining the results. 
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12. Conclusions and Future Work. 

The oxygen diffusion and surface exchange coefficients of materials with the 
fluorite crystal structure have been made using isotope exchange followed 
by SIMS. The ionic conductivity of a selection of fluorite materials and the 
electrode polarisation resistance of LSCF have been determined using AC 
impedance spectroscopy. The data from the two measurement techniques have 
also been compared. In this chapter, the results contained in Chapters 8 to 11 are 
reviewed and suggestions for future work are made. 

In Chapter 8 the polarisation resistance of symmetrical LSCF electrodes on a 
CGO electrolyte was measured using AC impedance spectroscopy. The 
microstructure of the electrodes was examined using optical and atomic force 
microscopy. These results were then compared to results calculated from oxygen 
tracer diffusion and exchange coefficients for LSCF from SIMS using a model 
for the electrode reaction. The model states that for mixed ionic electronic 
conductors with fast oxygen ion diffusion, the electrode resistance is determined 
by a combined diffusion and exchange reaction occurring over a large volume of 
the electrode. This is different to materials with poor oxygen ion conductivity, 
such as lanthanum strontium manganite, where the reaction occurs primarily at 
the gas/electrode/electrolyte triple phase boundary. The experimental and 
calculated results were very similar, suggesting that the model provides an 
accurate description of the electrode behaviour. 

The conductivity data in Chapter 9 was used to determine the migration enthalpy 
of oxygen vacancies and the binding enthalpy of defect associates in highly 
doped fluorite materials. It was also used to allow a comparison of the tracer 
diffusion data presented in Chapter 10. The binding enthalpy provided a major 
contribution to the overall activation energy in all these highly doped materials. 
The binding enthalpy of CeoggGdojjO, 545 was considerably larger than for 
CcogGdo iOi 95, suggesting that at high dopant concentrations the binary associate 
model is not an accurate description of the defect structure of these materials. To 
allow a better determination of the migration and binding enthalpy, a larger 
temperature range should be used. Thus measurements on bars of materials 
rather than pellets should be employed to increase the resistance of the sample. 

Tracer diffusion coefficients of single crystal Ceo.ggGdo jiO, 545 and polycrystalline 

CSg gGdg , 0 ; g;, CCg gCdg 2O, 9, CCg gGdg ] gPrg gjOa-X ^^SsYo.lsO, 925 WCfC 
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presented in Chapter 10. This represents the most comprehensive set of diffusion 
results on the fluorite materials to date. The activation energy for tracer diffusion 
was similar to that found for conductivity in the same materials, given in Chapter 
9. Again, the highly doped Ceg ggGdojiO] 345 sample showed the highest activation 
energy. This is believed to be due to the presence of complex defect associates or 
microdomains of ordered seconds phases at such a high defect concentration. 
Similar trends in the activation energy were seen in the zirconia based materials. 
The tracer diffusion coefficients were compared with the AC conductivity 
diffusion coefficients for single crystal CeogpGdojiO, 345 and polyciystalline 
CcopGdo iO, 95 and ZrogsYo 15O1925. In all cases, the AC conductivity diffusion 
coefficient was significantly higher than the tracer diffusion coefficient. 
Computer simulations predict a Haven ratio of 0.65 for simple cubic systems with 
a vacancy diffusion mechanism. However, the Haven ratio was calculated to be 
between 0.14 and 0.20, with no obvious variation with composition. Several 
explanations were postulated to account for the low value of the Haven ratio. The 
first was that the charged defect associates reorientate in an AC field, thus 
contributing to the AC conductivity but not to the long range diffusion process. 
The second was the presence of ordered phases in the crystal lattice which will 
affect the Haven ratio. Finally, the presence of grain boundaries in the 
polycrystalline materials was shown to add another uncertainty in the calculation 
of the Haven ratio. 

In order to produce the most accurate values of the Haven ratio, experiments in 
future should be carried out using DC electrical conductivity measurements on 
single crystal materials, over the same temperature range as the tracer diffusion 
measurements. This removes the possibility of the reorientation of charged 
dipoles and the complication in interpretation of the results introduced by the 
presence of grain boundaries. Materials with a low dopant concentration should 
also be examined in order to determine the effect of defect associates on the 
Haven ratio. 

In Chapter 11, the oxygen surface exchange coefficient of various CGO and YSZ 
materials was presented. A strong correlation between the surface exchange 
coefficient and the tracer diffusion coefficient for all the materials was seen. This 
indicates that the mechanism for both surface exchange and oxygen diffusion is 
the same for all these fluorite materials. There are two temperature regimes with 
different activation energies for the surface exchange coefficient evident for all 
compositions. At high temperatures the activation energy is approximately half 
the electronic band gap, while at low temperatures there is a strong correlation 
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between the activation energy for surface exchange and for tracer diffusion. 
Therefore, it was suggested that the supply of electrons is the rate limiting step 
for surface exchange at high temperatures and the supply of oxygen vacancies is 
the rate limiting step at low temperatures. 

Further exchange measurements on these and other materials of similar 
composition should be carried in order to verify the correlation between the 
surface exchange coefficient and tracer diffusion coefficient. In particular, 
measurements around 600-800°C where the transition in the activation energy of 
the surface exchange coefficient occurs should be undertaken. There is still 
insufficient data to draw any categorical conclusions as to the reason for this 
change. The dependence of oxygen partial pressure on the surface exchange 
coefficient should also be measured to verify the hypothesis of the rate limiting 
step in the two temperature regimes. By reducing the pOj, the concentration of 
electrons increases while the concentration of oxygen vacancies remains constant. 
Thus, if the supply of oxygen vacancies is rate limiting then changing the pOj 
should not affect the surface exchange coefficient, whereas if the supply of 
electrons is rate limiting then reducing the p02 should increase the surface 
exchange coefficient. 
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Appendix A. Cation Diffusion in YSZ and CGO. 

A.I. Introduction. 

The work on cation diffusion was completed in conjunction with Dr. D. Waller, 
Department of Materials, Imperial College. The diffusion anneals used were 
described in Chapter 7. 

The long term stability of SOFCs and COGs is dependent on the interaction 
between the electrodes and the electrolyte. Thus it is important to determine the 
solubility and diffusivity of the electrode cations in the electrolyte. This 
appendix is not supposed to provide an in depth study of cation diffusion, but 
simply presents some of the initial diffusion data obtained using SIMS for 
manganese, lanthanum and strontium diffusion in single and polycrystal YSZ and 
the diffusion of cobalt and iron in polycrystalline CGO. 

The solution to the diffusion equation used was different depending on the type of 
oxide couple used and the resultant shape of the diffusion profile. For the short 
diffusion lengths the solution to the diffusion equation used is given by equation 
A.1 [1]. 

C(x,t) = ^ e r f c 
X 

2VDt. 
eqn. (A.l) 

This solution is appropriate for a semi-infinite source of initial concentration Cq, 
in contact with a semi-infinite volume of zero initial concentration. For longer 
diffusion lengths it was often more appropriate to use the solution for a finite, 
thin film source containing an initial amount of solute M (mol/cm^) as significant 
depletion of the source was apparent. This solution is given by equation A.2 [1]. 

, \ M x ' 

4Dt 
eqn. (A.2) 

However, even though visual inspection of the diffusion profile showed one 
solution to fit much better than the other, the magnitude of the diffusion 
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coefficient calculated from a non-linear least squares regression was very similar 
irrespective of whichever solution was used. 

In the following discussion the term "diffusion coefficient" is used to describe all 
the values of D calculated from equations A.l or A. 2. This tenn is an apparent 
diffusion coefficient and no attempt has been made to separate grain boundary 
terms or the fact that many of the transition metal oxides exist in a different 
oxidation or spin state (depending on their concentration in the fluorite) which 
will affect their ionic radii and thus the diffusivity. 

A.2. Manganese Diffusion in Single Crystal YSZ. 

A list of the diffusion temperatures and times used for manganese diffusion into 
single crystal YSZ was given in table 7.4. A typical diffusion profile is shown in 
figure A.I. 
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Figure A.l. Diffusion profile of manganese into single crystal YSZ at 1300°C. 

Ix represents the secondary ion intensity of cation x. For this material the solution 
to the diffusion equation for a semi-infinite source provided a more accurate 
description of the diffusion profile than the finite, thin film source. The values of 
diffusion coefficient calculated from the regression analyses are given in table 
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A.l and are plotted as a function of reciprocal temperature in figure A.2. Also 
shown on this graph is the data point obtained by Lau and Singhal [2] for 
manganese diffusion into single crystal YSZ at 1400°C, and the results of 
zirconium and yttrium tracer diffusion in single crystal YSZ obtained by Solmon 
[3]. 

Temperature (°C) D (cmVs) 

1250 78x10^* 
1250 48x10^* 
1300 4.9 X10-'^ 
1350 7.7 X IQ-i: 
1400 26x10^4 

Table A. 1. Values of the diffusion coefficient of 
Mn in single crystal YSZ from a Mn^Og source. 
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Figure A.2. Arrhenius graph of the diffusion coefficient 
of manganese into single crystal YSZ from a Mn203 source. 
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The linear regression of the data is described by equation A.3. 

+ 1.1x10' f 520±70kJ/mol 
° 4.7x10= """r m j 'I"' 

There is very little data in the literature available with which to compare these 
values. The only data on manganese diffusion in single crystal YSZ was that of 
Lau and Singhal [2]. Their value, obtained using electron probe micro analysis, 
is considerably higher than the values obtained in this study. The activation 
energy is similar to that obtained by Solmon [3] for zirconium and yttrium self-
diffusion in YSZ (460kJ/mol) and the data of Kilo et al [4] for zirconium 
diffusion in calcia stabilised zirconia (~440kJ/mol), although the absolute 
magnitude is somewhat higher for the manganese diffusion. The similarity of the 
diffusion behaviour of manganese, yttrium and zirconium may not be surprising 
considering the ionic radii are not too dissimilar. In 8-fold co-ordination Mn̂ ^ 
has a radii of 0 . 9 6 A , a radii of 1.02A and Zr''"̂  a radii of 0 . 8 4 A [5]. 

A.3. Manganese Diffusion in Polycrystalline YSZ. 

A list of the diffusion temperatures and times used for manganese diffusion into 
single crystal YSZ was given in table 7.4. Both Mn203 and LSM sources were 
used. The diffusion profiles had a different shape depending on the temperature 
(and thus the diffusion length) of the anneals. At low temperatures (1100-
1300°C) the solution assuming a semi-infinite source most accurately described 
the profile while at high temperatures (above 1400°C) the finite, thin film source 
described the diffusion profile better. This is not surprising considering the 
typical diffusion lengths. At temperatures below 1300°C the diffusion length was 
generally of the order of O.S^m whereas at high temperatures the diffusion length 
was more typically 100-400|Lim. Therefore, significant depletion of the source is 
expected at high temperatures but not at the lower temperatures. 

Two typical diffusion profiles for manganese diffusion from an Mn203 source 
into polycrystalline YSZ are shown in figures A.3 and A.4. In figure A.5 and A.6 
typical diffusion profiles for manganese and lanthanum diffusion into 
polycrystalline YSZ are shown. Figure A.3 shows a diffusion profile at 1100°C 
together with the result of the regression analysis using equation A. 1. Figure A.4 
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shows a diffusion profile at 1400°C and figures A.5 and A.6 at 1500°C, together 
with the result of the regression analysis using equation A. 2. 
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Figure A. 3. Diffusion profile 
of manganese into YSZ at 

1100°C from a Mn203 source. 

Figure A.4. Diffusion profile 
of manganese into YSZ at 

1400°C from a Mn203 source. 
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Figure A.5. Diffusion profile 
of manganese into YSZ from 

a LSM source at 1500°C. 
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Figure A.6. Diffusion profile 
of lanthanum into YSZ from 

a LSM source at 1500°C 
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Table A.2 gives the values of the diffusion coefficient for manganese in YSZ 
from a MhjOj source and table A.3 gives the values of the diffusion coefficient 
for manganese, lanthanum and strontium in YSZ from a LSM source. 

Depth profile analysis Line-scanning analysis 

Temperature (°C) Dwn (cmVs) Temperature (°C) Dm,, (cmVs) 

1100 4.7x10"" 1400 13x10^: 
1100 4.7 X 10-'" 1400 &4xl0^2 
1100 &8xl0^* 1420 25x10-" 
1150 17x10-" 1420 22x10-" 
1200 14x10^4 1500 1.1 X 10"' 
1250 28x10^3 1500 1.0x10"' 
1250 2 j x l O - " 1500 1.1 X 10-' 
1250 43x10^3 
1300 &8xl0^: 

Table A.2. Values of the diffusion coefficient of 
Mn into polycrystalline YSZ from a MujOj source. 

Temperature (°C) Dmh (cmVs) ©la (cmVs) Dsr (cmVs) 

1400 1.9x10"" 13x10"" 28x10^: 
1420 4.5x10-'" 22x10^: 8.4x10-'" 
1500 2.0 x IQ-" 9.7 x IQ-" 1.1x10"" 

Table A.3. Values of the diffusion coefficient of manganese, 
lanthanum and strontium in polycrystalline YSZ from a LSM source. 

Figure A.7 shows these diffusion coefficients as a function of reciprocal 
temperature. The data points of Lau and Singhal [2] and Waller et al [6] (using 
Raman spectroscopy) for manganese diffusion in polycrystalline YSZ from a 
Mn̂ Og source at 1400°C are also shown for comparison. 

The regression analysis of the diffusion data are described by equations A.4, A. 5, 
A.6 and A.7 for manganese diffusion into YSZ from a Mn^O^ source and 
manganese, lanthanum and strontium diffusion in YSZ from a LSM source, 
respectively. 
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Figure A.7. Comparison of the diffusion coefficient of manganese, lanthanum 
and strontium into polycrystalline YSZ from a MniOs and LSM source. 

Mn^Og source = 1.7 x 10 
+ 12x10 

1.5x10' 

1 2 

e x R -
700±28kJ/mol 

RT 
eqn. (A. 4) 

LSM source Dj,„ = 5.9 x 10" expi 
17x10* 

530 ±48kJ / mol 

RT 
eqn. (A. 5) 

LSM source 0^%= 1.7 x 10' 
+ 6.4x10' 
1.4x10^ "PI 

480 + 22kJ / mol 

RT 
eqn. (A.6) 

^ , + 1.8x10^ r 265 + 208kJ/mon , , 
LSM source Dg, =7.9x10 ^ ^ ^ exp|^- — j eqn. (A.7) 
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The diffusion coefficient of Lau and Singhal [2] is somewhat higher than the data 
in this work but the data of Waller et al [6] matches very closely. The activation 
energy for diffusion from the MnzOg source is higher than the activation energy 
from the LSM source. Oishi et al found the activation energy of zirconium and 
yttrium to be around 400kJ/mol [7] and Dimos and Kohlstedt [8] obtained a value 
of 560kJ/mol. This is lower than activation energy for diffusion from the Mn203 
source but similar to the LSM source. 

Figure A. 8 shows a comparison of the single crystal data with the polycrystalline 
data from the MniOs source. It is immediately clear that the polycrystalline 
samples exhibit a far greater rate of manganese diffusion than the single crystals. 
This strongly suggests that in polycrystalline YSZ the predominant path for 
manganese transport is down the grain boundaries. Using Raman spectroscopy. 
Waller et al [6] also demonstrated that the grain boundaries were the 
predominant path for manganese diffusion in polycrystalline YSZ. 
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Figure A. 8. Comparison of the diffusion coefficients of manganese 
in single crystal and polycrystalline YSZ from a Mn^Os source. 
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A.4. Cobalt and Iron Diffusion in Polycrystalline CGO. 

There has been no work published in the literature on cobalt and iron 
(constituents of the LSCF electrodes used in intermediate temperature SOFC and 
COG) into CGO. The following data are the results of initial experiments on the 
solubility and diffusion of iron and cobalt in CGO. The data set is limited but 
should provide a basis for future work on this system. 

The solubility of cobalt and iron was determined by preparing solid solutions of 
cobalt/CGO and iron/CGO of known composition. X-ray powder diffraction 
patterns of the solid solutions were taken on a Phillips 1710 diffractometer in the 
region of 29 = 80-140°. Figure A.9 shows the diffraction peak for the (533) 
plane for iron/CGO solid solutions of various composition. Both the K-ai and 
the K-a2 peaks are evident. Also shown is the peak corresponding to the silicon 
standard. There is clearly a shift in the peak position to higher angles with 
increasing iron content. This shows that the lattice parameter is decreasing in 
size as iron is added. There is almost no difference between the peak positions at 
6.9% iron and 10% iron indicating there is little difference in the lattice 
parameter between these two compositions. The true lattice parameter of the 
solid solutions was calculated at cos^ 8 = 0 by linear regression of the lattice 
parameter versus cos^ 9. The lattice parameter of iron/CGO is plotted as a 
function of iron concentration in figure A. 10 (a) and the lattice parameter of 
cobalt/CGO as a function cobalt concentration in figure A. 10 (b). 
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10%Fc /CGO 

S2 200 
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Figure A.9. X-ray diffraction patterns of iron/CGO solid solutions. 
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Figure A. 10. Lattice parameter of iron/CGO and 
cobalt/CGO as a function of dopant concentration. 

In figure A. 10 (a) there is a linear decrease in the lattice parameter of the solid 
solution with increasing iron content upto 4.7mol%, thus obeying Vegard's law. 
At 6.9mol% iron there is a deviation from the linear decrease in lattice 
parameter. Therefore, the solubility limit of iron in CGO has been reached. The 
lattice parameter at 10mol% iron also shows no further decrease. By 
extrapolation, the iron content in the 6.9mol% sample is 5.2mol%. Thus the 
solubility limit of iron in CGO is around 5mol%. For the cobalt/CGO solid 
solutions shown in figure A. 10 (b) no decrease in the lattice parameter is seen 
above 0.5mol% cobalt. Thus the solubility limit of cobalt in CGO is less than 
0.5mol%. 

The solubility of iron in CGO is comparable to that of manganese in YSZ, but the 
solubility of cobalt is very low. This is good for the long term operation of SOFC 
but makes SIMS analysis of the diffusion of cobalt in CGO difficult due to the 
low concentrations seen. 

The values of the diffusion coefficients of iron and cobalt in CGO are given in 
table A.4 and plotted as a function of reciprocal temperature in figure A. 11. In 
figure A. 11, the diffusion coefficients of manganese in polycrystalline YSZ from 
a MnaOa source are also shown. 
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Temperature (°C) Dpe (cra^/s)^ Dco (cm^/s) 

1250 8.7 X 10-" 80x10^5 

1250 42x10^3 

1300 16x10-" 
1325 1.4x10"'^ 
1350 2.4 X 10-̂ ^ 7.9 x 10-" 
1350 14x10-" 
1375 4.0 X 10"'̂  
1425 1.4 X lOr^ 1.7x10"'^ 
1425 2.0 X 10-'3 22x10^3 
1450 74x10^ : 1.5x10"" 

Table A.4. Values of the diffusion coefficient 
of Co and Fe in poiycrystalline CGO. 
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Figure A. 11. Arrhenius graph of the diffusion 
coefficient of iron and cobalt into poiycrystalline CGO. 
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The linear regression of the diffusion data for iron and cobalt are described by 
equations A.8 and A.9, respectively. 

_ . +3.3x10" f 650±140kJ/moA ^ ^ 
Dp, =8.3x10' exp — eqn. (A.8) 

&3xlO' RT 

+ 4.3x10'" f 680±140kJ/mol 

1.5x10' RT 
D^o =1.5x10' 9 exp| ~ ] eqn. (A.9) 

The values for diffusion of iron and cobalt in CGO are very similar and they have 
similar activation energies. Within the uncertainty limits, the activation energies 
calculated for iron and cobalt diffusion in CGO are the same as that calculated for 
manganese in YSZ in a similar temperature regime. The magnitude of the 
diffusion coefficients of iron and cobalt are between one and two orders of 
magnitude lower than manganese diffusion in polycrystalline YSZ at these 
temperatures. 

It would thus appear that in general the LSCF/CGO electrode/electrolyte couple 
shows better compatibility than the LSM/YSZ couple. The solubility of iron and 
particularly cobalt in CGO is less than manganese in YSZ. The diffusion rate of 
iron and cobalt into CGO is slower than manganese into YSZ and X-ray 
diffractometry showed no evidence of either strontium or lanthanum cerate 
phases forming when LSCF and CGO powders were heated to 1200°C [9] or 
1400°C [10]. 
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