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ABSTRACT 

 

Hydrogen is one of the leading choices for alternative environmentally friendly clean 

energy sources and there is an increasing worldwide interest in the hydrogen economy 

and hydrogen technologies. One of the main technical challenges presently faced in the 

production of hydrogen is the cost of purification or the separation of hydrogen from 

gas mixtures. Non-galvanic hydrogen separation by dense ceramic membranes with 

mixed protonic–electronic conduction seems to be one of the most promising 

technologies for hydrogen separation for environmentally friendly energy. There are 

several issues associated with the applications of dense ceramic membranes for (non-

galvanic) hydrogen separation, for example, impractical hydrogen separation rates, the 

stability of the materials, and the shortages of experimental data and theoretical models 

of hydrogen permeation for those membranes.  

 

The present project has undertaken the following investigations: 

 Analysis of a currently available model for non-galvanic hydrogen permeation 

of the membranes; 

 Development of a method for fabrication of asymmetric dense membranes to 

improve the filling technique to aid the conventional dry pressing, to develop a 

simple, cost-effective and highly reproducible method to prepare thin dense 

membranes; 

 Study of material stability in a reducing atmosphere to confirm the effect of 

hydrogen on the phase stability of commonly reported perovskite type material; 

 Investigation of non-galvanic hydrogen permeation data for dense perovskite 

type membranes in both dry and wet hydrogen; and 
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 Comparison of the experimental results with the model predictions. 

 

This project demonstrated that the settlement method is an effective filling technique 

which aids the conventional dry pressing, in order to prepare a thin uniform layer on a 

porous support. The method can provide advantages such as ease of control of the 

membrane thickness. The settlement methods can also be applied to prepare a thin 

uniform nano porous layer on a porous support, which can possibly be utilised as a 

molecular sieve type membrane for hydrogen separations from syngas.  

 

The phase stability study confirmed that some of the perovskite phase of the 

SrCe0.95Yb0.05O3-α decomposed to cerium oxide under strongly reducing conditions such 

as in dry hydrogen at 900 ○C. It was interesting to find that the extent of decomposition 

of the perovskite phase in a reducing condition was most influenced by the status of the 

SrCe0.95Yb0.05O3-α sample (i.e. either disk or powder form) while the temperature or the 

extent of the reducing atmosphere produced a smaller effect. The finding indicated that 

relaxation kinetics may play an important role in the phase stability of perovskite 

materials, and that it is vital to conduct hydrogen permeation tests using a ‘wet’ 

hydrogen atmosphere, in order to avoid strongly reducing conditions. 

 

Non-galvanic hydrogen permeation properties of SrCe0.95Yb0.05O3-α and 

SrCe0.95Tm0.05O3-α dense membranes were investigated in a ‘wet’ hydrogen atmosphere 

where the water vapour partial pressures were well-defined and monitored for the entire 

duration of the experiments. The experimental hydrogen permeation flux for 

SrCe0.95Yb0.05O3-α and SrCe0.95Tm0.05O3-α dense membranes was 6.8e-9 mol/cm2/s and 

7.1e-9 mol/cm2/s, respectively, under the upstream hydrogen partial pressure of 0.25atm 

(25% hydrogen/argon) at 900oC, reaching the maximum flux of 1.4e-8 mol/cm2/s and 
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1.6e-8 mol/cm2/s, for SrCe0.95Yb0.05O3-α and SrCe0.95Tm0.05O3-α respectively, under the 

upstream hydrogen partial pressure of 1atm (100% hydrogen) at 900oC.  

 

The theoretical modelling of hydrogen permeation flux for SrCe0.95Yb0.05O3-α and 

SrCe0.95Tm0.05O3-α was also undertaken, and compared with the experimental results 

obtained in this project and also with the data obtained from the literature. The 

parameter tuning further improved the model predictions for those samples. The 

hydrogen permeation model investigated in this project showed a better agreement to 

the experimental data obtained in this project, than the data obtained from the literature.  

 

This project demonstrated that the hydrogen permeation flux model investigated in this 

project can be utilised to predict hydrogen permeation flux from various types of oxides, 

when correct parameter values are utilised. It also provided a way of estimating those 

parameter values. Further, these results from this project may be useful to determine 

which processes and parameters require more detailed investigation, aiding this research 

field where a shortage of experimental data has been a significant barrier to the 

improvement and validation of permeation models.  

 

The significance of this project is the contribution to the development of a simple, cost-

effective and highly reproducible method to prepare thin dense membranes; the 

confirmation of material stability in reducing atmosphere; and the validation of a 

mathematical model for mixed proton and electron transport through dense ceramic 

membranes by using experimentally obtained hydrogen permeation data. These will 

contribute to forming the basis of a hydrogen separation process, which makes 

hydrogen an affordable energy and reduces the negative environmental impact of power 

generation and transportation industries.  
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NOMENCLATURE 

 

a Constant corresponding to Knudsen diffusion which is a means of 

diffusion that occurs in a long pore with a narrow diameter (2–

50nm) (2003) 

A  Formula weight (g/mol) 

ABO3  Fundamental perovskite structure 

A1-xA’xB1-yB’yO3-α  General formula for doped perovskite-based oxides 

b   Constant representing viscous flow 

Bi,    Mechanical mobility for species i 

Bo    Term corresponding to viscous flow 
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CR2   The coefficient of determination  
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Eij   Experimental hydrogen permeation flux 

EN  Total error generated during the estimation of an integral using 
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f   Error function (objective function) 

F    Faraday constant, 96485 (coulomb/mol)  
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ΔHw    Enthalpy for Kw (kJ/mol) 
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Itotal   Net current density 
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Ji  Permeation flux (Area-specific flux or flux density) for a species, 

i (mole per unit area per second) 

JH+     Permeation flux (flux density) of proton (mole per unit area per 

second) 

JH2    Hydrogen permeation flux (mol/cm2/s) 

kO    Term corresponding to Knudsen diffusion,  

KH  Thermodynamic equilibrium constant for proton formation from 

hydrogen (atm-1)  

Ki    Internal electronic equilibrium constant 

Kox  Thermodynamic equilibrium constant for incorporation of oxygen 

from oxygen gas (atm-1/2) 

Ks    Constant for Schottky-Wagner disorder 

Kw  Thermodynamic equilibrium constant for proton formation from 

water vapour (atm-1) 

L    Thickness of the membrane (cm, mm, µm) 

LC    Characteristic length for a membrane 

M    Gas molecular weight, 

Mij   Modelled hydrogen permeation flux 

N    Gas flow per unit area (i.e. flux), 

NA    Avogadro’s number (formula units/mol) 

pen,   Penalty term 

P   Upstream partial pressure of hydrogen 

P∆   Difference in partial pressure of the gas between both sides of the 

membrane 

PHe   Helium partial pressures (atm) 

PH2    Hydrogen partial pressure (atm) 
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PH2
II  Hydrogen partial pressure at the side II in Figure 2.24 (i.e. PH2

I > 

PH2
II) 

PH2
I    Hydrogen partial pressure at the side I in Figure 2.24 

PH2O    Water vapour partial pressure (atm) 

Pi    Driving force (gradient in a potential), acting on the species i 

Pm    Mean pressure  

PN    Partial pressure of the neutral species 

PO2    Oxygen partial pressure (atm) 

r    Radius of the ions 

rP    Pore radius 

R    Universal gas constant (m3 Pa /K/mol), 

SN and S2N Estimate of an integral using the composite Simpson rule with N 

and 2N subintervals, respectively. 

STP Standard conditions for temperature and pressure (0 °C and 1 

atm) 

ΔSw    Entropy for Kw (J/mol K) 

ti    Transport number of defect species i  

tol   Tolerance factor 

T   Temperature (○C or K) 

V   Vacancy in the Kröger–Vink notation 

Vc  Volume of the unit cell calculated from lattice parameters of the 

unit cell (cm3/cell) 

Vm    Molar volume of the system (cm3/mol)  

Wd    Weight of the dry sample (kg.m/s2) 

Ws   Weight of the ceramic suspended in water (kg.m/s2),  

Ww   Weight of the ceramic removed from water (kg.m/s2) 
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x    Neutral charge in the Kröger–Vink notation 

XB    Dopant level on the B site 

zi    Charge of the species i 

zn  The number of formula units per unit cell (4 formula units/ cell 

for perovskite) 

Z    A/B stoichiometric ratio 

ε     Porosity, 

η     Gas viscosity 

µi   Chemical potential of species i (only in Appendix) 

μi    Charge carrier mobilities of defect i (cm2/V/s) 

dL
d iµ     Chemical potential gradient (only in Appendix) 

ν     Mean molecular velocity 

ρ   True density 

ρb   Bulk density (density of samples containing pores) 

ρT    Theoretical density 

ρw   Density of water 

σH+
ref   is the proton conductivity at a (standard) reference state 

(hydrogen partial pressure, PH2 =1 atm) 

σi   Partial conductivity of species i (S/cm) 

σt    Total conductivity (S/cm) 

τ  Tortuosity, i.e. a property of curve being tortuous (twisted, 

having many turns). The tortuosity is the ratio of the average pore 

length to the length of the porous medium along the major flow 

or diffusion axis (Epstein, 1989). 

φ     Electrical potential 



 xxv 

dL
dφ

   Electrical potential gradient 

•   Positive charge in the Kröger–Vink notation 

'   Negative charge in the Kröger–Vink notation 
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1. INTRODUCTION 

 

Hydrogen is one of the leading choices for alternative environmentally friendly clean 

energy sources and there is an increasing worldwide interest in the hydrogen economy 

and hydrogen technologies (Phair and Badwal, 2006b). One of the main technical 

challenges presently faced in the production of hydrogen is the cost of purification or 

the separation of hydrogen from gas mixtures (Switzer, 2006). There are several 

technologies available for hydrogen separation processes, such as pressure swing 

adsorption, cryogenic distillation, and membrane separation (Adhikari and Fernando, 

2006a). Hydrogen separation by dense ceramic membranes with mixed protonic–

electronic conduction seems to be one of the most promising technologies for hydrogen 

separation, as it is inexpensive, less energy demanding (possible non-galvanic 

operation, i.e. no electrodes and external electric loadings required), and simple and 

compact (Roark et al., 2001). There are several issues associated with the applications 

of dense ceramic membranes for (non-galvanic) hydrogen separation, for example, 

impractical hydrogen separation rates, the stability of the materials, and the shortages of 

experimental data and theoretical models of hydrogen permeation for those membranes.  

 

The failure to attain a practical hydrogen flux is the greatest barrier to commercial and 

industrial applications of hydrogen separation using dense ceramic membranes. 

Reducing the dense membrane thickness is one of the most simple but effective 

techniques to obtain improved hydrogen permeation flux through dense ceramic 

membranes. Thinner membranes are, however, not as strong and suffer from mechanical 

instability. A supported thin dense membrane structure can be part of the solution. In 

these asymmetric membranes, a thin dense membrane is supported on a thick porous 
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supporting layer which improves the mechanical strength of the composite structure. 

Despite there being a number of sophisticated techniques available for the deposition of 

thin dense layers on porous supports to reduce the dense membrane thickness, some of 

the techniques can be very complex and difficult to replicate (Xia and Liu, 2001, Cheng 

et al., 2005). It is essential to develop a simple, cost-effective and highly reproducible 

method to prepare asymmetric membranes for industrial/ commercial applications. 

Conventional dry pressing is known to be a simple, reproducible and cost effective 

method to fabricate asymmetric membranes (Xia and Liu, 2001, Cheng et al., 2005). 

One drawback of the dry pressing method is that the membrane thickness may not be as 

thin as ones produced by other sophisticated techniques such as spin coating. 

Improvements may be made by improving the flow behaviour of the powder or by 

improving the filling techniques to obtain a thin, uniform and reproducible membrane.  

 

Other issues include the insufficient amounts of experimental data available for non-

galvanic hydrogen permeation through those membranes. Many studies have been 

undertaken for the measurements of proton and/or electron conductivities or hydrogen 

pumping rates. However not many non-galvanic hydrogen permeation properties of 

those materials have been reported (Song et al., 2004, Hamakawa et al., 2002, Cheng et 

al., 2005). Further, there have been a limited numbers of studies on the theoretical 

modelling of hydrogen permeation in those types of membranes, and none of the past 

modelling studies fitted the model to an experimentally measured non-galvanic 

hydrogen permeation data (Norby and Larring, 2000, Song et al., 2003b, Li and Iglesia, 

2003).  

 

Another issue is the stability of membrane materials under reducing conditions. A 

number of studies have been undertaken on the stability of perovskite type oxides, such 
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as strontium cerate (SrCeO3), barium cerate (BaCeO3), strontium zirconate (SrZrO3), 

and barium zirconate (BaZrO3) based materials under a carbon dioxide (CO2) 

containing atmosphere (Chen et al., 1997b, Shirsat et al., 2004, Ryu and Haile, 1999, 

Haile et al., 2001, Scholten et al., 1993, Kreuer, 1999, Katahira et al., 2000, Zuo et al., 

2006a, Carneim and Armstrong, 2003). However, only a few studies reported the 

stability of SrCeO3 or BaCeO3 perovskite membranes under reducing conditions (such 

as ‘dry’ hydrogen) (Okada et al., 2004). Norby and Haugsrud (2006) stated that 

hydrogen permeation measurements in a dry hydrogen atmosphere may not be 

achievable, and the membrane may be unstable in a dry hydrogen atmosphere. However, 

some of the hydrogen permeation tests reported in the past studies was performed in 

‘dry’ hydrogen atmospheres.  

 

The present project aims to: 

 analyse a currently available model for non-galvanic hydrogen permeation of the 

membranes; 

 develop a method for fabrication of asymmetric dense membranes to improve 

the filling technique to aid the conventional dry pressing, to develop a simple, 

cost-effective and highly reproducible method to prepare thin dense membranes; 

 study material stability in a reducing atmosphere to confirm the effect of 

hydrogen on the phase stability of commonly reported perovskite type material; 

 obtain non-galvanic hydrogen permeation data for dense perovskite type 

membranes in both dry and wet hydrogen; and 

 compare the experimental results with the model predictions. 

 

The significance of this project is the contribution it will make to: 
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 the development of a simple, cost-effective and highly reproducible membrane 

synthesis method;  

 the validation of a mathematical model for mixed proton and electron transport 

through dense ceramic membranes by using actual experimentally obtained 

hydrogen permeation data; and  

 the confirmation of material stability in reducing atmosphere.  

 

It will consequently contribute to forming the basis of a hydrogen separation process, 

which makes hydrogen an affordable energy and reduces the negative environmental 

impact of power generations and transportation industries. 
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2. LITERATURE REVIEW 

 

2.1 Hydrogen energy and production 

2.1.1 Energy demand 

Current energy supply sources include petroleum, coal, natural gas, nuclear power and 

renewable energy sources. Figure 2.1  shows the compositions of energy supply in the 

USA in 2007. Some 83% of the energy is from non-renewable sources, which have led 

to significant environmental impacts such as greenhouse gas emissions (USA. Energy 

Information Administration, 2009b). 

 

 

N.B. Quadrillion = 1e15, and Btu = British thermal unit: 1Btu ≈ 1054-1060 joules. 

Figure 2.1. Energy consumption in the US in 2007, adopted from USA. Energy Information 

Administration (2009b).  
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The world energy consumption projected into the year 2030 is shown in Figure 2.2. It 

predicts that the world energy consumption will increase from 472 quadrillion 

(quadrillion = 1e15) British thermal units (Btu, 1Btu ≈ 1054-1060 joules) in 2006 to 678 

quadrillion Btu in 2030, which is a total increase of 44% (USA. Energy Information 

Administration, 2009a).  

 

 

Figure 2.2. World marketed energy consumption, 1980-2030, adopted from USA. Energy 

Information Administration (2009a). 

 

The net greenhouse gas emissions in Australia in 2007 are shown in Table 2.1. The 

energy sectors comprising Stationary Energy, Transport and Fugitive emissions, were 

the largest source of greenhouse gas emissions in Australia in 2007, being responsible 

for major greenhouse emissions in Australia (Department of Climate Change, 2009). 
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Table 2.1. Australia’s national inventory by sector, adopted from Department of Climate 

Change (2009). 

 

N.B. (a) Emissions of methane (CH4) and nitrous oxide (N2O) are included under CO2 for 
components of the Industrial Processes sector for reasons of confidentiality; NA = not 
applicable; and Mt CO2-e = mega-tonne CO2 equivalent. 
 

These trends strongly indicate the necessity to develop alternative renewable, clean and 

reliable energy sources to reduce carbon emissions. For example, one of the alternative 

energy sources can be hydrogen fuel which produces water when it is burnt, and is a 

naturally pollution free fuel. Hydrogen can also be produced from diverse sources such 

as biomass and water. Hydrogen is considered one of the leading choices for alternative 

clean energy sources and there is an increasing worldwide interest in the hydrogen 

economy and hydrogen technologies (Phair and Badwal, 2006b). 

 

2.1.2 Sources of hydrogen 

Hydrogen can be produced both from non-renewable sources (fossil fuels) and 

renewable sources (biomass and water), as shown in Figure 2.3. The production of 

hydrogen from renewable energy sources is desirable, in comparison to the production 

of hydrogen from non-renewable sources which leads to negative environmental 

impacts such as greenhouse gas emissions and local pollution at the place of production, 

and depletion of the limited resources of fossil fuels (Saddler et al., 2004). 



 8 

 

 

Figure 2.3. Hydrogen supply and demand alternatives. 

  

Biomass, one of the hydrogen sources shown in Figure 2.3, can include any plant 

derived organic matter available on a renewable basis, including animal wastes, solid 

waste (municipal, industrial and commercial waste) and some other waste materials 

(U.S. Department of Energy, 2006). Biomass can be transformed into a mixture of gases 

(syngas) by a process called ‘gasification’ which is the thermochemical conversion of 

solid or liquid carbon-based materials (such as biomass, natural gas and coal)  into a 

combustible gaseous product by the limited supply of a gasification agent (air, oxygen 

or steam) (Belgiorno et al., 2003). Gasification of carbon based materials yields a 

syngas that mainly contains hydrogen, carbon monoxide (CO), CO2, and methane (CH4), 

from which the hydrogen needs to be separated.  
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2.1.3 Hydrogen separation technology 

One of the main technical challenges presently faced in the production of hydrogen is 

the cost of purification or the separation of hydrogen from gas mixtures (Switzer, 2006). 

There are several technologies available for hydrogen separation processes, such as 

Pressure Swing Adsorption (PSA), cryogenic distillation, and membrane separation 

(Adhikari and Fernando, 2006a). Selection of the optimal technology for hydrogen 

separation depends on flexibility, efficiency, cost, purity of the final product, operating 

conditions (i.e. temperature, pressure, and impurities, etc.), and requirement for 

integration into an existing system (Phair and Badwal, 2006a). 

 

Pressure Swing Adsorption (PSA) is a commercially available technology and the most 

extensively utilised industrial process to separate H2 from gas streams. PSA is based on 

the ability of certain materials (adsorbents, such as activated carbon and zeolites) to 

adsorb more impurities at high gas partial pressure than at low gas partial pressure. The 

process is generally operated in a batch or continuous process using multiple adsorbents 

(Adhikari and Fernando, 2006b, IEA Clean Coal Centre, 2003, Phair and Badwal, 2007). 

The net H2 production from the PSA process depends on many factors, such as feed gas 

pressure and composition, the process design, and operating conditions. The CO and 

CO2 concentrations of the feed gas are vital to determine the design and efficiency of 

the PSA separation process, since dilute CO is difficult to adsorb and bulk CO2 is 

difficult to desorb (Hufton et al., 1999). For this reason, CO2 has to be removed prior to 

the PSA process. Further, PSA requires high pressures (> 10atm) to obtain adequate 

hydrogen recovery at reasonable cost. This high-pressure requirement significantly 

increases cost and compressor parasitic power (Lasher et al., 2001). The major 

advantage of the PSA process is that it can produce high-purity hydrogen up to 99.99%, 
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with  undesirable impurities down to a low level and low capital investment (Adhikari 

and Fernando, 2006b, IEA Clean Coal Centre, 2003). 

 

The cryogenic distillation process is another widely used method for separating fluid 

mixtures. This is a low-temperature separation process which involves freezing of the 

gas mixture and then utilising the difference in boiling temperatures of the feed 

components to achieve the separation (Phair and Badwal, 2007). The cryogenic 

distillation can obtain improved purity products if products are thermally stable, and no 

extreme corrosion, precipitation, sedimentation or explosion issues are present. The 

scale up cost is low and can be economical for larger operations (Kiong Ng et al., 2005). 

However, major disadvantages are:  

• Considerable amount of energy input, 

• Not suitable for gas mixtures with significant amounts of CO and CO2, and 

• Product hydrogen purities of 95% or less (Hinchliffe and Porter, 2000b). 

 

Gas separation membranes have attracted the largest interest over the last few decades. 

Hydrogen separation by gas separation membranes has the following advantages over 

the other two prosecesses: 

• Lower capital investments, 

• Less energy requirement (possible non-galvanic operation, i.e. no electrodes and 

external electric loadings required),  

• No removal of CO or CO2 prior to separation required, unlike PSA, 

• Simple and compact operation and equipment compared to the other two 

technologies (Phair and Badwal, 2006a). 
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Thus, membrane separation seems to be one of the most promising technologies for 

hydrogen separation. 

 

2.1.4 Gas separation membranes 

Gas separation membranes can be classified generally into organic (e.g. polymer) or 

inorganic (e.g. ceramic and metal); and porous or non-porous (dense), as shown in 

Figure 2.4 (Pandey and Chauhan, 2001). 

 

Figure 2.4. Examples of gas separation membranes. 

 

In order for gas separation membranes to be useful in hydrogen separation from a gas 

mixture, they should:  

 Be stable at the operating temperature (300-1200 ○C); 

 Exhibit high hydrogen selectivity and permeability; 

 Be stable at the hydrogen chemical potential gradient induced by the pressure 

gradient, concentration gradient, temperature gradient or electric field gradient; 
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 Be stable in the presence of other gases and contaminants (such as CO2, CO, 

CH4, hydrogen sulphide (H2S), sulphur oxides (SOx), hydrogen chloride (HCl), 

water (H2O) and metal vapours etc); 

 Have good mechanical stability; 

 Be cost-effective; and 

 Be simple in fabrication (Roark et al., 2001, Phair and Badwal, 2006a). 

 

Table 2.2 lists the properties of the five gas separation membranes shown in Figure 2.4. 

  

Table 2.2. Properties of  hydrogen separation membranes, reproduced from Adhikari and 

Fernando (2006a). 

 A B C D E 
Membrane 
types 

Porous 
polymeric 

Dense 
polymer 

Porous ceramic Dense metal Dense 
ceramic 

Temp. 
range (○C) 

<100 <100 200-600 300-600 600-900 

H2 
selectivity 

low higher than 
(A) 

low very high very high 

H2 flux (10-3 
mol/m2/s @ 
1 bar) 

very low very low 60-300 60-300 6-80 

Purity H2 low low low (<95%) very high very high 
Instability HCl, SOx HCl, SOx H2O H2S, HCl, 

CO, H2 
CO2, H2S, 

H2O 

Other 
problems 

fouling and 
compaction 

swelling, 
compaction 

porosity control, 
difficulty of  
fabricating 
defect-free 

membranes, pore 
clogging, 

instability in 
water, 

mechanical 
stability 

fracture of 
metal, 

expansion 
and 

contraction, 
surface 

oxidation 
(except Pd ), 

difficulty of  
fabricating 
defect-free 

membranes, 
mechanical 

stability 

Cost of 
fabrication 

low low low high (Pd) low 

Mechanism molecular 
sieving 

solution-
diffusion 

molecular 
sieving 

association/ 
diffusion/ 

association/ 
diffusion/ 
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dissociation dissociation 

Materials polymers polymers metal oxides 
(silica, alumina, 
zirconia, titania, 

zeolites) 

Pd, Zr, Ta, 
Nb & their 

alloys 

metal oxide 
electrolytes 

(fluorite, 
pyrochlore 
(ABO7) or 
perovskite 
(ABO3) ) 

N.B. The letters, A-E, correspond to the five membrane types in Figure 2.4. 

 

A) 

Polymeric membranes have been developed for a range of industrial applications such 

as micro-/ultra-filtration and reverse osmosis, and are currently the only membranes 

utilised at industrial scale for gas separation (IEA Clean Coal Centre, 2003). Gas 

permeation in polymeric membranes depends on the size of the gas molecules to be 

separated and the molecular sieving capability of the membrane. For example, small 

molecules (such as hydrogen) permeate more rapidly than larger molecules such as CO2 

(Phair and Badwal, 2006b, Pandey and Chauhan, 2001). 

Organic porous membranes (polymeric membranes) 

 

Microporous polymeric membranes exhibit high permeability and can withstand high 

pressure conditions (Adhikari and Fernando, 2006a). They are generally less expensive 

to produce than inorganic membranes (IEA Clean Coal Centre, 2003). However, they 

are not suitable for applications in aggressive chemical environments (such as HCl and 

SOx) or at high temperatures (>100 ○C) due to chemical degradation, thermal instability, 

fouling and compaction. Other drawbacks include difficulty with preparation of defect-

free thin membranes as well as the poor hydrogen separation properties listed in Table 

2.2 (Phair and Badwal, 2006b, Pandey and Chauhan, 2001, IEA Clean Coal Centre, 

2003, Adhikari and Fernando, 2006a, Phair and Badwal, 2006a). 
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B) 

The mechanism for gas separation by non-porous polymeric membranes is different 

from that of porous polymeric membranes. The transport of gases through a dense 

polymeric membrane is generally by a solution–diffusion mechanism which consists of 

three steps: (1) the absorption or adsorption at the upstream membrane surface, (2) 

activated diffusion through the membrane, and (3) desorption on the downstream 

membrane surface (Pandey and Chauhan, 2001). It is noted that it does not require the 

hydrogen dissociation and reassociation steps unlike dense metal or dense ceramic 

membranes which are discussed later in this section. The typical operating temperature 

for dense polymeric membranes is approximately 100 ○C while in certain cases this may 

extend up to 200 ○C (Phair and Badwal, 2006a). 

Organic dense membranes (dense polymeric membranes) 

 

Dense polymeric membranes may exhibit higher selectivity than porous polymeric 

membranes, however they cannot withstand aggressive chemical environments (such as 

HCl and SOx) or at high temperatures (>100 ○C) (Adhikari and Fernando, 2006a). They 

also suffer swelling and compaction problem, and have poor hydrogen separation 

properties listed in Table 2.2. 

 

C) 

Typical membrane materials for this type of membrane are metal oxides and often 

silica, aluminosilicates, silicalite, and zeolites. In inorganic porous membranes 

(especially nano-porous ones), hydrogen is separated from gas mixtures (such as CO2, 

CO, CH4, etc.) by molecular sieving out of the larger gas molecules. The pore size of 

the membrane material needs to be larger than the hydrogen molecules (diameter: 0.283 

nm) but smaller than the other gases, to restrict permeation of the other gases, and to 

allow only hydrogen to pass through (i.e. molecular sieving) (Phair and Badwal, 2006b). 

Porous inorganic membranes can usually exhibit higher hydrogen flux than other 

Inorganic porous membranes (porous ceramic) 
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membrane types, at high temperatures and pressures which are relevant to gasification 

processes (IEA Clean Coal Centre, 2003). However, their main weaknesses include the 

difficulty of fabricating thin membranes without any flaws, pore clogging, instability in 

water, as well as the poor hydrogen separation properties listed in Table 2.2 (Phair and 

Badwal, 2006b, Adhikari and Fernando, 2006a, Phair and Badwal, 2006a). 

 

D) 

A typical membrane material for this type of membrane has been Palladium (Pd). 

Recent studies have focused on alternative materials including Zirconium (Zr), 

Tantalum (Ta), and Niobium (Nb), their alloys and many amorphous alloys. They are 

effective in separating hydrogen from a gas mixture at 300-600 °C (Phair and Badwal, 

2006b). 

Dense metal membranes 

 

The main advantages of metallic membranes are that they are not affected by the 

presence of water vapour in gas streams, and in general can exhibit higher hydrogen 

fluxes than ceramic membranes at lower temperatures (IEA Clean Coal Centre, 2003). 

They can also produce hydrogen of very high purity which can be directly utilised in a 

fuel cell. However, there are major drawbacks including chemical stability and 

embrittlement (Table 2.2) and also Pd is too expensive, which consequently requires 

very thin film (few microns) to reduce the cost. Other metals or alloys are also sensitive 

to hydrogen embrittlement, leading to low hydrogen flux (Phair and Badwal, 2006b, 

Pandey and Chauhan, 2001, Adhikari and Fernando, 2006a, Phair and Badwal, 2006a). 

 

E) 

Dense ceramic membranes can be produced from metal oxide electrolytes, consisting of 

a special class of inorganic crystalline materials with defective crystalline structures. 

Most of the oxide electrolytes with fluorite, pyrochlore (ABO7) or perovskite (ABO3) 

Dense ceramic (ion transport) membranes 
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type crystal structures have been recognized to have high ionic conductivities (Pandey 

and Chauhan, 2001). The most important group among the oxides are the perovskites. 

Although these materials have been considered for other applications, such as gas 

sensors, fuel cells and water electrolysis, their possible applications in gas separation 

has been increasingly gaining attention over the last few decades (Phair and Badwal, 

2006b).  

 

Dense ceramic (ion transport) membranes are 100% hydrogen selective and can exhibit 

proton conductivity or mixed proton and electron conductivities at high temperatures 

(600-900 ○C), to separate hydrogen from a mixture of gas, such as gasification syngas 

(Phair and Badwal, 2006b, Adhikari and Fernando, 2006a). They can also produce 

hydrogen of very high purity which requires no secondary purification.  

 

Hydrogen separation by dense ceramic membranes with mixed proton and electron 

conductions seems to present the most promising process due to its properties listed in 

Table 2.2, even though chemical and thermodynamic phase stability under reducing 

conditions and in the presence of the gases, such as CO, CO2, H2O, H2S, is one of the 

disadvantages for this type of membranes (to be discussed in section 2.7). The dense 

ceramic membranes also offer cost-effectvive non-galvanic operation and self-supported 

structures at high temperatures (>600 °C) (Pandey and Chauhan, 2001, Liu and Li, 

2005, IEA Clean Coal Centre, 2003, Roark et al., 2001, Adhikari and Fernando, 2006a, 

Oesten and Huggins, 1995, Phair and Badwal, 2006b, Hinchliffe and Porter, 2000a).  

 

2.2 Dense ceramic membranes for high temperature hydrogen separation 

As mentioned in section 2.1.4 above, dense ceramic membranes with mixed protonic–

electronic conduction seem to be one of the most promising technologies for high 
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temperature hydrogen separation. Dense ceramic membranes can include, but are not 

limited to, fluorite, pyrochlore (ABO7), perovskite (ABO3), bismuth oxide, and solid-

electrolyte (Adhikari and Fernando, 2006a). Most of the work to date has been 

performed on perovskite type membranes (Phair and Badwal, 2006a). 

 

2.2.1 Perovskite type membranes 

Perovskite-structured materials are versatile metal oxides that exhibit a wide range of 

properties such as ionic and electronic conductivity. The fundamental perovskite 

structure is ABO3 (such as SrCeO3 and BaCeO3), in which the cation A usually has 

valence 2+ occupying the corner of a cube, the cation B has valence 4+ residing at the 

centre of the cube, and oxygen ions, O2- residing at the centre of the faces of the cube of 

an unit cell, as shown in Figure 2.5(a) (Wang, 2002).  
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Figure 2.5. Ideal cubic perovskite structure a) the unit cell of ABO3 perovskite with B cation at 

the centre; b) the unit cell of ABO3 perovskite with A cation at the centre; c) the basic 

perovskite structure (Harrison, 2005). 

 

The perovskite family can be created by doping other types of cations into the system 

and/or by introducing oxygen vacancies (Wang, 2002). The general formula for doped 

perovskite-based oxides is A1-xA’xB1-yB’yO3-α where x and y are the fractions of dopants, 

A’ and B’ in the A and B sites, respectively and α is the number of oxygen vacancies 

(Roark et al., 2001). For example, perovskite-type materials can be A1+B5+O3 (e.g. 

LiNbO3), A2+B3+
0.67B6+

0.33O3 (e.g. BaSc0.67W0.33O3), A2+B1+
0.25B5+

0.75O3, (e.g. 

BaNa0.25Ta0.75O3), and A2+B4+
0.95B3+

0.05O3-α, (e.g. BaCe0.95Y0.05O3-α) (Wang, 2002). 

Almost innumerable combinations of metal cations can be accommodated within 

perovskite and perovskite-related structural systems, however, there are some general 

preferences for A and B-site cations (Wang, 2002): 

(a) (b) 

(c) 
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 The A cation of valence 2+ is expected to have a larger radius as the valence 

generally decreases as the radius of the cation increases and vice versa;  

 Any cation with higher ionicity (or less polarity) could occupy the A site, 

although its valence may differ from 2+. However, the average valence at this 

site usually equals 2+ in order to balance  the charge; 

 B cations should have some degree of covalency; so as to be easier to polarise 

than A cations;  

 Bonding between the B cation and the adjacent oxygen is stronger than that of 

the A cation; and 

 Any cation that prefers to have six-coordination could occupy the B site 

although its valence may differ from 4+. However, the average valence at this 

site usually equals 4+ in order to balance the charge. 

 

The notation A1-xA’xB1-yB’yO3-α is adopted to describe doped perovskite-based oxides in 

this thesis. 

 

2.2.2 Oxygen vacancies 

Perovskite-structured materials must be doped to create oxygen vacancies which are 

important for high proton conduction and play an important role in hydrogen 

incorporation reaction with oxides (Roark et al., 2001). For instance, SrCe0.95Tb0.05O3 

exhibits proton conductivity, while pure SrCeO3 material does not show proton 

conductivity (Qi and Lin, 1999). Doping the B site with lower valence cations (acceptor 

doping) produces oxygen vacancies to maintain electroneutrality (charge 

compensation), for example, replacement of the tetravalent Ce4+ with trivalent cations 

like Y3+, Yb3+, Nd3+ etc. The amount of electron and proton charge carriers which can 

be introduced into a system depends on 1) the dopant concentration, 2) the number of 
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oxygen vacancies, 3) the surrounding atmospheric conditions, and 4) temperature 

(Roark et al., 2001, Wang, 2002, Oesten and Huggins, 1995). 

 

2.2.3 Requirements for hydrogen separation membranes 

In  addition to the general requirements for hydrogen separation membranes (section 

2.1.4), dense ceramic membranes should have high protonic conductivity, high 

electronic conductivity, and low oxygen ionic conductivity for application in practical 

non-galvanic hydrogen separations (Lin, 2001, Phair and Badwal, 2006b). It is generally 

the electron conductivity that is the limiting step in the hydrogen permeation through a 

mixed proton and electron conductor, and much of the recent work has focused on 

improving the electron conductivity of high-temperature proton conductors (Song et al., 

2004, Roark et al., 2001, Phair and Badwal, 2006b). 

 

Table 2.3 shows the specific operational target values for hydrogen separation 

membranes released by the Office of Fossil Energy in the U.S. department of Energy 

(2005). Another target value for dense ceramic membranes for hydrogen separations in 

industrial/commercial applications, which was found in the literature, is a hydrogen flux 

of 10 cm3(STP)/min/cm2 (7e-6 mol/cm2/s, assuming the STP = 0 °C and 1 atm) with a 

pressure drop of 1 atm across the membranes (Gupta and Lin, 2006). 
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Table 2.3. Hydrogen separation targets for hydrogen separation membrane (The Office of Fossil 

Energy, 2005, Phair and Badwal, 2006b).   

  Target   
Characteristic 2003 

status 
2007 2010 2015 

Flux rate (m3/m2/h) 18.3 30.5 61 91.5 
Flux rate (mol/cm2/s)* 2.27e-5 3.78e-5 7.56e-5 1.13e-4 
Cost (US$/m2) 1,940 1,620 1,080 <1,080 
Durability (Years) <1 1 3 >5 
Operating temperature (°C) 300–600 400–700 300–600 250–500 
Pressure gradient operating 
capability (atm) 

6.8 13.6 <27.2 27.2–68.0 

Hydrogen recovery 
(% of total gas) 

60 70 80 90 

Hydrogen purity 
(% of total dry gas) 

>99.9 >99.9 >99.95 99.99 

*N.B. The flux (mol/cm2/s) is calculated from the flux (m3/m2/h), assuming the standard 
conditions for temperature and pressure of 0 °C and 1 atm, respectively.  
 

2.3 Hydrogen permeation mechanisms in dense ceramic membranes 

Dense ceramic membranes can operate in a non-galvanic mode to separate hydrogen 

from the gas mixtures, which require only a hydrogen partial pressure gradient as the 

driving force (Norby and Haugsrud, 2006). 

 

Hydrogen permeation through a dense ceramic membrane with mixed proton and 

electron conductions consists of five main steps (Figure 2.6): 

(1) Diffusion of molecular hydrogen in the gas mixture to reaction sites on the 

surface at the feed side; 

(2) Surface exchange (gas/solid interfacial reaction) at feed side, where hydrogen 

molecules adsorb and dissociate, and the charges are transferred; 

(3) Ambipolar diffusion of both protons and electrons in the same direction across 

the membrane, by maintaining electroneutrality and zero net current; 

(4) Surface exchange (solid/gas interfacial reaction) at permeate side, where  

protons re-associate and desorb at the surface of the permeate side; and 
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(5) Diffusion of molecular hydrogen to the bulk gas at the permeate side (Phair and 

Badwal, 2006b, Norby and Haugsrud, 2006). 

 

It is generally understood that the step which is much slower than the others is the rate-

limiting step for the overall hydrogen permeation process. 

 

 

Figure 2.6. Hydrogen separation processes in dense ceramic mixed proton and electron 

conducting membranes, reproduced from Roark et al. (2001). 

 

2.3.1 Surface exchange 

Perovskite type oxides utilised for high temperature hydrogen separation generally 

contain no structural protons. They only become proton conductors if hydrogen and/or 

water vapour in a hydrogen and/or water vapour containing atmosphere are dissolved in 

the oxide as protons (Oesten and Huggins, 1995). Noted that the Kröger–Vink notation 

is utilised in describing the processes (Kröger and Vink, 1956, Kofstad, 1972). 
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Hydrogen as source of proton

Protons can be generated through the reaction of hydrogen molecules at the surface of 

an oxide which can be written as follows: 

: 

H2 ↔ 2Hi
• + 2e',      

(1) 

where Hi
•  is an interstitial proton, and  

e' is an electron.  

 

A proton does not occupy a regular lattice site, because of its small size. Instead it is 

retained in the material by associating with oxygen ions at normal lattice sites, Oo
x, with 

the effective charge +1. This is equivalent to the conversion of lattice oxygen into 

hydroxide ions OHo
•, 

 Oo
x + Hi 

• = OHo
•.       

(2) 

Thus, the overall reaction (Eq. (1) and (2)), where a hydrogen molecule in the gas 

stream is incorporated directly into the material by interacting with oxygen ions at 

normal lattice site, producing electron, e', can be written as:  

H2 (g) + 2Oo
x ↔ 2OHo

• +2 e'  → ,
][O

][e'][OH
2

OH2

22
O

H ×

•

=
P

K   

(3) 

where (g) indicates gaseous phase, 

KH is the thermodynamic equilibrium constant for proton formation from 

hydrogen, 

[i] is a mole fraction of species i, and  

PH2 is hydrogen partial pressure. 
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Water vapour as source of proton

In the absence of pre-existing oxygen vacancies in an oxide, protons can be generated 

by the reaction of the oxide with water vapour: 

: 

H2O (g) ↔ 2Hi 
• + 2e' + ½O2 (g).     

(4) 

 

If oxygen vacancies are present in the structure, oxygen vacancies react with water 

vapour to fill normal oxygen lattice positions with oxide ions, Oo
x and produce 

interstitial protons, 2Hi 
•, which can be written as:  

 H2O (g) + Vo 
•• ↔ 2Hi 

• + Oo
x,      

(5) 

where Vo 
••  is a pre-existing oxide ion vacancy. 

As noted previously, a proton does not occupy a regular lattice site, (Eq. (2)), thus the 

overall reaction (Eq. (5) and (2)) can be written as: 

H2O (gas) + Vo
•• + Oo

x ↔ 2OHo
•  → ,

]][O[
][OH

OOH2O

2
O

W ×••

•

=
VP

K  

 (6) 

where Kw is the thermodynamic equilibrium constant for proton formation from 

water vapour, and  

PH2O is water vapour partial pressure. 
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Dissolution of oxygen

If oxygen is also present in the gas stream, the dissolution of oxygen can occur, filling 

pre-existing vacancies and producing electron holes, h•: 

: 

½O2 (gas) + Vo
•• ↔ Oo

x +2 h•   → ,
][

]][h[O

O
1/2

O2

2
O

OX ••

•×

=
VP

K   

 (7) 

where Kox is the thermodynamic equilibrium constant for incorporation of 

oxygen from oxygen gas, and  

PO2 is oxygen partial pressure (atm). 

 

The equations (3), (6) and (7) are interrelated by the equation:  

H2 + ½ O2 ↔ H2O → 1/2
O2H2

H2O
W  

 
'

PP
P

K = , 

          (8) 

Kw′ = exp(29809 / T − 6.64), and      

(9) 

 

Kw′ = KH Kox / Kw Ki
2, 

(10) 

where T is temperature (K), and 

Ki is the internal electronic equilibrium constant (Schober et al., 1996, Roark et al., 

2001, Oesten and Huggins, 1995). 
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2.3.2 Proton conduction mechanism 

Conduction of protons through a dense ceramic membrane is driven by the potential 

difference between the upstream and downstream surfaces of the membrane (Song et al., 

2004, Norby and Larring, 2000). 

 

There are generally two different proton conduction mechanisms, namely the Grotthus 

(free proton) mechanism and the vehicle mechanism. It is generally agreed that proton 

transfer in dense ceramic membranes takes place via the Grotthus mechanism suggested 

by Grotthus in 1806, which involves both proton transfer (i.e. sequential jumps of 

protons) and reorientation of the protonic defect (Figure 2.7). In the Grotthus 

mechanism, a proton is exchanged between a hydroxide ion (proton attached to oxygen 

ions at normal lattice positions) and adjacent oxygen ions (oxygen ions at normal lattice 

positions) (Münch et al., 1999, Kreuer et al., 1995, Oesten and Huggins, 1995). 

 

 

Figure 2.7. Schematic illustration of the Grotthus mechanism, reproduced from Oesten and 

Huggins (1995). 

 

 

Reorientation Proton transfer 

OHo
• Oo

x 

  
  

 
 

  

H+ 
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On the other hand, in the vehicle mechanism, a vehicle (e.g. O2-, H2O, NH3 etc.) that 

can accept a proton, migrates in one direction and diffuses back in the opposite direction, 

e.g. flow of H2O+ ions in one direction and counter flow of H2O (Figure 2.8).  

 

 

Figure 2.8. Schematic illustration of the vehicle mechanism, reproduced from Oesten and 

Huggins (1995). 

 

In this project, the Grotthus mechanism is accepted as it is far more commonly accepted 

in the literature reviewed. Further, it is also known that the oxygen ion can get 

transported through some proton conducting dense ceramic membranes at high 

temperatures (Iwahara, 1988, Iwahara et al., 1990), and co-existence of the oxygen ion 

transport and proton hopping (Yajima and Iwahara, 1992, Liang and Nowick, 1993) 

leads to the possibility of hydroxyl ion migration. Thus proton transport in mixed proton, 

oxygen ion and electron conducting membranes may be achieved by both the free 

proton mechanism and hydroxyl ion transport, depending on the material composition, 

temperature and gas composition (Gupta and Lin, 2006).  

 

In the free proton mechanism, it is suggested that thermal fluctuations (vibration) of 

oxygen ions assist proton transfer, since neighbouring oxygen ions move closer during a 

vibration (bending of the B-O bond) and reduce the activation energy for proton transfer 

(Figure 2.9) (Kreuer, 1997, Roark et al., 2001). The activation energy for proton transfer 

therefore fluctuates between high and low levels as the separation between oxygen 

 

O-, H2O+, NH3
+ etc. 

 
  

O2-, H2O, NH3 

 H+ 
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anions fluctuates due to the oxygen vibration. Therefore, proton transfer rates depend on 

a number of factors, such as proton jump distance, fraction of vacant jump destinations, 

vibration frequency, activation energy for proton transfer (Norby, 1990), the degree of 

covalence between B site cations and the oxygen ions and the degree of hydrogen 

bonding within the lattice (Kreuer et al., 1995, Munch et al., 1996, Munch et al., 1997). 

The rate limiting step in the proton transfer mechanism differs depending on materials. 

For example, the study by Münch et al. (1999) found that the proton transfer step is rate 

limiting for BaCeO3 while both the proton transfer and the reorientation step are rate 

limiting for SrCeO3. 

 

 

Figure 2.9. Schematic illustration of reorientation and proton transfer steps. 

 

2.3.3 Electron conduction mechanism 

Hydrogen permeation through a dense ceramic membrane is accomplished by ambipolar 

diffusion of protons and electrons (Kröger, 1974). In a mixed proton and electron 
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conductor, chemical and electrical potential gradients co-exist and act together as the 

driving force for mass transport (Li and Iglesia, 2003). Electrons generally diffuse much 

faster than protons, so the electrons tend to move ahead. This leads to a space charge 

causing an electrical potential gradient, which in turn makes protons keep up with the 

electrons. Since both electrons and protons must move to complete hydrogen 

permeation, the mobility of the slowest species will limit the rate of hydrogen 

permeation (Kröger, 1974). If electron conductivity is much smaller than proton 

conductivity, the hydrogen permeation flux is determined by the electronic conduction 

(Qi and Lin, 1999). For example, the experiment by Qi and Lin (1999) showed a very 

low hydrogen permeation flux though a SrCe0.95Tb0.05O3 membrane, which is due to 

extremely low electron conductivity of SrCe0.95Tb0.05O3. 

 

Electron conduction is due to mixed valency within the B site and overlap of B site 

cation and oxygen orbitals:  

B(n+1)+ - O2-  - Bn+ → B n+ - O- - B n+→ Bn+ - O2- - B(n+1)+. 

This indicates that the electron conduction will increase with the increase in B cation 

and oxygen orbital overlap (Roark et al., 2001).  

 

Electron conduction is provided by electrons (n-type conduction) in a reducing 

atmosphere (under high hydrogen partial pressure) and by electron holes (p-type 

conduction) in an oxidising atmosphere (under low hydrogen partial pressure). 

Generally in a hydrogen permeable membrane, the upstream of the membrane is 

exposed to a reducing environment, which leads to electron conduction by electrons and 

very low hole conductivities. On the other hand, the downstream side of the membrane 

is exposed to an oxidising atmosphere, leading to electron conduction by electron holes. 

These asymmetric (reducing on one side and oxidizing on the other) conditions result in 
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changes in rate-determining charge carriers as a function of position within the 

membrane (Li and Iglesia, 2003, Waser, 1988). Li and Iglesia (2003) found in their 

modelling study that in a membrane exposed to hydrogen at one side and oxygen at the 

other side, electronic conduction changes from n-type to p–type, depending on the 

location, and in the transition region, the electronic transport number becomes very low.  

 

2.3.4 Structure and conductivity 

As mentioned in section 2.3.2, one of the crucial factors determining proton 

conductivity is the degree of covalence between B site cations and oxygen ions (degree 

of B-O bonding), which influence the fluctuations (vibrations) of oxygen ions. Materials 

with more open crystal structures have larger separation between neighbouring oxygen 

ions and generally contain a low degree of B-O bonding. The low degree of B-O 

bonding results in more flexible (softer) B-O vibrations which facilitate proton transfers 

between neighbouring oxygen sites. On the other hand, more closely packed structures 

have smaller separation between oxygen ions and less flexible (stiffer) B-O vibrations 

(Kreuer et al., 1995, Munch et al., 1996, Munch et al., 1997, Roark et al., 2001). 

Therefore, the activation energy for proton conduction decreases and the proton 

mobility increases when the distance between neighbouring oxygen ions increases 

(Kreuer, 1997, Roark et al., 2001). For instance, the simulations undertaken by Munch 

et al. (1996) and Munch et al. (1997) showed that the calculated barrier for proton 

conduction was lower for BaCeO3 than the more closely-packed BaZrO3 (Roark et al., 

2001). 

 

The lattice structure of membrane materials can also affect oxygen ion conductivity. For 

example, BaCeO3 based perovskite membranes have oxygen ion conductivity in a gas 

mixture containing water vapour (Guan et al., 1997), while SrCeO3 based perovskite 
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membranes have negligible oxygen ion transport numbers (Guan et al., 1998b). This 

may possibly be due to the more distorted orthorhombic structure of SrCeO3 (in 

comparison to that of BaCeO3), which inhibits oxygen ion conduction (Bonanos, 1992, 

Knight and Bonanos, 1995). 

 

2.3.5 Characteristic length 

The relative control of the overall hydrogen permeation process is generally determined 

by the characteristic length of a membrane, LC, for membranes where surface exchange 

(steps (2) and (4) in Figure 2.6) and bulk diffusion processes (step (3) in Figure 2.6) are 

both important to the overall hydrogen permeation process (Bouwmeester et al., 1994). 

The parameter LC is defined as the ratio of the surface exchange coefficient to the 

diffusion coefficient of a membrane, which determines the transition from surface 

exchange rate-limited to bulk diffusion rate-limited transport of hydrogen (Crank, 1975, 

Song et al., 2004, Cheng et al., 2005). When the thickness of a mixed proton and 

electron conducting membrane becomes thinner than the LC for the material, the bulk 

diffusion process would no longer be rate-determining for the overall hydrogen 

permeation process (Norby and Haugsrud, 2006).  

 

To date, there has been no study reporting that hydrogen permeation through a mixed 

proton and electron conducting perovskite membrane is controlled by the surface 

exchange (i.e. the membrane thicknesses reported so far were thicker than the LC for the 

materials) (Norby and Haugsrud, 2006). For instance, Hamakawa et al. (2002) 

demonstrated that the hydrogen permeation in SrCe0.95Yb0.05O3-α is limited by diffusion 

even for 2 µm-thick membranes at 677 ○C, and thus LC < 2 µm for this experiment. The 

experiment by Cheng et al. (2005) showed that the hydrogen permeation in 
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SrCe0.95Tm0.05O3-α is limited by diffusion in 150 µm-thick membranes, and thus LC < 

150 µm for this experiment. 

 

Figure 2.10 shows the hydrogen dissociation rate for SrCe0.95Yb0.05O3-α and other 

materials (Norby and Haugsrud, 2006), which can be used with the partial 

conductivities of the materials, to estimate the LC of the material. This method is valid 

only when the dissociation process (step (2) in Figure 2.6) is the rate-limiting step 

within the overall surface reaction (step (1), (2), (4) and (5) in Figure 2.6).  

 

 

Figure 2.10. Hydrogen dissociation rate for SrCe0.95Yb0.05O3-α and other materials, adopted from 

Norby and Haugsrud (2006). 
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Norby and Haugsrud (2006) estimated the LC for SrCe0.95Yb0.05O3-α by using the data in 

Figure 2.10 and their conductivity data for SrCe0.95Yb0.05O3-α. The estimated LC for 

SrCe0.95Yb0.05O3-α was approximately 0.5 to 1 µm, which is in a good agreement to the 

finding by Hamakawa et al. (2002) (i.e. the hydrogen permeation in SrCe0.95Yb0.05O3-α is 

limited by diffusion even for 2 µm-thick membranes at 677 ○C). 

 

Further, the LC of a membrane material can roughly be estimated by plotting log of 

membrane thicknesses and log of the corresponding hydrogen permeation fluxes. When 

the slope of the plot is -1, it indicates the hydrogen flux is limited by the bulk diffusion. 

On the other hand, when the slope is zero, it indicates that surface reaction is the 

limiting process (Chen et al., 1997a, Gupta and Lin, 2006). 

 

It should be noted that as the membrane thickness continues to decrease with progress in 

membrane technology, the surface reactions at the gas/solid interface are likely to 

become the rate limiting step (Phair and Badwal, 2006a). Therefore, a good 

understanding not only of the mechanisms of proton and electron transport mechanisms 

but also of surface exchange reactions, will be required to ensure the attainment of 

practical hydrogen fluxes through dense ceramic membranes (Zhang et al., 2003, Phair 

and Badwal, 2006a). 

 

2.4 Common materials for non-galvanic hydrogen separation 

According to Qi and Lin (2000), all the past reported high temperature proton 

conducting ceramics can be broadly classified into: 

1. BaCeO3, 

2. SrCeO3, 
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3. SrZrO3, and  

4. Complex perovskite, A2B’B”O6 and A3B’B”O9. 

 

Those perovskite-type oxides doped with a rare earth oxide have been reported to have 

high proton conductivity at high temperatures in hydrogen atmospheres (Zuo et al., 

2006a, Iwahara et al., 1988, Slade and Singh, 1991, Stevenson et al., 1993). In particular 

SrCeO3 and BaCeO3 doped with trivalent cations such as Y, Yb, Sc, Eu, Tm, Nd, and 

Gd (B-site doping) have been identified as good high temperature proton conductors 

(Cheng et al., 2005, Hamakawa et al., 2002, Song et al., 2004, Iwahara et al., 1981, 

Iwahara et al., 1988, Iwahara et al., 1986). It is noted that the complex perovskites are 

not discussed further in this project, as it is beyond the scope of this project. 

 

2.4.1 BaCeO3 based materials 

BaCe0.8Y0.2O3-α is known to have one of the highest proton conductivities of perovskite-

based oxides (Carneim and Armstrong, 2003). Iwahara (1995) reported that 

conductivities of typical perovskite-type oxide proton conductors in hydrogen 

atmospheres are ordered as: BaCe0.8Y0.2O3-α > BaCe0.9Nd0.1O3-α > SrCe0.95Yb0.05O3-α > 

SrZr0.95Y0.05O3-α > CaZr0.9In0.1O3-α. However, BaCeO3 based materials, such as 

BaCe0.8Y0.2O3-α, are known to exhibit high proton conductivity as well as high oxygen 

ionic conductivity, making it unsuitable to use these membranes for hydrogen 

separation when oxygen is present in the gas stream (Katahira et al., 2000, Lin, 2001). 

Further, it is reported that BaCe0.8Y0.2O3-α has insufficient electronic conductivity to 

support non-galvanic hydrogen separation processes (Balachandran et al., 2005), and 

BaCeO3 and BaZrO3 are reported to be almost pure ionic conductors (Norby and 

Haugsrud, 2006). 
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Moreover, chemical stability of BaCeO3 based perovskite is of great concern.  When 

BaCeO3 based materials are exposed to CO2, H2S, H2O or sulphur dioxide (SO2) 

containing atmospheres at high temperature, BaCeO3 based materials decompose to 

form cerium oxide (CeO2) and barium carbonate (BaCO3) or barium sulphate (BaSO4), 

or barium hydroxide (Ba(OH)2), and consequently degrade the performance of the 

membranes (Carneim and Armstrong, 2003, Kreuer, 1997, Zuo et al., 2006a). 

 

2.4.2 SrCeO3 based materials 

Acceptor-doped SrCeO3 is the most studied mixed electron–proton conducting oxide 

system, in terms of actual experimental hydrogen permeation flux, estimation of 

hydrogen flux based on conductivity data, and modelling of permeation flux (Norby and 

Haugsrud, 2006). Unlike BaCeO3 based oxides, SrCeO3 based materials are reported to  

exhibit negligible oxygen ionic conductivity, which is one of the criteria for a good 

mixed proton and electron conducting membrane (section 2.2.3) (Qi and Lin, 2000). Qi 

and Lin (2000) experimentally proved that the oxygen ion conductivity can be neglected 

for SrCeO3 based oxides such as Tm, Tb and Yb-doped SrCeO3 (Qi and Lin, 2000, Qi 

and Lin, 1999, Hamakawa et al., 1994). Table 2.4 summarises transport numbers for 

mixed proton-electron conductors, which was reproduced from Gupta and Lin (2006). It 

is noted that ti in Table 2.4 represents the transport number of defect species i (i.e. 

proton (tOH), oxygen vacancy (tVo) and electron (te)) (Schober, 2001): 

ti = σi / σt,   

(11) 

where σi is the conductivity of species i, and  

σt  is the total conductivity. 
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The SrCeO3 based oxides generally have higher electronic transport numbers and lower 

oxygen ion transport numbers, compared to BaCeO3 based oxides at high temperatures. 

This makes SrCeO3 based oxides more suitable as hydrogen permeable membranes, 

than BaCeO3 based ones (Norby and Haugsrud, 2006). 

 

Table 2.4. Summary of transport numbers for mixed proton-electron conductors, reproduced 

from Gupta and Lin (2006). 

Material Up/Down stream 
gas compositions 

Transport 
number (600 ○C) 

Transport 
number (800 ○C) 

Reference 

tVo tOH te tVo tOH te 
BaCe0.9Nd0.1O3-α H2/21%O2 0.23 0.72 0.05 0.65 0.26 0.09 (Iwahara, 

1992) 
BaCe0.95Y0.05O3-α O2+H2O 0.33 0.26 0.41 0.37 0.08 0.55 (Guan et al., 

1997) 
BaCe0.95Y0.05O3-α H2+H2O 0.05 0.79 0.16 0.16 0.63 0.21 (Guan et al., 

1997) 
SrCe0.95Y0.05O3-α 100%O2/4%H2 - 0.74 0.26 - 0.71 0.29 (Guan et al., 

1998b) 
SrCe0.95Y0.05O3-α 4%H2/0.488%H2 - 0.90 0.10 - 0.86 0.14 (Guan et al., 

1998b) 
SrCe0.95Yb0.05O3-α 1%H2/21%O2 - - - - 0.22 0.78 (Hamakawa 

et al., 1993) 
N.B. The symbol ‘-‘ indicates a ‘negligible’ transport number (Gupta and Lin, 2006). 

 

Dionysiou et al. (1999) suggests that Yb, Y, Tb and Sc-doped SrCeO3 can be used to 

extract hydrogen from hydrogen containing gases, as this kind of material has the 

advantages of infinite selectivity to hydrogen and excellent stability even at temperature 

as high as 1400 ○C. However, the hydrogen flux of SrCeO3 based membranes is still 

limited by its low electron conductivity, and SrCeO3 based membranes have been 

reported to exhibit poor chemical stability in a CO2, H2S, H2O or SO2 containing 

atmosphere. For example, BaCeO3 and SrCeO3 were found to be the least CO2-resistant 

materials amongst the materials examined in the study by Roark et al. (2001). The 

stability of hydrogen permeable membranes are discussed later in section 2.7.1. 
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2.4.3 SrZrO3 based materials 

SrZrO3 based materials, such as SrZr0.9Y0.1O3-α have been reported to exhibit good 

stability in a CO2 environment (Carneim and Armstrong, 2003, Savaniu et al., 2005). 

The major drawback is that SrZrO3 based materials exhibit low proton conductivity and 

extremely low electron conductivity (Qi and Lin, 2000, Balachandran et al., 2005). 

Several investigations have suggested that SrZrO3 based materials are not attractive 

materials for hydrogen separation: 

 Very low permeability of protons and electrons in SrZr0.95Y0.05O3-α makes it 

an unattractive material for hydrogen separations (Hamakawa et al., 2002); 

and 

 SrZrO3 based materials have lower proton conductivity and these materials 

are not suitable for use as membranes in high temperature hydrogen 

separation (Matsumoto et al., 2001, Hibino et al., 1992, Qi and Lin, 2000). 

 

2.5 Comparison of membrane performance 

As mentioned in section 2.2.3, for a good mixed proton and electron conducting 

material for hydrogen separation, it should have high protonic conductivity, high 

electronic conductivity, and low oxygen ionic conductivity. It is clear from Table 2.4 

(page 36) that BaCeO3 based perovskite membranes are not suitable for hydrogen 

separation from a gas mixture which contains water vapour, due to oxygen ion 

conductivity of those materials. On the other hand, SrCeO3 based perovskite membranes 

are reported to have negligible oxygen ion transport numbers, which make this type of 

material more suitable for hydrogen gas separations. The difference in the oxygen ion 

transport numbers between SrCeO3 and BaCeO3 based perovskites could be due to the 

more distorted orthorhombic structure of SrCeO3 when compared to that of BaCeO3, 

which inhibits oxide ion conduction (Bonanos, 1992, Knight and Bonanos, 1995). 
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In a hydrogen containing atmosphere, most of the materials listed in Table 2.4 generally 

have low electron transport numbers. Non-galvanic hydrogen permeation flux (i.e. 

ambipolar diffusion of protons and electrons) reaches a maximum when the proton and 

electron transport numbers are equal. Thus low electron conductivity is limiting the 

hydrogen flux in those perovskite–type materials in a hydrogen containing atmosphere 

(Gupta and Lin, 2006). Norby and Haugsrud  (2006) stated that the electronic 

conductivity of SrCeO3 based oxides is believed to be the rate limiting factor for 

hydrogen permeability at least up to temperatures of 1050 °C. 

 

Table 2.5 summarises non-galvanic hydrogen permeation fluxes of the SrCeO3 and 

BaCeO3 based perovskite oxides. It is difficult to validly compare membrane 

performances for the hydrogen permeation flux reported in the literature, due to 

differences in the experimental conditions utilised in the studies, such as membrane 

thickness, experimental temperature and pressure, membrane design, partial pressure 

gradient across the membrane, and surrounding gas compositions (argon, helium, 

nitrogen etc.) (Phair and Badwal, 2006a). 
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Table 2.5. Non-galvanic hydrogen permeation fluxes of SrCeO3 and BaCeO3 based perovskite 

oxides. 

Composition Upstream gas 
(PH2O)*e 

Downstream 
gas 

Thickness T(○C) Hydrogen 
 flux 
(mol/cm2s) 

SrCe0.95Yb0.05O3-α  
(Hamakawa et al., 
2002) *a 

10%H2/(He or N2) 
(‘dry’, PH2O=?) 

N2/O2 and 
He 

2µm  677 2.0e-7  

40%H2/(He or N2) 
(‘dry’, PH2O=?) 

N2/O2 and 
He 

2µm  677 8.7e-7  

10% H2/(He or N2) 
(‘dry’, PH2O=?) 

N2/O2 and 
He 

140µm  677 3.3e-9  

40% H2/(He or N2) 
(‘dry’, PH2O=?) 

N2/O2 and 
He 

140µm  677 1.5e-8  

SrCe0.8Yb0.2O3-α 
(Song et al., 2005a) *b 

20% H2/He 
(PH2O= 
0.03atm) 

N2+100ppm
H2 

700µm 900 5.9e-9 

Ni - SrCe0.8Yb0.2O3-α 
(Song et al., 2005a) *b 

20% H2/He 
(PH2O= 
0.03atm) 

N2+100ppm
H2 

250µm 900 7.8e-8 

SrCe0.95Tm0.05O3-α 
(Cheng et al., 2005) *c 

10% H2/He 
(‘dry’, PH2O=?) 

20% O2/N2 150µm  900 9.4e-8 
 

20% H2/He 
(‘dry’, PH2O=?) 

20% O2/N2 150µm  900 1.5e-7 

SrCe0.95Tm0.05O3-α 
(Qi and Lin, 2000) 

10% H2/He 
(‘dry’, PH2O=?) 

20% O2/N2 1.6mm 900 3.0e-8 

10% H2/He 
(‘dry’, PH2O=?) 

20% O2/N2 1.2mm 900 3.2e-8 

20% H2/He 
(‘dry’, PH2O=?) 

20% O2/N2 1.2mm 900 3.8e-8 

SrCe0.95Y0.05O3-α 
(Zhan et al., 2009) 

80% H2/He 
(‘dry’, PH2O=?) 

Ar 50µm 950 7.6e-8 

SrCe0.95Sm0.05O3-α 
(Song et al., 2004) 

30% H2/Ar 
(‘dry’, PH2O=?) 

He 1.72mm 850 0.9e-9  

10% H2/Ar 
(‘dry’, PH2O=?) 

He 1.72mm 850 0.8e-9  

SrCe0.95Eu0.05O3-α 
(Song et al., 2005b) 

30% H2/Ar 
(‘dry’, PH2O=?) 

He 1.72mm 850 1.62e-9 

30% H2/Ar (PH2O= 
0.028atm) 

He 1.72mm 850 1.43e-9 

30% H2/Ar (PH2O= 
0.058atm) 

He 1.72mm 850 1.3e-9 

30% H2/Ar (PH2O = 
0.086atm) 

He 1.72mm 850 1.23e-9 

Ni - BaCe0.8Y0.2O3-α  
(Song et al., 2008) *b 

3.8% H2/N2 (PH2O = 
0.03atm) 

N2+100ppm
H2 

80µm 900 1.8e-7 

3.8% H2/N2 (PH2O = 
0.03atm) 

N2+100ppm
H2 

150µm 900 1.0e-7 

BaCe0.8Y0.1Ru0.1O3−α  
(Matsumoto et al., 

H2/Ar ln(PH2’/PH2”) 
≈ 5.6 

Ar 500µm 800 6.5e-8 



 40 

Composition Upstream gas 
(PH2O)*e 

Downstream 
gas 

Thickness T(○C) Hydrogen 
 flux 
(mol/cm2s) 

2006) *d (PH2O= 0.019atm) *f 
BaCe0.9Y0.1O3−α  
(Matsumoto et al., 
2006) 

N.A Ar 500µm 800 0 

N.B. *a supported on porous SrZr0.95Y0.05O3-α; *b assuming the standard conditions for 
temperature and pressure as 0 °C and 1 atm; *c supported on porous SrCe0.95Tm0.05O3-α; *d Pt 
coated; *e the symbol ‘?’ indicates unknown water vapour partial pressures; *f PH2’/PH2” = 
upstream hydrogen partial pressure / downstream hydrogen partial pressure. 

 

As shown in Table 2.5, hydrogen flux through the dense ceramic membranes partly 

depends on the membrane thickness, and which is evident in the modelling using the 

Wagner equation (Eq (14) in section 2.12.1), where the hydrogen permeation flux is 

proportional to the reciprocal of the thickness of the membrane. For instance, the 

hydrogen flux of the 1.2 mm- and 1.6 mm-thick SrCe0.95Tm0.05O3-α membranes were 

3.2e-8 mol/cm2/s and 3.0e-8 mol/cm2/s at 900 ○C with the upstream hydrogen partial 

pressure of 0.1 atm (10% hydrogen/helium), respectively (Qi and Lin, 2000). The 

hydrogen flux of the 140 µm-thick SrCe0.95Yb0.05O3-α membrane was 1.5e-8 mol/cm2/s at 

677 ○C with the upstream hydrogen partial pressure of 0.4 atm (40% hydrogen/helium), 

while the flux was 8.7e-7 mol/cm2/s for the 2 µm-thick SrCe0.95Yb0.05O3-α under the same 

condition (Hamakawa et al., 2002).  

 

Gupta and Lin (2006) report that for dense ceramic membranes for 

industrial/commercial applications, the membranes should provide a hydrogen flux of 

10 cm3(STP)/min/cm2 (7e-6 mol/cm2/s, assuming the STP = 0 °C and 1 atm) with a 

pressure drop of 1 atm across the membrane (section 2.2.3). They suggest that the 

membrane thickness for SrCe0.95Yb0.05O3-α should be less than 5 µm to achieve this goal 

(Gupta and Lin, 2006). 
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2.6 Improvement of membrane performance 

The failure to attain a high hydrogen permeation flux for membranes is the greatest 

barrier to commercially viable hydrogen separation membranes. There are three main 

approaches that can be employed to improve the hydrogen permeation flux through 

mixed proton and electron conducting dense ceramic membranes: 

1) deposition of a thin dense film on a porous support to decrease the dense 

membrane thickness, in order to improve proton and electron conductivities; 

2) control of the grain-boundary microstructure to optimise proton and electron 

conductivities, which is briefly discussed in section 2.6.2; and 

3) optimisation of membrane compositions (within the ceramic phase) to increase 

proton and electron conductivities (doping) (Phair and Badwal, 2006b, Roark et 

al., 2001, Song et al., 2008). 

 

When the thickness of a mixed proton and electron conducting membrane becomes 

thinner than the LC for the material, the surface exchange process would be rate-

determining for the overall hydrogen permeation process, as discussed in section 2.3.5. 

In this case, the improvement of the surface exchange reactions could effectively 

improve the hydrogen permeation flux by: 

1) coating of a dense membrane with a porous layer to increase effective surface 

area for hydrogen dissociation/re-association reactions; and 

2) coating of a dense membrane with catalyst to increase the surface exchange 

reactions of hydrogen (Zhan et al., 2009, Etchegoyen et al., 2006). 

 

To date, there has been no study reporting that hydrogen permeation through a mixed 

proton and electron conducting perovskite membrane is controlled by the surface 
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exchange (Norby and Haugsrud, 2006). The improvement of the surface exchange 

reactions is not discussed further in this project, as it is beyond the scope of this project.    

 

Further, another solution can be the development of multi-phase materials (e.g. cermet) 

to increase electron conductivity by addition of highly electron conducting materials to 

the proton conducting phase (e.g. sufficient incorporation of a metal phase (e.g. Ni) to 

BaCe1-xYxO3-α) (Balachandran et al., 2006, Roark et al., 2001, Song et al., 2005a, 

Mather et al., 2003). This feature is also beyond the scope of this project. 

 

2.6.1 Fabrication of supported thin films 

Hydrogen flux through the dense ceramic membranes partly depends on the membrane 

thickness, as shown in Table 2.5, and which is evident in the modelling using the 

Wagner equation (Eq (14) in section 2.12.1), where the hydrogen permeation flux is 

proportional to the reciprocal of the thickness of the membrane. When bulk diffusion is 

the limiting factor in the hydrogen permeation process, reducing the dense membrane 

thickness may be one of the most simple but effective techniques to obtain improved 

hydrogen permeation flux. It should be remembered that reducing the membrane 

thickness is effective, only when the thickness of the membrane is greater than the LC of 

the material (section 2.3.5), and reducing the membrane thickness below LC will not 

increase the hydrogen permeation flux (Norby and Haugsrud, 2006).  

 

Thinner membranes are not as strong and suffer from mechanical instability. Thus a 

supported thin dense membrane structure can be part of the solution. In these 

asymmetric membranes, a thin dense membrane is supported on a thick porous 

supporting layer which improves the mechanical strength of the composite structure. It 
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is essential, in the design of an asymmetric system, that the porous support has low gas 

transport resistance so that the diffusion of gas through the porous support does not 

determine the rate of permeation (Jin et al., 2001).  

 

There have been many studies on the fabrication of thin dense films on porous 

substrates (but not limited to hydrogen separation membranes) for improvement of 

permeation flux. For example, Ma et al. (2005) prepared 60–150 µm dense BaCe0.9-

xZrxYb0.1O3−α membranes on porous Ni-BaCeO3 supports by air plasma spraying. 

Etchegoyen et al. (2006) used tape casting to obtain asymmetric membranes with a 120 

µm dense La0.6Sr0.4Fe0.9Ga0.1O3-α layer on a thick porous support layer of the same 

material. Tape-casting is known to produce thin flat ceramic tapes with film thickness of 

5 µm to 1 mm (The Swedish Ceramic Institute, 2003). Hong et al. (2001) prepared 20 

µm thin La0.2Sr0.8CoO3–α films on porous MgO supports by dip coating, while Joo and 

Choi (2006) utilised pulsed laser deposition to produce 0.6-1.5 µm Y-stabilised ZrO2 

layers on Pt and sapphire supports. Kosacki and Anderson (1997) prepared dense 

SrCe0.95Yb0.05O3 thin films (L ≈ 1 µm) on Si- and Al2O3-substrates using a polymeric 

precursor spin coating technique. Lee et al. (2005) prepared dense, crack-free thin films 

of BaCe0.8Y0.2O3−δ (L ≈ 10 µm) by a colloidal spray deposition method, which were 

deposited on porous NiO/BaCe0.8Y0.2O3-α substrates.  

 

Other methods can include chemical vapour deposition (Pal and Singhal, 1990), 

electrochemical vapour deposition (Itoh et al., 1995), and sputtering (Teraoka et al., 

1989), which, however, were reported experience difficulties in producing dense films. 

 

Hamakawa et al. (2002) prepared 2 µm dense SrZr0.95Y0.05O3−α and SrCe0.95Yb0.05O3-α 

thin films on porous SrZr0.95Y0.05O3-α substrates by spin coating (Figure 2.11). It was 
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found that hydrogen permeation flux through the 2 µm SrCe0.95Yb0.05O3-α thin films at 

677 ○C was 1.0e−6 mol/cm2/s, which was approximately 500 times larger than through 1 

mm-thick SrCe0.95Yb0.05O3-α membranes, as shown in Figure 2.12. Further, the authors 

concluded that hydrogen permeation fluxes were proportional to the inverse of the 

membrane thickness, indicating that hydrogen flux in SrCe0.95Yb0.05O3-α thin films, even 

for 2 µm films, is controlled by bulk diffusion and not by surface exchange reactions (or 

by boundary layer transport) (Hamakawa et al., 2002).  

 

 

Figure 2.11. Scanning electron micrographs (SEM) of a 2 µm SrCe0.95Yb0.05O3-α membrane on a 

SrZr0.95Y0.05O3-α substrate, adopted from Hamakawa et al. (2002). 
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Figure 2.12. Comparison of hydrogen fluxes of SrCe0.95Yb0.05O3-α membranes with different 

membrane thicknesses, adopted from Hamakawa et al. (2002). 

 

Despite there being a number of sophisticated techniques available for the deposition of 

thin dense layers on porous supports, some of the techniques can be very complex and 

difficult to replicate. The cost and complexity of fabrication make the industrial 

application of hydrogen separation membranes unaffordable and unattractive.  

 

In contrast, conventional dry pressing is known to be a simple, reproducible and cost 

effective method for fabricating asymmetric membranes (Xia and Liu, 2001, Cheng et 

al., 2005). This simple method can considerably reduce the fabrication cost of dense 

asymmetric (ceramic) membranes (Xia and Liu, 2001). For example, Cheng et al. 

(2005) fabricated asymmetric membranes consisting of 150-800 µm dense 

SrCe0.95Tm0.05O3-α layers on SrCe0.95Tm0.05O3-α porous supports by conventional dry 

pressing, as illustrated in Figure 2.13. In this study, the powder with the larger particle 

size was utilised for the substrate to produce pores, while the powder with the smaller 
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particle size was utilised to produce dense layer. The difference in the particle sizes 

controlled the shrinkage and the porosity of the asymmetric system (Cheng et al., 2005). 

 

 

Figure 2.13. Illustration of dry pressing procedure to make a disk-shaped SCTm asymmetric 

membrane, adopted from Cheng et al. (2005). 

 

Xia and Liu (2001) prepared an 8 µm dense Gd0.1Ce0.9O1.95 film on a porous NiO- 

Gd0.1Ce0.9O1.95 substrate by traditional dry pressing using an unique ‘foam’ (highly 

porous) Gd0.1Ce0.9O1.95 powder. However, they reported that the Gd0.1Ce0.9O1.95 ‘foam’ 

powder had very poor flow behaviour due to its high porosity and particle sizes, 

resulting in non-uniform distribution of the ‘foam’ powder (especially for thinner films), 

and consequently lower density of the dense films. They suggested that improvements 
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can be made by improving the flow behaviour of the powder or by improving the filling 

techniques to obtain a uniform and reproducible filling. 

 

Zhan et al. (2009) prepared dense, crack-free asymmetrical SrCe0.95Y0.05O3-α membranes 

by a conventional dry pressing method, in a similar manner to Cheng et al. (2005). The 

difference in this study (Zhan et al., 2009) is the use of NiO as a pore forming agent, 

and soluble starch to control the shrinkage of the substrate to match the top dense layer, 

in the porous support (Zhan et al., 2009). The use of pore forming agents in the porous 

substrate is discussed further in section 2.10.2. Crack-free asymmetrical membranes 

with dense layer thicknesses of approximately 50 µm were successfully prepared on to 

the substrates. The thickness of the dense layer increased linearly with the amount of 

powder utilised in the top layer, indicating the ease of thickness control. Hydrogen 

permeation flux of a 50 µm thin membrane was as high as 7.6e−8 mol/cm2/s using 80% 

hydrogen/helium feed gas at 950 °C, which was reportedly about 7 times higher than 

that of a membrane with a thickness of approximately 620 µm (Zhan et al., 2009). The 

study indicated that the hydrogen permeation was controlled by both bulk diffusion and 

surface kinetics, for the thickness range of 50 to 620 µm, and is limited by the electronic 

transport and surface kinetics in the temperature range 750–950 °C. They also studied 

the effect of porous coating on the hydrogen permeation flux, and found that the flux 

was improved by 84%, by coating the membrane surface with a porous layer, which was 

briefly mentioned in section 2.6. 

 

Zuo et al. (2006b) fabricated crack-free, dense Ba(Zr0.1Ce0.7Y0.2)O3–α membranes (L ≈ 

15 µm) on Ni- Ba(Zr0.1Ce0.7Y0.2)O3–α substrates using a modified dry-pressing method. 

The porous substrate consisted of the Ba(Zr0.1Ce0.7Y0.2)O3–α powder, NiO and flour 
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powder (as the pore forming agent), and the Ba(Zr0.1Ce0.7Y0.2)O3–α powder was added 

and evenly distributed onto the substrates with a sieve, pressed and co-sintered.  

 

Drawbacks of the conventional dry pressing method is that the membrane thickness may 

not be as thin as ones produced by other methods such as spin coating, and crystal 

orientation may possibly be altered by pressing resulting in different intensity in x-ray 

diffraction (XRD) analysis (Cheng et al., 2005). 

 

2.6.2 Microstructure and hydrogen permeation flux 

The influence of microstructures in the dense layers on the hydrogen permeation flux 

has been reported in the study by Song et al. (2005b). In this study, the effect of the disk 

sample preparation methods on the hydrogen permeation flux was investigated. Three 

different methods of the disk sample preparation were examined: 

Sample a) Ball milling of the precursor powder for 1 day, followed by pressing and 

sintering of the disk at 1500 ○C for 40 hrs; 

Sample b) Ball milling of the precursor powder for 1 day, followed by pressing and 

sintering of the disk at 1500 ○C for 25 hrs; and 

Sample c) Ball milling of the precursor powder for 10 days, followed by pressing 

and sintering of the disk at 1500 ○C for 10 hrs. 

 

It is noted that the dense SrCe0.95Eu0.05O3-α disk samples were cold isostatically pressed 

with the pressure of 200MPa. Figure 2.14 shows the scanning electron microscopy 

(SEM) images of SrCe0.95Eu0.05O3-α dense disk membrane samples (a) - (c) (Song et al., 

2005b). The sample (c) showed the smallest grain size and a narrow grain size 

distribution (Figure 2.14 (c)). 
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Figure 2.14. SEM images of SrCe0.95Eu0.05O3-α membranes after being thermally etched. (a) ball 

mill for 1 day and sintered at 1500 ○C for 40 hrs, (b) ball mill for 1 day and sintered at 1500 ○C 

for 25 hrs, (c) ball milled for 10 days and sintered at 1500 ○C for 10 hrs, adopted from Song et 

al. (2005b). 

 

Figure 2.15 shows the temperature dependence of the hydrogen flux of the 

SrCe0.95Eu0.05O3-α membrane samples (a) - (c), which were prepared in three different 

ways. It is noted that the temperatures shown in the x-axis of Figure 2.15 are the 

hydrogen permeation test temperatures, not the sintering temperatures. The samples 

with small grains (i.e. sample (c)) showed higher hydrogen permeation flux when 

compared with the other samples (samples (a) and (b)) with larger grains for the entire 

temperature studied (Song et al., 2005b).  
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Figure 2.15. Temperature dependence of the hydrogen flux of three SrCe0.95Eu0.05O3-α 

membranes, (a) ball mill for 1 day and sintered at 1500 ○C for 40 hrs, (b) ball mill for 1 day and 

sintered at 1500 ○C for 25 hrs, (c) ball milled for 10 days and sintered at 1500 ○C for 10 hrs, 

adopted from Song et al. (2005b). N.B. ‘Temperature’ on the horizontal axis indicates the 

hydrogen permeation test temperatures, not the sintering temperatures. 

 

Other studies include, but are not limited to, the study of the microstructure (such as 

grain boundary conduction) on the electrical properties of BaCe0.85Gd0.15O3-α where 

grain sizes were varied by sintering at various temperatures (Haile et al., 1998). The 

study by Kosacki and Anderson (1997) investigated the relationship between the 

structure and the electrical properties of SrCe0.95Yb0.05O3-α thin film as a function of 

temperature. 
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2.6.3 Optimisation of membrane composition (doping) 

High charge carrier concentrations in perovskite materials can be achieved by high 

levels of doping (Roark et al., 2001). Oxygen vacancies are crucial for high electron and 

proton conduction and play an important role in hydrogen incorporation reactions with 

oxides. The concentration of oxygen vacancies is directly proportional to the amount of 

B site doping, hence the B site cation is known to have the greatest influence on proton 

conductivity (Roark et al., 2001).  

 

It should be noted that, as mentioned in section 2.3.3, electron conduction is due to 

mixed valency within the B site and overlap of B site cation and oxygen orbitals. This 

indicates that increasing the number of oxygen vacancies could reduce electron 

conduction, which has been observed in the experiment by Mizusaki et al. (1989). The 

study demonstrated an apparent decrease in electron conductivity when the number of 

oxygen vacancies was increased (Mizusaki et al., 1989, Roark et al., 2001). Therefore, 

improvement in hydrogen flux should not focus only on maximising oxygen vacancies 

(Roark et al., 2001). 

 

Further, the basicity of the B site (and A site) cations can be beneficial to the proton 

incorporation (uptake). However, increased basicity can lead to reaction with H2O and 

CO2 to form hydroxide or carbonate, and consequently causes decreased stability of the 

membrane. Thus, it is essential to consider an optimum compromise between proton 

uptake and stability to decomposition when maximizing proton conductivity. Moreover, 

the B site cation and dopant control other important properties such as the flexibility of 

B-O bonding, the degree of H bonding and the crystal packing density, ultimately 

influencing proton mobility (section 2.3.4). Hence, those factors should be carefully 

considered when selecting the optimum material compositions (Roark et al., 2001). 
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As mentioned in section 2.5, electronic conductivity is generally the limiting factor in 

the hydrogen permeation process in dense ceramic membranes. Hence, one effective 

way to improve the hydrogen permeation flux may be the effective doping to improve 

the electron conductivity. Doping of SrCeO3 perovskite oxides with different cations for 

improvement of electron (and proton) conductivity have been studied, such as Y 

(Sammes et al., 2004), Yb (Uchida et al., 1989), Eu, Sm, Ho, Tm (Lian et al., 1994), and 

Eu (Tsuji and Nagano, 2000, Song et al., 2003a). For example, Qi and Lin (2000) 

reported that the electronic conductivity of SrCe0.95Tm0.05O3-α was superior to that of 

SrCe0.95Yb0.05O3-α or SrCe0.95Tb0.05O3, and hydrogen permeation of SrCe0.95Tm0.05O3-α is 

comparable with one of the best studied proton conducting ceramic membranes, 

SrCe0.95Yb0.05O3-α with surface coated by Pt catalyst (Qi and Lin, 2000). 

 

Qi and Lin  (2000) reported that the electronic conductivity is inversely related to the 

ionisation potentials of Ce4+ and dopants. This phenomenon is explained by the hopping 

mechanism of semiconductors, where the electronic conduction is due to the transfer of 

electrons (or holes) between two neighbouring ions of mixed valency (Kingery et al., 

1976). The lower the ionisation potential of the dopant ion, the faster the electronic 

conduction (Gupta and Lin, 2006).  

 

Table 2.6 lists the examples of dopants for SrCeO3 based materials examined in the past 

as well as the major findings in the studies.  
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Table 2.6. Examples of dopants studied for SrCeO3 based membranes 

Perovskite 
type 

Dopants Major Findings Reference 

SrCeO3 Ho, Tm, 
Eu, Sm 

1) SrCeO3 doped with Tm and Ho (which have 
smaller ionic radius) show a higher electrical 
conductivity than those doped with Sm and Eu 
(which have larger ionic radius). (Yb=85.8pm, 
Tm=86.9pm, Ho=90.1pm, Eu=94.7pm, and 
Sm=96.4pm) 
2) Activation energy increases as the doping ionic 
radius increases. 

(Lian et al., 
1994) 

SrCeO3 Yb Yb content increased electrical conductivity and 
charge carrier concentration. 

(Kosacki 
and 
Anderson, 
1997) 

SrCeO3 (and 
BaCeO3) 

Y, Gd, 
Nd, Ni 

1) The electrical conductivity of BaCe1-xYxO3- δ 
increased with the Y content in hydrogen and wet 
argon gas. 
2) Amount of dopants had strong influence on 
electrical properties of the membranes. 

(Guan et 
al., 1998a) 

SrCeO3 Tb, Yb, 
Tm 

1) SrCe0.95Tb0.05O3 is a pure protonic conductor 
with very low electronic and oxygen ionic 
conductivity. 
2) SrCe0.95Tb0.05O3 and SrCe0.95Yb0.05O3 are good 
mixed conductors. 

(Qi and 
Lin, 1999) 

SrCeO3 Tm, Yb, 
Tb 

1) Electronic conductivity is in the order of 
SrCe0.95Tm0.05O3 > SrCe0.95Yb0.05O3 > 
SrCe0.95Tb0.05O3. 2) Hydrogen permeation of 
SrCe0.95Tm0.05O3 is comparable with 
SrCe0.95Yb0.05O3 with surface coated by Pt 
catalyst. 

(Qi and 
Lin, 2000) 

 

The optimisation of membrane compositions to increase proton and electron 

conductivities is not investigated, being beyond the scope of this project. 

 

2.7 Material Stability 

The chemical, thermodynamic phase and mechanical stabilities of the membrane 

materials generally vary depending on the membrane compositions and the operating 

conditions. They must be considered in the selection of the optimum dense membrane 

materials for a specific hydrogen separation application (Phair and Badwal, 2006a). 
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2.7.1 Chemical and thermodynamic phase stability 

It is critical that hydrogen separation membranes exhibit adequate chemical and 

thermodynamic phase stability under reducing conditions and in the presence of the 

gases CO, CO2, H2O, H2S, nitrogen oxides, and chlorides, as these are typically present 

in the gasification syngas. Phase decomposition due to chemical and thermodynamic 

phase instability could cause not only reduced hydrogen permeability but also structural 

instability such as cracking of membranes (Phair and Badwal, 2006a). The reaction 

temperatures of SrCeO3 and BaCeO3 in 100% CO2 are reported as 917 ○C and 912 ○C, 

respectively (Kreuer, 1999). Li and Iglesia (2003) also stated that hydrogen separation 

membranes must be operated at relatively low temperatures (e.g. ≈ 700 ○C) in order to 

avoid reduction of membrane material as well as oxygen permeation. 

 

Many studies have reported instability of SrCeO3 and BaCeO3 based perovskite 

membranes under a CO2 containing atmosphere (Chen et al., 1997b, Shirsat et al., 2004, 

Ryu and Haile, 1999, Haile et al., 2001, Scholten et al., 1993, Kreuer, 1999, Katahira et 

al., 2000, Zuo et al., 2006a, Carneim and Armstrong, 2003). For example, the chemical 

stability of SrCeO3 based materials was studied by Matsumoto et al. (2006). They 

studied the hydrogen permeation and stability of SrZr0.9Y0.1O3-α and SrCe0.95Yb0.05O3-α 

using a hydrogen pump. It was found that using SrCe0.95Yb0.05O3-α as an electrolyte was 

much superior in the performance of both energy efficiency and hydrogen permeation in 

comparison to using SrZr0.9Y0.1O3-α electrolyte. However, SrCe0.95Yb0.05O3-α 

decomposed in a CO2 environment at 800 ○C, while SrZr0.9Y0.1O3-α remained stable 

(Matsumoto et al., 2006). 

 

The stability of perovskite structures can be analysed by using a tolerance factor, tol, 

which describes the extent of distortion of the perovskite structure from the ideal cubic 
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structure due to the mismatch between the A-O and B-O bond lengths, and is defined as 

(Haile et al., 2001): 

)(2 OB

OA

rr
rrtol
+

+
=  

         (12) 

where r is the radius of the ions, and 

A, B, and O are ions in perovskite ABO3.  

 

Figure 2.16 plots the negative of the enthalpy of the reaction, 

23 BOAOABO +→ . 

          (13) 

plotted as a function of the perovskite tolerance factor for various perovskite oxides. 

 

The stability of the perovskite structure increases as the distortion from the cubic 

structure decreases, i.e. the tolerance factor moves towards one. The trend in Figure 

2.16 indicates that the stability generally depends on the B-site cation, for both Sr and 

Ba based materials (i.e. A = Sr or Ba). Generally the stability increases in the order of 

cerates (i.e. B = Ce) < zirconates (i.e. B = Zr) < titanates (i.e. B = Ti) (Gupta and Lin, 

2006). It is also reported that the size, amount and basicity of B-site dopants also 

influence the stability of the material (Gupta and Lin, 2006). 
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Figure 2.16. The negative enthalpy of formation of ABO3 perovskite oxides plotted as function 

of perovskite tolerance factor, obtained from Haile et al. (2001). 

 

Although many studies have been undertaken on the stability of perovskite type oxides 

under a CO2 containing atmosphere, not many studies reported the stability of SrCeO3 

or BaCeO3 perovskite membranes under reducing conditions. Chen et al. (1997b) 

investigated the chemical and structural stability of BaCe0.9Nd0.1O3−a powder samples in 

a hydrogen containing atmosphere. In the study, the BaCe0.9Nd0.1O3−a powder samples 

were heated from 25 to 1400 °C at a heating rate of 2 °C/min and a cooling rate of 

5 °C/min in 7% hydrogen/93% argon. The XRD patterns of the treated powder samples 

showed a single perovskite phase, indicating chemical and structural stability in the 

testing conditions (Chen et al., 1997b). Tanner and Virkar (1996) reported instability of 

rare-earth doped BaCeO3 in boiling water and an acid containing water at room 

temperature.  
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Okada et al. (2004) investigated the influence of water vapour pressure on the chemical 

stability of SrCe0.95Yb0.05O3-α under strongly reducing atmospheres at 1000oC. They 

concluded that the decomposition of the perovskite phase of SrCe0.95Yb0.05O3-α to 

Sr2CeO4 under a strongly reducing (dry) atmosphere may have been due to the 

reduction of Ce4+ to Ce3+. However, no other study has reported the decomposition of 

the perovskite phase of SrCeO3 based materials in strongly reducing conditions.  

 

Norby and Haugsrud (2006) stated that hydrogen permeation measurements in a dry 

hydrogen atmosphere may not be achievable, and the membrane may be unstable in a 

dry hydrogen atmosphere. They suggest that hydrogen permeation tests should be 

undertaken with wet gases on both sides of the membrane to obtain well-defined gas 

partial pressures. 

 

2.7.2 Mechanical stability 

Mechanical stability is another critical property for dense ceramic membranes for  

hydrogen separations in an industrial application (Phair and Badwal, 2006b). 

Mechanical stresses can generally result from: 

 Mechanical constraints imposed by the membrane system design (for 

example sealing and support); 

 Internal stresses due to the thermal expansion of the membrane in an 

inhomogeneous temperature field; 

 Internal stresses due to chemical expansion within the lattice, (i.e. expansion 

of the membrane resulting from a compositional change) (Hendriksen et al., 

2000, Diethelm et al., 2003); and  
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 Thermal expansion mismatch during fabrication of supported thin films, 

causing delamination and cracking of the asymmetric membrane, which is to 

be discussed in section 2.10.3. 

 

2.8 Improving chemical and thermodynamic phase stability 

Chemical and thermodynamic phase stability of perovskite type membrane materials 

may be improved by: 

I. Introducing a moderate A-site cation deficiency; 

II. Doping with more chemically stable oxides (e.g., Zr-doping); and 

III. Developing new alternatives (e.g., pyrochlores without any Ba or Sr and complex 

perovskites, and acceptor-doped rare-earth sesquioxides) (Norby and Haugsrud, 

2006, Kharton et al., 2001, Ryu and Haile, 1999, Phair and Badwal, 2006b, 

Savaniu et al., 2005, Phair and Badwal, 2006a, Haile et al., 2001). 

It is noted that the method (III) is not discussed further in this report as they are beyond 

scope of this project.  

 

2.8.1 A-Site Deficiency 

Kharton et al. (2001) suggest that a moderate A-site cation deficiency is useful in order 

to enhance the stability of perovskite based materials in a CO2 containing atmosphere. 

This has also been demonstrated by Carneim and Armstrong (2003), where the effect of 

varying the Ba (A-site) stoichiometry was studied to improve the CO2 stability of 

BayCe0.8Y0.2O3-α. It was determined that a Ba (A-site) deficiency resulted in slightly 

better resistance to decomposition in CO2, however no dependence on the degree of Ba 

deficiency was observed (Carneim and Armstrong, 2003). 
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The study by Ma et al. (1998) on the A-site stoichiometric deficiency in BayCe0.9Y0.1O3-

α reported the dependence of chemical stability in CO2 on the degree of Ba deficiency. It 

was found that material compositions with y≥1 decomposed significantly, and levels of 

decomposition (BaCO3 formation) increases with increased Ba content in the perovskite 

material. On the other hand, the compositions with y<1 did not decompose to form 

BaCO3, and Ba0.95Ce0.9Y0.1O3-α exhibited the maximum proton conductivity with good 

chemical stability (Ma et al., 1998, Roark et al., 2001). 

 

2.8.2 Doping 

Doping of high proton and electron conducting materials with more chemically stable 

dopants can be effective in increasing the chemical and thermodynamic phase stability. 

The study undertaken by Carneim and Armstrong (2003) examined the effect of partial 

substitution of Ce with Zr to increase CO2 stability. It was demonstrated that the doping 

with Zr prevented complete decomposition in the material, and especially the 

combination, Ba0.98Ce0.85Zr0.15O3-α, showed no decomposition at any temperature tested 

(Carneim and Armstrong, 2003). This trend was also observed in the study by Ma et al. 

(2005), where CO2 stability of BaCe0.9-xZrxY0.1O3 dramatically increased with 

increasing Zr content. 

 

Zuo et al. (2006a) also studied the effect of Zr-doping in Ni-BaZr0.8-xCexY0.2O3-α (0.4 ≤ 

x ≤ 0.8) on the proton conductivity and chemical stability. The study demonstrated that 

B-site substitution of Ce with Zr in Ni-BaCe0.8Y0.2O3-α, considerably improved the 

chemical stability of the membranes in CO2 and H2O containing atmospheres at high 

temperatures (up to 900 °C). Although, the hydrogen permeation flux of BaZr0.8-

xCexY0.2O3-α was slightly reduced by Zr-doping, the hydrogen permeation fluxes for the 

Ni-BaZr0.8-xCexY0.2O3-α (0.4 ≤ x ≤ 0.8) membrane remained moderately stable in an 



 60 

atmosphere containing up to 30% CO2 at 900 °C for 80 hours. The composition with x = 

0.7, i.e. BaZr0.1Ce0.7Y0.2O3-α, was the most stable and exhibited a higher hydrogen 

permeation rate, implying its possible use for practical applications in hydrogen 

separation (Zuo et al., 2006a). 

 

Katahira et al. (2000) examined the effect of Zr doping of BaCe0.9Y0.1O3−α on proton 

conductivity and chemical stability under a CO2 containing environment. The chemical 

stability of BaCe0.9−xZrxY0.1O3−α in CO2 increased with an increase in Zr content, 

although the protonic conductivity decreased with increasing Zr content.  

 

Ryu and Haile (1999) investigated the effects of Zr content in BaCe0.9−xZrxNd0.1O3−δ and 

BaCe0.9−xZrxGd0.1O3−δ (0≤x≤0.4) on proton transport property and chemical stability 

under a CO2 containing environment. They observed similar results to other studies 

mentioned above (i.e. improved stability by Zr doping). This study reported that Zr 

doping led to an increase in the activation energy for proton transport, i.e. decrease in 

proton conduction, and that Nd-doped samples exhibited higher chemical stability and 

lower conductivity than Gd-doped samples, which imply the importance of optimum 

dopant selections (Ryu and Haile, 1999).  

 

Other studies on the effect of Zr doping include for SrCe0.95-xZrxYb0.05O3 (Matzke and 

Cappadonia, 1996), BaCe0.9-xZrxNd0.1O3-α (Wienstroer and Wiemhofer, 1997), and 

BaCe0.9-xZrxM0.1O3 (M = Yb, Gd, Nd) (Haile et al., 2001). Again, they observed similar 

results to the other studies mentioned above, i.e. the increased stability with Zr doping. 

However it is noted that high doping may possibly alter lattice structure of the material 

(Ma et al., 2005). 
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2.9 Improving mechanical stability 

Liu et al. (2006) investigate the effect of the sintering temperature on the mechanical 

strength of the SrCe0.95Yb0.05O3−α membrane. It was observed that the mechanical 

strength of the sintered membrane was remarkably improved by employing a longer 

time of heat treatment at 1200 ○C.  

 

Another method to improve mechanical stability is, of course, the use of a porous 

ceramic or metal support, i.e. supported thin dense film in an asymmetric membrane 

system. This porous support strengthens the dense thin layer to withstand the physical 

stresses under high temperature and/or high pressure conditions (Linkov, 2001, Phair 

and Badwal, 2006b). However, thermal expansion mismatch of the dense thin layer and 

the support layer can cause delamination and cracking of the membrane during 

fabrication and operation (Phair and Badwal, 2006b), and it is vital to consider the 

thermal expansion behaviours of the asymmetric systems, which is to be discussed in 

section 2.10.3. 

 

2.10 Membrane synthesis 

2.10.1 Precursor Powder Synthesis 

The precursor powder synthesis method plays an important role in membrane 

fabrication, as it is essential to produce powder with a single-phase perovskite structure, 

correct stoichiometry, and high sinterability. There are many powder synthesis methods 

available, for example, sol-gel (Yu et al., 2004), co-precipitation (Schrey, 1965), 

hydrothermal synthesis (Zheng et al., 1997), spray-dry processing of chemically 

modified alkoxides (Varma et al., 1994), and combustion of polymerised complexes 

(Liu et al., 2002). One of the most common methods for powder synthesis is Solid State 
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Reactions (SSR) (Matsumoto et al., 2007, Song et al., 2005a, Tan et al., 2003). SSR is 

simple and straightforward process (Dionysiou et al., 1999), however, it can also lead to 

a large particle size distribution, large particles, high impurity content, and chemical 

inhomogeneity (Gupta and Lin, 2006).  

 

Zhu et al. (2006) compared two powder synthesis methods, namely SSR  and EDTA 

(ethylenediaminetetraacetic acid)-citric acid (EC) process, and reported that: 

 The perovskite structure of the powders prepared by the EC process was 

easier to develop than powders prepared by the SSR method; and 

 Membranes derived from the EC process had higher density, purer phase 

structure and fewer defects than those derived from the SSR method. 

 

Li et al (1999) compared the oxygen permeation flux of perovskite-type membranes 

which were prepared by the different powder preparation methods, namely SSR, EDTA 

pyrolysis and citric acid pyrolysis. They concluded that SSR was the preferable method 

as it is an easy and effective method. Tan et al (2003) also compared the SSR, citrate, 

and the EDTA method, and found that the oxygen permeation flux was the highest in 

the sample prepared by the SSR method. The highest flux in the sample prepared by the 

SSR method was related to its largest grain size which consequently leads to the lowest 

grain boundary area (generally the fewer grain boundaries, the higher the flux). This 

finding however contradicts with the study by Song et al. (2005b) which showed higher 

hydrogen permeation flux in the samples with the smaller grains when compared with 

the samples with larger grains (section 2.6.2). 

 

Regardless of the types of precursor powder synthesis methods, it is essential to 

consider the particle sizes of precursor powder, which can greatly influence the 
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membrane thickness and density. Cheng et al. (2005) examined the effect of the particle 

sizes of precursor powder on the shrinkage of the membrane samples. Figure 2.17 plots 

percent shrinkage of the SrCe0.95Tm0.05O3-α disk versus the average particle size of the 

corresponding precursor SrCe0.95Tm0.05O3-α powder (for sintering at 1495 ○C for 24h 

with a heating rate of 2 ○C/min during heating and cooling). It is noted that the disk 

samples were prepared by cold isostatic pressing at 130 MPa. It was found that as the 

average particle size of the precursor powder increases, the percent shrinkage of the 

membrane decreases resulting in an increase in the porosity of the membrane (Cheng et 

al., 2005). 

 

 

Figure 2.17. Effects of particle size of precursor powder on shrinkage of the SrCe0.95Tm0.05O3-α 

disks (for sintering at 1495 ○C for 24h with a heating rate of 2 ○C/min during heating and 

cooling), adopted from Cheng et al. (2005). 

 

2.10.2 Preparation of porous supports with pore forming agents 

Preparation of asymmetric membranes can be complicated due to differences in 

shrinkage or thermal expansion rates in the dense and porous layers, resulting in cracks, 

reactions and/or delamination. During the fabrication of ceramic porous supports in the 
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study by Cheng et al. (2005), the powder with the larger particle size was utilised for the 

substrate to produce pores, while the powder with the smaller particle size was utilised 

to produce the dense layer. The difference in the particle sizes controlled the shrinkage 

and the porosity of the asymmetric system (Cheng et al., 2005). Alternatively, porosity 

in the porous layer can be created and controlled by using a unique method reported by 

Etchegoyen et al. (2006). They utilised cornstarch as a pore forming agent, which can 

create pores in the membrane material, as cornstarch totally combusts during sintering, 

leaving large connected pores in the membrane. The porosity and pore size distribution 

will depend on the quality of the starch utilised and on the amount added. The starch 

particles are spherical in shape and narrow in size distribution, and different sizes of 

starch are available, which offers the possibility for ease of control of the pore sizes. 

Further, this method can eliminate the need for sintering aids (Etchegoyen et al., 2006). 

In that study, the shrinkage behaviour of a dense membrane and of a porous support 

containing cornstarch particles was also measured by a dilatometer during the co-

sintering of the asymmetric system. The result showed identical shrinkage behaviour of 

the asymmetric system, indicating successful co-sintering of the dense and porous 

layers, as shown in Figure 2.18. SEM images of the co-sintered membranes also 

confirmed flat and crack-free asymmetric membranes with no delamination or 

interfacial reaction between the two layers (Figure 2.19). This suggests that there will be 

less/no complications with the control porosity and shrinkage behaviours in preparation 

of asymmetric membranes using pore forming cornstarch (Etchegoyen et al., 2006).  
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Figure 2.18. Linear shrinkage of a porous, and of a dense, La0.6Sr0.4Fe0.9Ga0.1O3−α membrane vs. 

sintering conditions, adopted from Etchegoyen et al. (2006). 

 

Figure 2.19. SEM micrographs of a polished cross-section of an La0.6Sr0.4Fe0.9Ga0.1O3−α 

asymmetric membrane at two magnifications, adopted from Etchegoyen et al. (2006). 
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Other pore forming agents reported in the literature include rice and corn starch 

(Lindqvist and Liden, 1997, Zuo et al., 2006b), carbon black powder (Hong et al., 2001, 

Hamakawa et al., 2002), NiO (Zhan et al., 2009), and an inorganic matter which burns 

out to form a porous structure during sintering (Jin et al., 2001). Zhan et al. (2009) 

prepared dense SrCe0.95Y0.05O3-α membranes on the porous substrate which consisted of 

SrCe0.95Y0.05O3-α, NiO as a pore forming agent, and soluble starch to control the 

shrinkage. NiO was reportedly acting as a pore forming agent as well as a catalyst for 

the chemisorption process (as Ni) (Zhan et al., 2009). 

 

2.10.3 Fabrication of asymmetric membranes 

During fabrication of supported thin films, it is vital to consider the thermal expansion 

coefficients of the dense thin film and the porous support material, as thermal expansion 

mismatch can cause delamination and cracking of the membrane during fabrication and 

operation (Phair and Badwal, 2006b). For instance, preparation of a dense 

La1−xSrxCo1−yFeyO3−δ membrane on porous supports such as MgO and Al2O3 has 

resulted in cracks in the asymmetric system, and dense layers which were not fully 

densified. These failures are probably due to the differences in thermal compatibility, 

shrinkage rate, chemical composition, the structure and chemical reactions between the 

dense film and the porous support (Jin et al., 2001, Cheng et al., 2005).  

 

Teraoka et al. (1989) prepared an asymmetric membrane with a thin dense 

La0.6Sr0.4CoO3−δ film on a porous pre-sintered La0.6Sr0.4CoO3−δ support (same 

composition) by sputtering and spray-deposition. Although the dense and porous layers 

were the same material,  the thin dense film was not completely dense due to differences 
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in shrinkage between the thin membrane and the support, and the change in chemical 

composition at the membrane surface (Teraoka et al., 1989, Cheng et al., 2005, Jin et al., 

2001). These have made the sintering process complicated and can readily result in 

undesirable defects in the membrane structure. 

 

One possible approach to overcome these problems is to deposit a green (i.e. not 

sintered) dense layer directly onto the surface of a green porous support of the same 

composition, e.g. depositing a thin dense layer of SrCe0.95Yb0.05O3-α directly on the 

surface of a green porous support of SrCe0.95Yb0.05O3-α. The porous support will densify 

at the same rate as the thin dense layer during the sintering process. In this technique, 

there will be no thermal expansion mismatch and no reactions between the porous 

support and the thin dense layer, as they are of the same composition, and the same 

structure (Jin et al., 2001). Thus, there will be less/no complications in designing 

thermally compatible support structures. 

 

This method has been proved, for example, in the studies by Jin et al. (2001), Lindqvist 

and Liden (1997) and Etchegoyen et al  (2006). For example, Jin et al (2001) directly 

deposited a La0.6Sr0.4Co0.2Fe0.8O3−δ dense membrane on the surface of a green support of 

the same composition by a coating method, and co-sintered.  They demonstrated that: 

 The shrinkage rates were the same for the dense layer and the porous 

support; 

 The dense layer was dense and free from cracks or holes; 

 No change in surface composition of the asymmetric membrane was 

observed; and 
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 The asymmetric membrane (dense layer = 200 µm) exhibited about three to 

four times as high an oxygen flux as a 2 mm dense unsupported membrane 

of the same composition (Jin et al., 2001). 

 

2.10.4 Sintering 

Sintering is the process by which a mixture of fine particles bakes together during 

heating to produce a stronger and denser sample. Almost all the ceramic membrane 

precursor materials must be sintered at high and properly controlled temperatures to 

obtain the desired properties such as microstructures and mechanical strength. Although 

there are many other factors which can influence properties of the fabricated ceramic 

membranes, the sintering process is one of the critical steps in the fabrication of ceramic 

membranes being responsible for the final properties of the membranes (Liu and Li, 

2005).  

 

Three main phases can be identified in the sintering process (Carter and Norton, 2007):  

1) Smoothing: in which particles that have initially had uneven shapes and sharp 

edges are rounded off; 

2) Sticking: where the particles grow together. The originally loose samples start to 

form a continuous, sponge-like structure by joining together at grain boundaries; 

and 

3) Densification: where the sample shrinks and becomes denser. This final stage is 

completed by the removal of the remaining pores and shrinkage of the 

components. The average size of the grains increases by smaller grains growing 

into larger ones (grain growth). Densification is the most essential stage of the 

sintering process.  
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Liu and Li (2005) investigated sintering parameters such as sintering temperature, time 

and heating rate on the SrCe0.95Yb0.05O3-α hollow fibre membrane. The study found that: 

 Fully dense membrane surface was obtained at the sintering temperature of 

1500–1600 ○C (Figure 2.20); 

 The considerable shrinkage of the membranes (densification) occurred at 

temperatures between 1200 and 1400 ○C (Figure 2.20); and  

 The effect of sintering time was different depending on sintering temperatures. 

At a higher sintering temperature (i.e. over 1400 ○C), densification is completed 

within 30 to 60 min. At a lower temperature (i.e. less 1100 ○C), the effect of 

time was not significant (Figure 2.21). 

 

 

Figure 2.20. The effect of sintering temperatures on shrinkage of a SrCe0.95Yb0.05O3-α hollow 

fibre membrane, adopted from Liu and Li (2005). 
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Figure 2.21. The effect of sintering time and temperature on the shrinkage of a SrCe0.95Yb0.05O3-

α hollow fibre membranes sintered at different temperatures, adopted from Liu and Li (2005). 

 

Further, a study undertaken by Liu et al. (2006) reported that the final sintering 

temperature can be reduced by employing a longer time for heat treatment at 1200 ○C 

for the SrCe0.95Yb0.05O3-α hollow fibre membrane. 

 

2.11 Non-galvanic hydrogen permeation tests 

Non-galvanic hydrogen permeation tests are generally performed by using a high 

temperature hydrogen permeation test set up. There are different arrangements of the 

hydrogen permeation test set up, and one of typical arrangements, obtained from 

(Balachandran et al., 2006), is shown in Figure 2.22. The set up normally consists of a 

furnace, alumina (or quartz) tubes, gas feeders, flow metres, bubblers and gas analysers 

(gas chromatographer and hygrometer), as shown in Figure 2.22. The test is generally 

undertaken by setting a hydrogen partial pressure gradient across the membrane and 

measuring the amount of hydrogen in the permeate sweep gas.  
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Figure 2.22. Schematic design of a typical high temperature hydrogen permeation test rig 

(Balachandran et al., 2006). 

 

The main problems with a hydrogen permeation test can include mechanical leakages of 

hydrogen and determining the source of hydrogen in the permeate gas stream (Norby 

and Haugsrud, 2006). In terms of the mechanical leakages, the use of inert gases in the 

feed side hydrogen gas stream can be useful to detect the leakage. For example, a 

mixture of helium and nitrogen can be utilised at the feed side. If the ratio of helium and 

nitrogen in the permeate gas stream is the same as the one in the feed gas, it indicates 

that the leakage is macroscopic. When the helium to nitrogen ratio is different, it can 

possibly indicate Knudsen type leakage. Further, sealants can be tailored to match the 

membrane materials being tested. For example, Qi et al. (2001a) developed ceramic-

glass composite paste to seal dense ceramic membranes to the ceramic test tube. This 

sealant is supposed to have advantages over traditional glass, metal or ceramic sealants; 

i.e. the easy control of thermal expansion and wettability of the seal to ceramic 

membranes and the test tube by adjusting the sealant constituents.  
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The second problem arises when determining the source of hydrogen in the permeate 

gas stream. Hydrogen existing in the permeate gas stream may be ascribe to hydrogen 

permeated from the other side, when it is actually sourced from the water at the 

permeate side when oxygen gets transported in the opposite direction to the hydrogen 

permeation. This is a possible mistake, for example, when a mixed conducting 

membrane is exposed to wet hydrogen at the feed side and wet argon on the other side. 

Hydrogen permeates from the feed to the permeate side, and at the same time, oxygen 

ions move in the opposite direction from the permeate side to the feed side where the 

oxygen is taken from the water vapour present in the argon at the permeate side. 

However, it is difficult to distinguish if the hydrogen in the permeate gas stream arises 

from proton transport or oxygen ion transport. It requires careful analysis of water 

vapour balance at both sides of the membranes to differentiate the two cases, and obtain 

a correct set of proton and oxygen ion conductivity (Norby and Haugsrud, 2006). 

 

2.12 Wagner equations for hydrogen permeation in dense ceramic membranes   

The ambipolar diffusion of hydrogen in an oxide can be described with the Wagner 

theory (Wagner, 1975), which has been utilised extensively in this field of study. This 

equation can be utilised to estimate the hydrogen permeation flux of dense ceramic 

membranes with very high surface exchange kinetics, i.e. the bulk diffusion of hydrogen 

is the rate-limiting process in hydrogen permeation.  

 

2.12.1 Mixed proton, oxygen ion, electron conductor 

Assuming a steady state, where the flux is constant throughout the membrane thickness, 

the Wagner equation (Wagner, 1975) for the proton flux through mixed proton, oxygen 
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ion and electron conducting dense ceramic membranes is given as (Norby and Larring, 

2000, Norby and Haugsrud, 2006): 

[ ]∫ ++−=+
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The derivation of Eq. (14) is given in Appendix 1.  It is noted that the flux is expressed 

as the negative (down-hill) gradient in a potential (the minus sign in Eq. (14)). The flux 

is described as going from Side I to II (II being the lower partial pressures side). Figure 

2.23 illustrates an example for flux of the charge carrier species in a mixed proton, 

oxygen ion, and electron conductor. 

 

 

Figure 2.23. Illustration of flux of the charge carrier species in a mixed proton, oxygen ion, 

electron conductor. 
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2.12.2 Mixed proton and electron conductor 

When a membrane material does not exhibit oxygen ion conductivity (i.e. transport 

number of oxygen ion, tVo is zero), the flux of hydrogen is solely attributed to ambipolar 

diffusion of protons and electrons, and Eq. (14) becomes: 

∫−=+

II

I

Pt
LF

RTJ
2HeOH2H lnd

2
σ .  

(15) 

In this case, i.e. when the membrane material does not transport any other species than 

protons and electrons, the total conductivity is simply the sum of proton and electron 

conductivities. Figure 2.24 illustrates an example for flux of the charge carrier species 

in a mixed proton and electron conductor. 

 

 

Figure 2.24. Illustration of flux of the charge carrier species in a mixed proton and electron 

conductor. 
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Qi et al. (2001b) undertook an analytical modelling by using Eq. (15), i.e. assuming that 

the transport number of oxygen ion is zero, for a case where the membrane is exposed 

to hydrogen at one side of the membrane and the other side is exposed to oxygen. 

Integration of Eq. (15) was performed by dividing the membrane thickness into two 

regions: 1) n-type electronic conduction by electrons being dominant at the hydrogen 

side, and 2) p-type electronic conduction by holes being dominant at the side exposed to 

oxygen. Eq (15) was expressed in terms of proton, electron and electron hole 

conductivity as functions of hydrogen partial pressure and their concentrations at a 

reference state (hydrogen partial pressure, PH2 = 1 atm). The model results were not 

compared with any experimental data (Gupta and Lin, 2006).  

 

Norby and Larring (2000) also performed an analytical modelling using Eq. (15) by 

assuming the dominant charge carriers as the electrons rather than the protons, i.e. the 

transport number for the electron is unity (discussed in section 2.13.1). 

 

Tan et al. (2000) undertook a numerical modelling utilising Eq. (14), i.e. the oxide ion 

conductivity is not zero. It was assumed in this study that the electron holes are the 

primary charge carriers for the entire membrane thickness. This assumption was 

however not realistic, as one side of the membrane was exposed to oxygen where p-type 

electronic conduction was likely to be present/dominant. The model results were 

compared with experimental data (Hamakawa et al., 1994) in terms of water formation 

rate as a function the oxygen partial pressures at the permeate side (Gupta and Lin, 

2006). 
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Li and Iglesia  (2003) and Song et al., (2003b) undertook numerical modelling by using 

Eq. (15) (and Eq. (14) for Song et al., (2003b)). Their modelling methods included the 

calculation of the defect concentrations as a function of the oxygen and hydrogen partial 

pressures within the membrane thickness, so that the assumptions for dominant charge 

carriers were not required. The modelled results were not compared with any 

experimental data.  

 

Due to the availability of literature and the complexity of other models, the models by 

Norby and Larring (2000) and Song et al., (2003b) are discussed in detail in this project.  

 

2.13.1 Modelling by Norby and Larring (2000) 

Norby and Larring (2000) undertook a hydrogen permeation modelling for mixed 

proton and electron conductors under open-circuit conditions. It was assumed that: 

 A membrane material does not have oxygen ion conductivity, i.e. using Eq. (15) 

(tVo = 0); 

 Electronic conduction dominates in the materials, i.e. electron conductivity is 

much greater than proton conductivity), and the electron transport number is 

unity (te = 1); and 

 The proton conductivity, σOH in Eq. (15) is proportional to the concentration of 

proton defects (Norby and Larring, 2000).  

 

Eq. (15) was simplified as a function of the proton conductivity at a reference state 

(hydrogen partial pressure, PH2 =1 atm) and the hydrogen partial pressure, for three 

limiting cases (Norby and Larring, 2000, Norby and Haugsrud, 2006):   

Case 1: Protons are minority defects and the concentration and conductivity of 

protons are proportional to PH2O
1/2; 
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(16) 

where σH+
ref is the proton conductivity at a (standard) reference state 

(hydrogen partial pressure, PH2 =1 atm), 

PH2
II is the hydrogen partial pressure at the side II in Figure 2.24 (i.e. PH2

I 

> PH2
II), and 

PH2
I is the hydrogen partial pressure at the side I in Figure 2.24. 

 

Case 2: Protons and electrons are the dominating defects, and proton conductivity 

is proportional to PH2O
1/4;  
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(17) 

 

Case 3: Proton defects are dominating and present at constant concentration, 

conductivity of protons is independent of PH2O: 

( )
L
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2
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HH2H 22
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−
= ++ σ .      

(18) 

 

The fluxes were calculated as a function of the applied hydrogen partial pressure 

gradients, assuming that the protonic conductivity at PH2 = 1 atm was 0.1 S/cm and 

constant throughout the membrane thickness. The effective downstream (lower) 

hydrogen partial pressures were assumed to be 0.1 atm and 1 atm. It is noted that this 

study did not compare the modelled hydrogen flux with permeation data, as the 
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experimental data for the situations described above was limited at the time of study 

(Norby and Larring, 2000).  

 

The downside of this method is that it can only be applied for dense membranes with 

high electron conductivity, i.e. the hydrogen permeation flux is determined by the 

proton conduction. As mentioned in section 2.2.3, it is commonly the electron 

conductivity which is the limiting step in the permeation of hydrogen through a mixed 

proton and electron conductor, i.e. the electron conductivity is smaller than proton 

conductivity. Thus it is likely that  electron transport number would be significantly less 

than one in those materials (Li and Iglesia, 2003).  

 

Further, in the study by Norby and Larring (2000), the protonic conductivity was 

assumed to be constant throughout the membrane thickness. In reality, conductivities of 

charge carriers (e.g. proton conductivity) depend on both the charge carrier mobility and 

the charge carrier concentrations, and consequently on the chemical composition of the 

surrounding gas atmospheres and on the position within the membrane thickness (Li and 

Iglesia, 2003).  

 

2.13.2 Modelling by Poulsen (1999) & Song et al. (2003b) 

Song et al. (2003b) computed the hydrogen permeation flux of SrCe0.95Y0.05O3-α under 

an open circuit condition. This modelling by  Song et al. (2003b) also utilised Wagner’s 

(1975) equation (section 2.12) for calculating hydrogen permeation flux, for both a 

mixed proton, oxygen ion, and electron conductor (Eq. (14)), and a mixed proton and 

electron conductor (Eq. (15)). The difference in this modelling by Song et al. (2003b) is 

the additional part for the calculation of the defect concentrations which was developed 

by Poulsen (1999).  
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This model seems more flexible than the one describe by Norby and Larring (2000) 

(section 2.13.1), since this method allows the calculation of defect concentrations as 

well as the conductivity of charge carrier species throughout the membrane thickness 

and the surrounding gas partial pressures. Thus, there is no need to assume the major 

defects or charge carrier species or proton conductivity during the simulation. This 

model can also calculate the concentrations of the all defect species quickly, and is 

suitable for data fitting (Norby and Haugsrud, 2006).  

 

Poulsen (1999) developed a method for calculation of the defect concentrations in A- 

and/or B-site doped perovskite type oxide. Poulsen (1999) utilised the 10 defect 

‘species’ and the 10 independent equations are defined in order to calculate the defect 

concentrations of SrCe0.95Y0.05O3-α. 

Part 1: Calculation of defect concentrations 

Table 2.7 summarises the 10 defect ‘species’ 

identified in SrCe0.95Y0.05O3-α. The Kröger–Vink notation is utilised to define the defect 

species (Kröger and Vink, 1956, Kofstad, 1972). 

 

Table 2.7. 10 defect 'species' in SrCe0.95Y0.05O3-α. 

A site B site O site Delocalised 
Normal cation, 

SrSr
x 

Normal cation, 
CeCe

x 
Normal oxygen, 

Oo
x 

Electron, 
e' 

Cation vacancy, 
VSr" 

Substitutional cation, 
Y'Ce 

Proton, 
OHo

• 
Electron hole, 

h• 

 
Cation vacancy, 

VCe"" 
Oxygen Vacancy, 

Vo
••  

 

The 10 independent equations for describing the oxide SrCe0.95Y0.05O3-α are as follows 

(Poulsen, 1999, Song et al., 2003b). It is noted that dopant concentrations, [Y′Ce] are not 

fixed by XB, in order to allow A- and B-site non-stoichiometry (Song et al., 2003b). 
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Site balances

Sr site:  [SrSr
x] + [VSr"] = 1,      

:  

(19) 

Ce site: [CeCe
x] + [Y'Ce] + [VCe""] = 1,    

(20) 

Oxide site:  [Oo
x] + [OHo

•] + [Vo
••] = 3,     

(21) 

 where [i] specifies a mole fraction of species i. 

 

Mass balances,

,1
]Y'[
]Ce[

Ce

x
Ce

B

B

X
X−

=

 relating the mole fraction to molar quantities:  

      

(22) 

A/B site ratio: ,
]Y'[]Ce[

]Sr[

Ce
x

Ce

x
Sr Z=
+

      

(23) 

where XB is the dopant level on the Ce site, and 

Z is the A/B stoichiometric ratio that relates the concentration of occupied Sr 

sites to occupied Ce sites. 

 

Electroneutrality condition

2[VSr"] + [Y'Ce] + 4[VCe""] + [e'] = [OHo
•] + 2 [Vo

••] + [h•].  

: 

(24) 

 

Mass action laws

Schottky reaction for vacancy generation (Schottky-Wagner disorder): 

: 

Nil↔ VSr" + VCe""+ 3Vo
•• → Ks = [VSr"] [VCe""] [Vo

••]3.  



 81 

(25) 

Internal electronic equilibrium: 

Ki = [e'][h•].       

(26) 

External equilibria (equilibria between the oxide and the gas atmosphere) (These 

equations were given earlier, but are repeated here for completeness): 

Oxygen:   

½O2 (gas) + Vo
•• ↔ Oo

x +2 h•   → ,
][

]h][O[

O
2/1

O2

2x
o

OX ••

•

=
VP

K  

(7) 

Water:    

H2O (gas) + Vo
•• + Oo

x ↔ 2OHo
•  → 

]O][[
]OH[

x
oOH2O

2
o

W ••

•

=
VP

K . 

(6) 

 

The stepwise calculation to solve the 10 independent equations (Eqs. (19) – (26), (6) 

and (7)) were derived by Poulsen (1999). The calculations are carried out for assumed 

values of: 

• the thermodynamic equilibrium constants (Kw, Ki, Kox, Ks); 

• the dopant level (XB); 

• A/B ratio (Z); 

• the water vapour partial pressure (PH2O); and 

• the concentration of oxygen vacancy [Vo••]. 

 

By using Eqs.(21) and (6), a quadratic equation is obtained in order to calculate [OHo
•], 

03]OH[][
][

]OH[
OO

WH2OO

2
O =−++ •••

••

•

V
KPV

. 
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          (27) 

Using Eq. (21), [Oo
x] is calculated: 

   [Oo
x] = 3 - [Vo

••] - [OHo
•].     (21’) 

 

Then [Y'Ce] can be obtained using Eqs.(19), (20), (22) and (25): 

3
O

SCeCe

][
)]'Y[1)(]'Y[1( ••=−−

V
K

XX
Z

BB

. 

          (28) 

Then   
BX

ZV ]'Y[1]"[ Ce
Sr −= , and       

          (29) 

  
BX

V ]'Y[1]""[ Ce
Ce −= .      

          (30) 

From Eqs. (19) and (20),   [SrSr
x] and [CeCe

x] are calculated: 

[SrSr
x] = 1- [VSr"],       

         (19’) 

    

[CeCe
x] = 1 - [Y'Ce] - [VCe""].      

(20’) 

 

In order to calculate the concentration of hole, [h•], Eqs.(24) and (26) are utilised 

producing a quadratic equation: 

2[VSr"] + [Y'Ce] + 4[VCe""] + Ki/[h•].= [OHo
•] + 2 [Vo

••] + [h•]. 

         (24’) 

 

The electron concentration is now calculated: 
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[e'] = Ki/[h•].        

(26’) 

 

Finally, using Eq. (7), the partial pressures of oxygen can be calculated, which 

corresponds to the set of 10 defect concentrations that have already been determined.  

2

OOX

2
O

O2 ][
]h][O[










= ••

•×

VK
P .       

(7’) 

 

The calculation starts with an assumed numerical value of [Vo••]. Using the derived 

equations above, the rest of the defect concentrations and the oxygen partial pressures 

are then calculated. During the series of calculations, the defect concentrations are 

required to satisfy the concentration intervals of [i]; 0 < [i] < 1 for [SrSr
x], [VSr″], [CeCe

x], 

[Y′Ce], [VCe″″], [e] and [h]; and 0 < [i] < 3 for [Oo
x], [OHo

•] and [Vo••] (Poulsen, 1999). 

Once they all satisfy the concentration intervals, the next calculation is performed with a 

new value of [Vo••]. This series of calculation continues while the concentration of 

[Vo••] is 0 < [i] < 3. It is noted that solving Eqs. (27), (28) and (24’) results in more than 

one possible answer. The roots which are real and positive numbers, and which also 

satisfy the concentration intervals of the defect species, are selected. The method of the 

defect concentration calculation developed by Poulsen (1999) is illustrated in Figure 

2.25. 
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Figure 2.25. Illustration of the defect concentration calculation method developed by Poulsen 

(1999). 

Song et al. (2003b) calculated the hydrogen permeation flux of SrCe0.95Y0.05O3-α by 

using Poulsen's (1999) method above for calculation of the defect concentrations, and 

Eq. 

Part 2: Calculation of hydrogen permeation flux 

(14) and (15) for calculating the hydrogen permeation flux. Song et al. (2003b) 

listed three cases, Cases 1, 2, and 3 for hydrogen permeation flux calculations:   

Case 1: Hydrogen flux as a function of PH2 only (PH2, PH2O = variables, PO2 = fixed 
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Case 2: Hydrogen flux as a function of PH2 with a fixed PO2 gradient (PH2, PH2O = 

variables, PO2 = fixed value); 
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Case 3: Hydrogen flux as function of PH2 and PO2 (PH2, PO2 = variables, PH2O = fixed 

value);
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(33) 

where JH+ is the proton permeation flux (mol/cm2/s), 

L is the thickness of the membrane (cm), 

R is the universal gas constant (m3 Pa /K/mol), 

F is Faraday’s constant (coulomb/ mol), 

PH2’ and PH2” are the hydrogen partial pressures (atm) at the upstream and 

downstream side of the membrane, respectively, 

σt is the total conductivity (S/cm) (Qi and Lin, 2000): 

 σt = σOH + σe + σh + σVo,      

(34) 

where σi is the partial conductivity of species i, 

ti represents the transport number of defect species i, 

 ti = σi / (σOH + σe + σh + σVo ) = σi / σt, 

         (11) 

where σi is the partial conductivity σi of species i (OHo
•, Vo

••, e', h•), which is 

defined as: 

σi = zi F μi [i] / Vm,       

(35) 

where zi is the charge,  

μi is charge carrier mobilities of defect i (cm2/V/s),  

[i] is the defect concentration of species i (mol/mol compound) (Schober et al., 

1996), and  
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Vm is molar volume of the system (cm3/mol) (Song et al., 2003b). 

 

2.14 Parameter values in the models 

Table 2.8 summarises the parameter values utilised in the study by Song et al. (2003b). 

The mobility values listed in Table 2.8 were the calculated values for SrCe0.95Eu0.05O3-α 

in the study by Song et al. (2003b) where it was assumed that the mobility values of 

SrCe0.95Eu0.05O3-α were comparable to the values for SrCe0.95Y0.05O3-α, due to the similar 

atomic radii of Y and Eu (Y = 180 pm and Eu = 185 pm). Therefore the mobility values 

of SrCe0.95Eu0.05O3-α were also adopted for SrCe0.95Yb0.05O3-α (Yb = 175 pm) and 

SrCe0.95Tm0.05O3-α (Tm = 175 pm) in this project. It is noted that the mobility for 

electron (μe) was not available in the study by Song et al. (2003b), and Figure 1b and 

Figure 4 of their report (Song et al., 2003b) suggest that the same mobility value was 

utilised for both the hole (μh) and the electron (μe) in their study.  

 

Table 2.8. The K and µ values utilised in the study by Song et al. (2003b). 

Constants Value Reference 
Kw (atm-1) 10 (Poulsen, 1999) 
Ki 10-11 (Schober et al., 1996) 
Ks 10-14 (Poulsen, 1999) 
Kox  (atm-1/2) 5e-6 (Schober et al., 1996)  
μOH (cm2/V s) 1.45e-5 (Song et al., 2003b) 
μVo (cm2/V s) 6.48e-6 (Song et al., 2003b) 
μh (cm2/V s) 4.11e-4 (Song et al., 2003b) 
μe (cm2/V s) 4.11e-4 (Song et al., 2003b) 

 

Although Song et al. (2003b) utilised the Kw values of 10 (atm-1), there is a range of Kw 

equations available in the literature: 

Kw = 4.24e− 6exp(14214 / T), (Krug et al., 1995), and 

 (36)  

Kw = exp(ΔSW / R)*exp(− ΔHW / RT), (Norby and Larring, 1997), 

(37) 
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where T is temperature (K),  

R is the universal gas constant, 

ΔSW is the entropy for Kw (− 128, − 125 (J/mol K)), and 

ΔHW is the enthalpy for Kw (− 157, − 131(kJ/mol)). 

 

The Kw values calculated using Eq. (36) and (37) and other Kw values are summarised in 

Table 2.9. 

 

Table 2.9. Kw values available for SrCe0.95Yb0.05O3-α. 

Temperature (○C) Value (atm-1) Reference 
700 10 (Song et al., 2002) 
677 13.3 (Eq. (36))  (Krug et al., 1995) 
677 3.29 (Eq. (37)) (Norby and Larring, 1997) 
677 4.72 (Eq. (37)) (Norby and Larring, 1997) 
677 88.39 (Eq. (37)) (Norby and Larring, 1997) 
677 126.79 (Eq. (37)) (Norby and Larring, 1997) 
700 100.5 (Nowick and Du, 1995) 

 

Other parameters, such as Ki, Kox, and Ks above would also have a range of parameter 

values. Hence parameter tuning may be a useful tool to obtain estimates from particular 

experiments, and also to determine the suitability of those parameter values. 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TY4-4NSV0TP-2&_user=79777&_coverDate=05%2F31%2F2007&_rdoc=1&_fmt=full&_orig=na&_cdi=5608&_docanchor=&_acct=C000006418&_version=1&_urlVersion=0&_userid=79777&md5=2769b63fc34565b0cd8ae58b2811cf30#tbl5�
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TY4-4NSV0TP-2&_user=79777&_coverDate=05%2F31%2F2007&_rdoc=1&_fmt=full&_orig=na&_cdi=5608&_docanchor=&_acct=C000006418&_version=1&_urlVersion=0&_userid=79777&md5=2769b63fc34565b0cd8ae58b2811cf30#tbl5�
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3. AIMS OF THIS PROJECT 

 

The review of the literature has identified the following areas as significantly important: 

 Theoretical modelling of non-galvanic hydrogen permeation flux and 

comparison with experimental data:  

Many studies have been undertaken on the experimental investigation of dense 

ceramic membranes for hydrogen separation properties, such as the 

measurements of proton and/or electron conductivities. However there have 

been a limited numbers of studies on the theoretical modelling of hydrogen 

permeation in those types of membranes (section 2.13), and none of the past 

modelling studies fitted the model to an experimentally measured non-galvanic 

hydrogen permeation data. The comparison of a mathematical model to the 

actual experimental data is essential to validate and improve the model, and the 

improved and accurate model can consequently help understand the underlying 

transport mechanisms in the dense ceramic membranes for hydrogen separations. 

It also provides a way of estimating parameter values. 

 

This project aims to analyse a currently available model for non-galvanic 

hydrogen permeation of the membranes, compare with some experimental 

results, and modify the model for possible improvements. Details of the method 

are described in chapters 4 and 5. 

 

 Development of a method for fabrication of asymmetric dense membranes: 

The attainment of a high hydrogen flux remains the greatest barrier to 

commercial and industrial applications of dense ceramic membranes for 
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hydrogen separation for sustainable energy production. The required hydrogen 

permeation flux could possibly be obtained if the thickness of the membrane is 5 

µm or less (Section 2.5). Despite there being a number of sophisticated 

techniques available for the deposition of thin dense layers on porous supports to 

reduce the membrane thickness, some of the techniques can be very complex 

and difficult to replicate. It is essential to develop a simple, cost-effective and 

highly reproducible method to prepare asymmetric membranes for 

industrial/commercial applications. Conventional dry pressing is known to be a 

simple, reproducible and cost effective method to fabricate asymmetric 

membranes, although some limitations exist on the currently achievable 

thickness using such simple techniques. The literature reviewed in section 2.6.1 

suggests that conventional dry pressing can be improved to produce thinner 

membranes by improving the flow behaviour of the powder or by improving the 

filling techniques to obtain a uniform and reproducible filling.  

 

The aim of this part of the project is to improve the filling technique to aid the 

conventional dry pressing, by developing a method of depositing a thin uniform 

green dense layer on a green porous support. The layers so generated will need 

to overcome difficulties with layer uniformity and reproducibility. 

SrCe0.95Yb0.05O3-α is selected as the membrane material in this project, since it 

the most studied material for non-galvanic hydrogen separation (Section 2.5), 

and more data are available for comparisons. Details of the method are described 

in chapter 6.  
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 Verification of material stability in a reducing atmosphere: 

A number of studies have been undertaken on the stability of perovskite type 

oxides under a CO2 containing atmosphere, however few studies reported the 

stability of SrCeO3 or BaCeO3 perovskite membranes under reducing conditions 

(such as ‘dry’ hydrogen), as discussed in section 2.7.1. Norby and Haugsrud 

(2006) stated that hydrogen permeation measurements in a dry hydrogen 

atmosphere may not be achievable, and the membrane may be unstable in a dry 

hydrogen atmosphere. However, some of the hydrogen permeation tests reported 

in the past studies were performed in ‘dry’ hydrogen atmospheres (Cheng et al., 

2005, Hamakawa et al., 2002, Qi and Lin, 2000, Zhan et al., 2009, Song et al., 

2004).  

 

The aim of this part of the present project is to confirm the effect of hydrogen on 

the phase stability of SrCe0.95Yb0.05O3-α, in order to examine the inconsistencies 

between the studies reported in the past. Details of the method are described in 

chapter 7. 

  

 Attainment of non-galvanic hydrogen permeation data 

A wide range of dense ceramic materials has been identified in the past decade, 

and many studies have been undertaken for the measurements of proton and/or 

electron conductivities, or hydrogen pumping rates. However not many non-

galvanic hydrogen permeation properties of those materials have been reported 

(Table 2.5). Hydrogen permeation data are valuable resources to validate and 

improve a mathematical model for mixed proton and electron transport through 
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dense ceramic membranes in order to provide a good understanding of 

underlying transport mechanisms.  

 

The aim of this part of the project is to undertake non-galvanic hydrogen 

permeation tests for dense SrCe0.95Yb0.05O3-α and SrCe0.95Tm0.05O3-α membranes 

in both dry and wet hydrogen, and compare the experimental results with the 

model predictions obtained in chapters 4 and 5. Details of the method are 

described in chapter 8. 

 

Switzer (2006) suggests that even a small improvement in separation efficiency could 

significantly reduce costs, due to the high production volume of hydrogen. Thus, this 

project over all aims to contribute to making the industrial application of dense ceramic 

hydrogen separation membranes affordable and attractive, and to reducing the negative 

environmental impact of both the power generation and transportation industries.  

  

The membrane compositions SrCe0.95Yb0.05O3-α and SrCe0.95Tm0.05O3-α are referred to as 

SCYb-5 and SCTm-5, respectively, from this point forward.  
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4. ANALYSIS OF THE POULSEN AND SONG MODELS 

 

4.1 Introduction 

As mentioned in section 2.13, there have been only a few studies on theoretical 

modelling of hydrogen permeation, including the studies by Song et al. (2003b) and 

Norby and Larring (2000). Song et al. (2003b) computed the hydrogen permeation flux 

of SrCe0.95Y0.05O3-α by applying Poulsen's (1999) method for the calculation of the 

defect concentrations, and Wagner’s (1975) theory for calculating the hydrogen 

permeation flux. In the study by Song et al, (2003b), the model results were not 

compared with any experimental data, and also the thermodynamic equilibrium 

constants of SCYb-5 and charge carrier mobilities of SrCe0.95Eu0.05O3-α were adopted to 

predict the hydrogen permeation flux of SrCe0.95Y0.05O3-α. These parameter values may 

result in inaccuracy of the model prediction, depending on the relative significance of 

the parameters in the model.  

 

There are a few experimental data available for the non-galvanic hydrogen permeation 

flux of SrCeO3 based dense membranes, as mentioned in section 2.5. Hence it will be 

interesting to compare the model prediction with the experimental data, and also to fit 

the model to the experimental data (i.e. parameter tuning), in order to obtain better 

modelling predictions and a new set of parameters which fits to a particular 

experimental data. In this chapter the experimental data obtained by Hamakawa et al. 

(2002) and Cheng at al. (2005) were selected as the non-galvanic hydrogen permeation 

data for SCYb-5 and SrCe0.95Tm0.05O3-α (SCTm-5), respectively. This is for the reason 

that there are a limited number of experimental data available for the non-galvanic 
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hydrogen permeation flux of SrCeO3 based dense membranes (Table 2.5). The 

experimental results and conditions utilised in these studies (Hamakawa et al., 2002, 

Cheng et al., 2005) were easier to fit to the model than the other studies noted in section 

2.5.  

 

The aims of this chapter are to: 

1) simulate hydrogen permeation flux of SCYb-5 by using the Poulsen-Song’s 

method (described in section 2.13.2), and compare the model results with the 

experimental data obtained by Hamakawa et al. (2002); 

2) analyse the sensitivity properties of the model to the parameters 

(thermodynamic equilibrium constants and charge carrier mobilities); 

3) tune the thermodynamic equilibrium constants and the charge carrier 

mobilities by fitting the model to the experimental data for hydrogen 

permeation flux in SCYb-5 and SCTm-5 obtained by Hamakawa et al. (2002) 

and Cheng at al. (2005), respectively, in order to make accurate predictions of 

the hydrogen permeation flux for those materials, and obtain a new set of 

parameters which fits to the particular experimental data; and 

4) compare the tuned parameter values with those obtained by others as reported 

in the literature. 

 

4.2 Modelling method – Poulsen and Song method 

The modelling undertaken by Song et al. (2003b) assumed that the membrane system 

was in local thermodynamic equilibria, and under an open circuit condition (i.e. no net 

current flows across the membrane, and the electrical potential gradients are equal to the 

net chemical potential gradients for all charge carriers) (Li and Iglesia, 2003). Wagner's 
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equation which assumes bulk diffusion as the rate-limiting process, was utilised in their 

study.  

 

A SCTm-5 membrane has been reported to have negligible oxygen ion conductivity in 

the hydrogen permeation experiment by Qi and Lin (2000). The very low oxygen ion 

conductivity was also shown for a SCYb-5 membrane (Hamakawa et al., 1994). Further, 

Song et al. (2005a) assumed in their study that oxygen potential gradients do not 

influence the hydrogen flux due to the negligible oxygen-ion conduction of 

SrCe0.8Yb0.2O3-α. 

 

The hydrogen permeation experiments by Hamakawa et al. (2002) and Cheng at al. 

(2005) were conducted in a ‘dry’ hydrogen atmosphere (a dry gas mixture of hydrogen 

and helium or nitrogen) at the upstream side of the membrane system. The permeate at 

the downstream side of the membrane was swept with a gas mixture containing oxygen 

and nitrogen or helium. The partial pressures of water vapour greatly influence 

hydrogen permeation properties of those materials, and also the water vapour 

determines the oxygen activity (Norby and Haugsrud, 2006). As described in section 

2.3.3, electron conduction is provided by electrons (n-type conduction) in a reducing 

atmosphere (under high hydrogen partial pressure) and by electron holes (p-type 

conduction) in an oxidising atmosphere (under low hydrogen partial pressure). It is, 

therefore, important to define the activity of oxygen, hydrogen, and water in order to 

accurately predict the hydrogen permeation flux. However, the upstream oxygen partial 

pressure and both upstream and downstream water vapour partial pressures were not 

reported in either of the experiments, and there was not enough experimental 
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information reported in the papers to calculate those unknown partial pressures. 

Hamakawa et al. (2002) and Cheng at al. (2005) reported that there is no leakage though 

the membrane system, and the membrane is gas tight during their hydrogen permeation 

experiments.  

 

Therefore the following assumptions have been developed for this chapter:  

I. The system is in local thermodynamic equilibria (Song et al., 2003b); 

II. The system is under open circuit condition; 

III. The bulk diffusion of protons and electrons is the rate-limiting process in 

hydrogen permeation (i.e. high surface exchange kinetics) (Hamakawa et al., 2002, 

Cheng et al., 2005); 

IV. There is no leakage through the membrane system (i.e. no mechanical diffusion of 

hydrogen molecules) (Cheng et al., 2005, Hamakawa et al., 2002); 

V. The bulk and local hydrogen partial pressure gradients are the same (N.B. The 

bulk pressure gradients are applicable at the very surface of the membranes.); 

VI. The valency of ytterbium ions remains as 3+, i.e. trivalent Yb ions (Yb3+) (Poulsen, 

1999, Song et al., 2002); 

VII. The valency of cerium ions remains as 4+, i.e. tetravalent Ce ions (Ce4+); 

VIII. The water vapour partial pressure is constant throughout the membrane thickness, 

and is 10− 4 atm, where both upstream and downstream sides of the membrane are 

exposed to a ‘dry’ hydrogen environment (Qi and Lin, 2000); 

IX. The membrane materials have negligible oxygen ion conductivity; and 

X. The downstream hydrogen partial pressure is effectively low and constant (10− 6 

atm), where the permeate hydrogen is effectively swept away from the membrane 

surface (Cheng et al., 2005, Song et al., 2003b). 
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4.2.1 Defect concentrations 

The concentrations of defects in SCYb-5 and SCTm-5

2.13.2

 are calculated by using Poulsen's 

methods (1999), as described in section . Table 4.1 lists the 10 defect ‘species’ 

identified in SCYb-5 and SCTm-5. The Kröger–Vink notation is utilised to define the 

defect species (Kröger and Vink, 1956, Kofstad, 1972). 

 

Table 4.1. 10 defect 'species' in SCYb-5 and SCTm-5. 

A site B site O site Delocalised 
Normal cation, 

SrSr
x 

Normal cation, 
CeCe

x 
Normal oxygen, 

Oo
x 

Electron, 
e' 

Cation vacancy, 
VSr" 

Substitutional cation, 
Yb'Ce (Tm'Ce)* 

Proton, 
OHo

• 
Electron hole, 

h• 
 Cation vacancy, 

VCe"" 
Oxygen Vacancy, 

Vo
•• 

 

*N.B. for SCTm-5 

 

Eqs. (19) to (26), and (6) are utilised in this chapter, with [Y'Ce] being replaced with 

[Yb'Ce] or [Tm'Ce] for SCYb-5 and SCTm-5, respectively. It is noted that Poulsen (1999) 

and Song et al. (2002) investigated the defect concentrations in terms of the effect of 

oxygen partial pressure (section 2.13.2). In this chapter, the defect concentrations are 

considered in terms of the effect of hydrogen partial pressure, hence Eq. (3) is utilised 

instead of Eq. (7) in the modelling, and the thermodynamic equilibrium constant, KH is 

calculated from Eq. (10).  

 

As described in section 2.13.2, the stepwise defect concentration, [i], calculations are 

carried out within the defect concentration intervals; 0 < [i] < 1 for [SrSr
x], [VSr″], 

[CeCe
x], [VCe″″], [e] and [h]; 0 < [i] < XB for [Yb′Ce]; and 0 < [i] < 3 for [Oo

x], [OHo
•] and 

[Vo••] (Poulsen, 1999), and with assumed values of: 
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 the thermodynamic equilibrium constants (Kw, Ki, Kox, Ks); 

 the dopant level (XB); 

 the A/B ratio (Z); 

 the water vapour partial pressure (PH2O); and 

 the concentration of oxygen vacancy [Vo••]. 

 

Eq. (3) is then used to calculate the partial pressures of hydrogen corresponding to the 

set of 10 defect concentrations. The method of the defect concentration calculation 

utilised in this section is summarised in Figure 4.1. 

 

 

Figure 4.1. Illustration of the defect concentration calculation method utilised in this chapter. 

 

As mentioned in section 2.14, a range of parameter values of Kw for SCYb-5 was found 

in the literature. These Kw values listed (Table 2.9) were tested for their suitability to 

this model and the data obtained by Hamakawa et al. (2002) for SCYb-5. It is found that 

the value of 3.29 (atm-1) for Kw showed the best fit to the data obtained by Hamakawa et 

al. (2002). Hence the value of 3.29 (atm-1) is adopted as the Kw value for SCYb-5 in this 

chapter. The K and µ parameter values utilised for SCYb-5 and SCTm-5 in this chapter 

are summarised in Table 4.2, and are referred to as ‘PS-SET’.  

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TY4-4NSV0TP-2&_user=79777&_coverDate=05%2F31%2F2007&_rdoc=1&_fmt=full&_orig=na&_cdi=5608&_docanchor=&_acct=C000006418&_version=1&_urlVersion=0&_userid=79777&md5=2769b63fc34565b0cd8ae58b2811cf30#tbl5�
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TY4-4NSV0TP-2&_user=79777&_coverDate=05%2F31%2F2007&_rdoc=1&_fmt=full&_orig=na&_cdi=5608&_docanchor=&_acct=C000006418&_version=1&_urlVersion=0&_userid=79777&md5=2769b63fc34565b0cd8ae58b2811cf30#tbl5�
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Table 4.2. PS-SET K and µ values utilised for SCYb-5 and SCTm-5 at 700 ○C in this chapter. 

 

*N.B. refer to Table 2.9 

 

4.2.2 Hydrogen permeation flux 

The hydrogen permeation flux is computed with the defect concentrations calculated in 

section 4.2.1, by using the method described in section 2.13.2. Song et al. (2003b) 

analysed three cases, Cases 1, 2, and 3 for hydrogen permeation flux calculations 

(section 2.13.2). In this chapter, a modified version of Case 1 (Eq. (31)) is to be 

analysed, since: 

 Case 1 of Song et al. (2003b) (Eq. (31)) describes the hydrogen permeation flux 

as a function of hydrogen and water partial pressure  gradients (i.e. PH2 and PH2O  

vary throughout the membrane thickness, and the oxygen partial pressure is 

fixed (constant), i.e. no oxygen gradient); and 

 Due to the nature of this model structure (Figure 4.1), PH2O needs to be fixed 

(constant) throughout the membrane (i.e. no PH2O gradient). Hence, Case 1 of 

Song et al. (2003b) cannot be analysed with this model. 

 

Therefore, Case 1 of Song et al. (2003b) is slightly modified to fit this model where: 

 Hydrogen and oxygen partial pressures vary throughout the membrane (i.e under 

both PH2 and PO2 gradients); and  

Constants (PS-SET) Value Reference 
Kw (atm-1) 3.29* (Norby and Larring, 1997) 
Ki 10-11 (Schober et al., 1996) 
Ks 10-14 (Poulsen, 1999) 
Kox  (atm-1/2) 5e-6 (Schober et al., 1996)  
μOH (cm2/V s) 1.45e-5 (Song et al., 2003b) 
μVo     (cm2/V s) 6.48e-6 (Song et al., 2003b) 
μh (cm2/V s) 4.11e-4 (Song et al., 2003b) 
μe (cm2/V s) 4.11e-4 (Song et al., 2003b) 
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 Water vapour partial pressures were fixed (constant) throughout the membrane 

(i.e. no PH2O gradient). 

It is referred to as Case A

(15)

 in this project. Since it is assumed that the material has no 

oxygen ion conductivity (assumption IX), Eq.  can be used and Case A is given as:  













= ∫ H2

'

''
eOHt2

H2
lnd

4
1 H2

H2

Ptt
F

RT
L

J
P

P

σ . 

(38)    

Eq. (38) was solved by plotting eOHt ttσ  against lnPH2, and calculating the area under 

the curve (Song et al., 2003b). The integration in this chapter was executed by using an 

inbuilt Matlab® trapezoidal numerical integration function, “TRAPZ”, which computes 

an approximation of the integral of a function via the trapezoidal method. The charge 

mobility values utilised in the calculation of the hydrogen permeation flux for SCYb-5 

and SCTm-5 are listed in Table 4.2. The calculated hydrogen permeation flux is 

compared with the experimental results obtained by Hamakawa et al. (2002). The 

experimental hydrogen permeation data for SCYb-5 obtained by Hamakawa et al. 

(2002) is shown in Figure 4.2.  
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Figure 4.2. Experimental hydrogen permeation flux of SCYb-5 membrane at 677 ○C for 

membrane thicknesses of 0.08 and 0.14 mm - Experimental data, reproduced from Hamakawa et 

al. (2002). 

 

4.2.3 Parameter tuning 

The purpose of parameter tuning (fitting) in this project is to obtain a set of parameters 

which produces a better fit to an experimental result. Parameter tuning is a common 

technique when fitting data to models. It is particularly useful in evaluating parameters 

and processes where direct observation is difficult or impossible, such as inside an 

operating catalyst reactor in an oil refinery (Whitcombe et al., 2006). The parameter 

tuning may also be a useful tool to understand the actual experimental data and also the 

underlying transport processes, especially in the research areas where parameter values 

are poorly known. It may provide some insight into the actual hydrogen permeation 

process of the system. In this project, the fitting of the hydrogen permeation flux model 

to the actual experimental data (parameter tuning) is undertaken by tuning the 

thermodynamic equilibrium constants and the charge carrier mobilities, in order to make 

accurate predictions of the hydrogen permeation flux for those materials, and obtain a 

new set of parameters which fits to the particular experimental data.  
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The model (Case A) was fitted to the experimental data obtained by Hamakawa et al. 

(2002) and Cheng at al. (2005) for SCYb-5 (Figure 4.2) and SCTm-5 respectively, and 

it was achieved by least-squares analysis. Figure 4.3 shows the experimental hydrogen 

permeation data for SCTm-5 obtained by Cheng at al. (2005). 
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Figure 4.3. Experimental hydrogen permeation flux of SCTm-5 membrane at 900 ○C for 

membrane thicknesses of 0.15, 0.2, 0.4 and 0.8 mm - Experimental data, reproduced from 

Cheng et al.  (2005). 

 

The objective (error) function, f, was defined as: 

∑∑
==

−==
P

Pj
ijij

L

Li
MEKff

1

2

1
,)(),( µ       

 (39) 

where L is the thickness of the membrane, 

P is the upstream partial pressure of hydrogen,  

Eij is the hydrogen permeation flux from the experiment, and  

Mij is the hydrogen permeation flux calculated by the model.  
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The objective (error) function f is minimised with respect to the parameters (K, µ), the 

thermodynamic equilibrium constants (Kw, Ki, Kox, Ks) and the charge carrier mobilities 

(μOH, μVo, μh, μe) within their upper and lower bounds. The upper and lower bounds are 

shown in Table 4.3. The upper and lower bounds for the K and µ values are set as one 

order of magnitude higher and lower to the PS-SET values listed (Table 4.2), except the 

Kw value.  

 

Table 4.3. Upper and lower bounds for the parameter tuning and parametric sensitivity analysis. 

 Lower  bounds Upper bounds 
Kw (atm-1) 1 30 
Ki 1e-12 1e-10 
Ks 1e-15 1e-13 
Kox  (atm-1/2) 5e-7 5e-5 
µOH (cm2/V/s) 1.45e-6 1.45e-4 
µVo (cm2/V/s) 6.48e-7 6.48e-5 
µh (cm2/V/s) 4.11e-5 4.11e-3 
µe (cm2/V/s) 4.11e-5 4.11e-3 

 

This minimisation is performed using the MATLAB® function, ‘fminsearch’. 

‘fminsearch’ finds a local minimum of a scalar function of several variables, f(K, μ), 

starting at an initial estimate, [Kw, Ki, Kox, Ks, μOH, μVo, μh, μe]0, based on the Nelder–

Mead simplex algorithm (Higham and Higham, 2005). The objective function, f is 

penalised by a penalty term, pen, when the defect concentration does not satisfy the 

concentration interval, by assigning a very large positive coefficient (pen>0) in the 

objective function (Taha, 1989), 

fpenalised = f(K, μ) + pen .      

(40) 

The minimisation model consists of several parts as shown in Figure 4.4. The 

minimisation model generates ‘test values’ for each of the K and μ values. These ‘test 

values’ are then fed into the hydrogen permeation calculation model, and the model 
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values are tested for the constraints (the concentration interval) and returned for the 

calculation of the error function “f” which is then fed back into the minimisation model 

with or without the penalty term. 

 

 

Figure 4.4. Minimisation model schematic. 

 

4.2.4 Parametric sensitivity analysis 

Parametric sensitivity analysis is a useful tool to construct, improve and understand 

mathematical models, especially in the research areas where parameter values are 

poorly known and/or difficult to measure (Fennel et al., 2001). Sensitivity analysis can 

determine the most influential/important parameters in a model (Cropp and Braddock, 

2002), and indicate the extent of the parameter effects on the model, which may be 

utilised to decide the rate-controlling step. 

 

In this chapter, sensitivity analysis is applied to investigate the first order effects of the 

thermodynamic coefficients (Kw, Ki, Ks, Kox) and the charge carrier mobilities (μOH, μVo, 
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μh, μe) on the hydrogen permeation flux (Case A) by using the New Morris Method 

(Cropp and Braddock, 2002). It is performed by setting the upper and lower bounds for 

each of the parameters, the number of runs to be undertaken, and the resolution which is 

the number of intervals into which the factor ranges are to be split (Cropp and 

Braddock, 2002). The sensitivity analysis model generates ‘test values’ for each of the 

K and μ values which are fed into the hydrogen permeation model. Then the effect on 

the hydrogen permeation flux caused by the changes in the parameter test value is 

studied (Figure 4.5) (Cropp and Braddock, 2002). The upper and lower bounds utilised 

in section 4.2.3 are also adopted for the sensitivity analysis, and are shown in Table 4.3.  

 

 

Figure 4.5. Parametric sensitivity analysis model schematic. 

 

In this section, the hydrogen permeation flux is calculated based on the experimental 

condition utilised by Hamakawa et al. (2002), i.e. for SCYb5 at 677 ○C, with the 

downstream oxygen partial pressure of 0.14 atm and the upstream hydrogen partial 

pressures (PH2’) of between 0.05 atm and 0.6 atm (Figure 4.2). The effects of the 

parameter changes were quantified by the changes in the objective (error) function, f, Eq. 

(39), which is the magnitude of the difference between the modelled and experimental 

hydrogen permeation flux. The results were analysed in terms of Euclidean ranks which 
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grade the Euclidean distance of a vector which consists of the mean effect value and the 

standard deviation for each of the parameters (Cropp and Braddock, 2002). 

 

4.3 Results  

4.3.1 Defect concentrations 

Figure 4.6 and Figure 4.7 show the simulated defect concentrations for SCYb-5 (i.e. XB 

= 0.05) at 700 ○C with an A/B ratio of 1 (i.e. Z = 1), as a function of hydrogen partial 

pressure at a fixed water vapour partial pressure of 10-4 atm and 0.1 atm, respectively. 

The other parameter values used in the calculation, are given in Table 4.2. 

 

 

Figure 4.6. Calculated defect concentrations [i] for SCYb-5 at 700 ○C, PH2O = 10-4 atm. 
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Figure 4.7. Calculated defect concentrations [i] for SCYb-5 at 700 ○C, PH2O = 0.1 atm. 

 

General trends in Figure 4.6 and Figure 4.7 are similar to the results in Poulsen (1999) 

and Song et al. (2002). Since the upstream side of the membrane is exposed to a high 

hydrogen partial pressure (i.e. reducing environment), a very low hole concentration is 

observed. Hole concentration in the acceptor-doped perovskites decreases with 

increasing hydrogen partial pressure. On the other hand, electron concentrations in the 

acceptor-doped perovskites increase with increasing hydrogen partial pressure. These 

changes in hydrogen partial pressure from the upstream to the downstream side of the 

membrane result in changes in rate-determining charge carriers. Therefore, electronic 

conduction is provided by electrons (n-type conduction) under a high hydrogen partial 

pressure (in a reducing atmosphere) and by holes (p-type conduction) under a low 

hydrogen partial pressure (in an oxidising atmosphere) (Li and Iglesia, 2003, Waser, 

1988).  
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It is observed that the proton defect is the dominant defect (compared to the other 

charge carriers) in a high water vapour concentration (PH2O = 0.1 atm) (Figure 4.7). 

However, it is not as dominant in a lower water vapour concentration (PH2O = 10− 4 atm) 

(Figure 4.6). This emphasizes that the proton concentration is greatly influenced not 

only by the hydrogen partial pressure but also by the water vapour partial pressure.  

 

4.3.2 Parameter tuning — SCYb-5 

The thermodynamic equilibrium constants (Kw, Ki, Kox, Ks) and the charge carrier 

mobilities (µOH, µVo, µh, µe) were tuned within the lower and upper bounds shown in 

Table 4.3, to generate a more accurate prediction for hydrogen permeation flux in the 

case of SCYb-5 at 677 ○C for Case A, and to obtain a new set of parameter values for 

this data set. Table 4.4 summarises the tuned K and μ values for the SCYb-5 sample 

tested by Hamakawa et al. (2002), and this set of tuned K and μ values are referred to as 

“H-TUNED’ values. The differences between the PS-SET and H-TUNED parameter 

values are discussed in section 4.4.  

 

It is noted that the tuned value for Ks is on the lower bound of Ks utilised in this study 

(Table 4.3). This is considered tolerable in this chapter as we seek to obtain the tuned Ks 

value within the generally accepted bounds. This feature will be further discussed in 

chapter 8.  

 



 108 

 

Table 4.4. PE-SET and H-TUNED K and µ values for the SCYb-5 samples tested by 

Hamakawa et al. (2002) . 

CONSTANTS VALUES 
 PS-SET H-TUNED 
Kw (atm-1) 3.29 5.34 
Ki 1.00e-11 2.48e-11 
Ks 1.00e-14 1.00e-15 
Kox  (atm-1/2) 5.00e-6 1.04e-6 
µOH (cm2/V/s) 1.45e-5 5.30e-6 
µVo (cm2/V/s) 6.48e-6 3.55e-6 
µh (cm2/V/s) 4.11e-4 3.03e-4 
µe (cm2/V/s) 4.11e-4 3.62e-4 
Resulting KH  (atm-1) 1.73e-6 8.30e-5 
Objective function, f(K,μ) 9.54e-15 5.12e-15 

 

Figure 4.8 illustrates the hydrogen permeation flux for SCYb-5 at 677 ○C calculated 

with the (b) PS-SET and (c) H-TUNED K and μ values (Table 4.4), plotted and 

compared with (a) the experimental data obtained from Hamakawa et al. (2002). The 

calculated hydrogen permeation flux with the PS-SET and H-TUNED K and µ values 

shows a moderate agreement to the experimental data. The values of the objective 

function, f, (Eq. (39)) indicate the degree of agreements between the experimental and 

model results. The values of the objective function are 9.54e-15and 5.12e-15 for the model 

flux calculated with the PS-SET and H-TUNED values, respectively (Table 4.4), 

indicating a better fit to the modelled flux calculated with H-TUNED values. 
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Figure 4.8. Hydrogen permeation flux of SCYb-5 at 677 ○C: (a) experimental data obtained 

from Hamakawa et al (2002), (b) model estimates calculated with the PS-SET K and µ values 

and (c) model estimates calculated with the H-TUNED K and µ values. N.B. Model = Case A.  

 

The experimental hydrogen permeation flux increases with the increase in hydrogen 

partial pressure gradients (Figure 4.8 (a)). However, in the model result (Figure 4.8 (b) 

and (c)), the effect of the increases in hydrogen partial pressure gradient on the 

corresponding hydrogen permeation flux is not as significant as the experimental results.  

 

4.3.3 Parameter tuning — SCTm-5 

The thermodynamic equilibrium constants (Kw, Ki, Kox, Ks) and the charge carrier 

mobilities (μOH, μVo, μh, μe) were tuned to simulate the flux in the SCTm-5

Table 4.5

 sample at 900 

○C tested by Cheng et al. (2005), in order to obtain a new set of parameter values for 

this data set.  summarises the resulting tuned K and μ values for the SCTm-5 

sample for Case A, and this set of tuned K and μ values are referred to as ‘C-

TUNED(A)’ values. The differences between the PS-SET and C-TUNED(A) parameter 

*N.B. Model = Case A 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TY4-4NSV0TP-2&_user=79777&_coverDate=05%2F31%2F2007&_rdoc=1&_fmt=full&_orig=na&_cdi=5608&_docanchor=&_acct=C000006418&_version=1&_urlVersion=0&_userid=79777&md5=2769b63fc34565b0cd8ae58b2811cf30#tbl7�
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TY4-4NSV0TP-2&_user=79777&_coverDate=05%2F31%2F2007&_rdoc=1&_fmt=full&_orig=na&_cdi=5608&_docanchor=&_acct=C000006418&_version=1&_urlVersion=0&_userid=79777&md5=2769b63fc34565b0cd8ae58b2811cf30#tbl7�
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values are discussed in section 4.4. It is noted again that the tuned values for Ks, Kox, 

µVo are on their lower bounds (Table 4.3). This is considered tolerable in this chapter as 

we seek to obtain the tuned values within the generally accepted bounds. This feature 

will be further discussed in chapter 8.  

 

Table 4.5. The PS-SET and C-TUNED(A) K and μ values for SCTm-5 at 900 ○C. 

CONSTANTS VALUES 
 PS-SET C-TUNED(A) 
Kw (atm-1) 3.29 5.49 
Ki 1.00e-11 5.25e-12 
Ks 1.00e-14 1.00e-15 
Kox  (atm-1/2) 5.00e-6 5.00e-7 
µOH (cm2/V/s) 1.45e-5 4.89e-5 
µVo (cm2/V/s) 6.48e-6 6.48e-7 
µh (cm2/V/s) 4.11e-4 2.00e-4 
µe (cm2/V/s) 4.11e-4 7.86e-4 
Resulting KH  (atm-1) 1.73e-6 7.98e-6 
Objective function, f(K,μ) 4.90e-14 1.02e-14 

 

 

Figure 4.9 (I) and (II) illustrate the hydrogen permeation flux for SCTm-5 at 900 ○C 

calculated with the (b) PS-SET and (c) C-TUNED(A) K and μ values (Table 4.5), 

plotted and compared with (a) the experimental data obtained by Cheng et al. (2005), 

for L = 0.8 and 0.4 mm and L = 0.2 and 0.15 mm, respectively. The hydrogen 

permeation flux for SCTm-5 at 900 ○C is more accurately predicted with the C-

TUNED(A) K and μ values. The values of the objective function are 4.90e-14 and 1.02e-

14 for the modelled flux estimated with the PS-SET and C-TUNED(A) values, 

indicating a better fit to the modelled flux with C-TUNED(A) values.  

 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TY4-4NSV0TP-2&_user=79777&_coverDate=05%2F31%2F2007&_rdoc=1&_fmt=full&_orig=na&_cdi=5608&_docanchor=&_acct=C000006418&_version=1&_urlVersion=0&_userid=79777&md5=2769b63fc34565b0cd8ae58b2811cf30#fig8�
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TY4-4NSV0TP-2&_user=79777&_coverDate=05%2F31%2F2007&_rdoc=1&_fmt=full&_orig=na&_cdi=5608&_docanchor=&_acct=C000006418&_version=1&_urlVersion=0&_userid=79777&md5=2769b63fc34565b0cd8ae58b2811cf30#fig8�
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Figure 4.9. (I) and (II). Hydrogen permeation flux of SCTm-5 at 900 ○C: (a) experimental data 

obtained by Cheng et al. (2005), (b) model estimates calculated with the PS-SET K and µ values 

and (c) model estimates calculated with the C-TUNED(A) K and µ values: (I) L = 0.8 & 0.4 

mm; (II) L = 0.2 & 0.15 mm. N.B. Model = Case A. 
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The effect of the increases in hydrogen partial pressure gradient on the corresponding 

hydrogen permeation flux is not as significant as the experimental results ((a) in Figure 

4.9 (I) & (II)), which was also observed in the SCYb-5 results (Figure 4.8). 

 

4.3.4 Parametric sensitivity analysis 

A parametric sensitivity analysis was performed by using the New Morris Method to 

investigate the first order sensitivity of the hydrogen permeation flux model (Case A) to 

variations in the thermodynamic equilibrium constants (Kw, Ki, Kox, Ks) and the charge 

carrier mobilities (µOH, µVo, µh, µe) (Cropp and Braddock, 2002). As mentioned in 

section 4.2.4, the hydrogen permeation flux is calculated based on the experimental 

condition utilised by Hamakawa et al. (2002), i.e. for SCYb5 at 677 ○C, with the 

downstream oxygen partial pressure of 0.14 atm and the upstream hydrogen partial 

pressures (PH2’) of between 0.05 and 0.6 atm (Figure 4.2). The effects of the parameter 

changes were quantified with the changes in the objective (error) function, f, (Eq. (39)), 

which is the magnitude of the difference between the modelled and experimental 

hydrogen permeation flux. The results were analysed in terms of Euclidean ranks which 

grade the Euclidean distance of a vector which consists of the mean effect value and the 

standard deviation for each of the parameters.  

 

Figure 4.10 illustrates the Euclidean distance for each of the parameters, and the 

average Euclidean rank, standard deviation and overall Euclidean rank for each of the 

parameters are shown in Table 4.6. The average Euclidean rank is obtained by 

averaging the Euclidean ranks of four runs. The overall Euclidean rank is obtained by 

ranking the average Euclidean rank.  

 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TY4-4NSV0TP-2&_user=79777&_coverDate=05%2F31%2F2007&_rdoc=1&_fmt=full&_orig=na&_cdi=5608&_docanchor=&_acct=C000006418&_version=1&_urlVersion=0&_userid=79777&md5=2769b63fc34565b0cd8ae58b2811cf30#fig8�
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TY4-4NSV0TP-2&_user=79777&_coverDate=05%2F31%2F2007&_rdoc=1&_fmt=full&_orig=na&_cdi=5608&_docanchor=&_acct=C000006418&_version=1&_urlVersion=0&_userid=79777&md5=2769b63fc34565b0cd8ae58b2811cf30#fig8�
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Figure 4.10. Graphical presentation of Euclidean distances for sensitivity analysis, Case A. 

 

Table 4.6. Average Euclidean ranks, standard deviations and overall Euclidean for sensitivity 

analysis on hydrogen permeation flux model, Case A. 

 Average 
Euclidean rank 

Standard 
deviations 

Overall 
Euclidean rank 

Kw 1.25 0.5 1 
Ki 3.25 0.5 3 
Ks 6 0 6 
Kox 3.75 0.5 4 
µOH 1.75 0.5 2 
µVo 8 0 8 
µh 7 0 7 
µe 5 0 5 

 

The results indicate that the hydrogen permeation flux model (Case A) utilised in this 

chapter is most sensitive to the thermodynamic equilibrium constant for proton 

incorporation from water vapour (Kw) and the mobility of protons (µOH).  
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4.4 Discussion and conclusions 

The hydrogen permeation fluxes through the SCYb-5 (Figure 4.8) and SCTm-5 (Figure 

4.9) dense membranes are generally well predicted with the model. The parameter 

tuning improved the model predictions for both SCYb-5 and SCTm-5, providing the 

new sets of parameters for those data sets (Table 4.4 and Table 4.5).  

 

The tuned mobilities of protons (μOH) and electrons (μe) in SCTm-5 are higher than 

those in SCYb-5. The hydrogen permeation across the membrane is determined partly 

by diffusivity (mobility) of protons and electrons. Therefore the higher hydrogen flux in 

SCTm-5 when compared the SCYb-5, may be partly due to the higher values for 

mobilities of the protons and electrons.  

 

The tuned value of Kox for SCTm-5 is smaller than that for SCYb-5, which may indicate 

a lower affinity of SCTm-5 to oxygen. The simulation done by Li and Iglesia (2003) 

found that a higher value of Kox leads to a decreased proton flux, as a result of the lower 

average electron concentrations prevalent as the membrane material becomes more 

difficult to reduce. Thus, the lower value of Kox in SCTm-5 may contribute to the higher 

hydrogen flux. 

 

The resulting value of KH for SCYb-5 and SCTm-5 are calculated and shown in Table 

4.4 and Table 4.5 (H-TUNED and C-TUNED(A) respectively). The tuned KH values are 

higher than in PS-SET. A higher value of KH could indicate a higher affinity of the 

material to hydrogen (Li and Iglesia, 2003). This higher KH value may lead to the 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TY4-4NSV0TP-2&_user=79777&_coverDate=05%2F31%2F2007&_rdoc=1&_fmt=full&_orig=na&_cdi=5608&_docanchor=&_acct=C000006418&_version=1&_urlVersion=0&_userid=79777&md5=2769b63fc34565b0cd8ae58b2811cf30#fig8�
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TY4-4NSV0TP-2&_user=79777&_coverDate=05%2F31%2F2007&_rdoc=1&_fmt=full&_orig=na&_cdi=5608&_docanchor=&_acct=C000006418&_version=1&_urlVersion=0&_userid=79777&md5=2769b63fc34565b0cd8ae58b2811cf30#fig8�
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TY4-4NSV0TP-2&_user=79777&_coverDate=05%2F31%2F2007&_rdoc=1&_fmt=full&_orig=na&_cdi=5608&_docanchor=&_acct=C000006418&_version=1&_urlVersion=0&_userid=79777&md5=2769b63fc34565b0cd8ae58b2811cf30#fig8�
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increased hydrogen incorporation into the oxides and consequently to the increased 

hydrogen permeation flux. Electrons are also generated by the reaction Eq. (3), which 

contribute to increased electron concentration and consequently increased mixed 

protonic and electronic conductivity (Kosacki et al., 1993). 

 

It is found as a result of the parametric sensitivity analysis, that the hydrogen 

permeation model in this study is most sensitive to the thermodynamic equilibrium 

constant for proton incorporation from water vapour (Kw) (Table 4.6). It is a reasonable 

result, as the hydrogen permeation would be greatly influenced not only by the 

hydrogen partial pressure but also by the water vapour partial pressure. A higher Kw 

indicates more proton incorporation or that more protons are kept in the system (Krug, 

1996). It may also be due to the thermodynamic equilibrium constant for proton 

formation from hydrogen, KH which is influenced by the value of Kw (Eq.(10)). It is 

interesting to find that the model is relatively sensitive to the internal electronic 

equilibrium constants (Ki). This may be because Ki determines the concentration of the 

electron and hole in the oxide system (Eq. (26)), which play an important role in a 

mixed protonic and electronic conduction.  

 

Amongst the charge carrier mobilities, the model is more sensitive to proton mobility 

(μOH), which is a reasonable result based on Eq. (38). Hole mobility (μh) is found to be 

one of the least sensitive parameters. This is reasonable as the hole concentration is 

significantly small in a reduction environment (Figure 4.6). This is obviously due to the 

fact that electronic conduction is provided by electrons (n-type conduction) under high 



 116 

hydrogen partial pressure and by holes (p-type conduction) under low hydrogen partial 

pressure (Li and Iglesia, 2003, Waser, 1988). 

 

These results from the sensitivity analysis are useful to determine which parameters 

require more detailed investigation. For example, mobility of protons should be 

carefully investigated as it would depend on a number of factors, such as proton jump 

distance (O–O separation distance), fraction of vacant jump destinations, vibration 

frequency, jump entropy, or activation energy for proton migration (Norby, 1990). This 

may aid this research field where a shortage of experimental data has been a significant 

barrier to the improvement and validation of permeation models. 

 

The significant difference between the model and experimental results (Figure 4.8 and 

Figure 4.9) is the effect of the increases in hydrogen partial pressure gradient on the 

corresponding hydrogen permeation flux. The differences between the model and 

experimental results lead to an examination of the assumptions used in applying the 

model to these experiments. Some of the assumptions utilised in this study may not 

reflect the experimental conditions. The main assumptions for examination which 

possibly lead to the discrepancies may include: 1) the rate limiting process in the 

hydrogen permeation; 2) leakage though the membrane system (mechanical diffusion of 

hydrogen molecules); 3) the water vapour partial pressure and the downstream 

hydrogen partial pressure; 4) the bulk and local hydrogen partial pressure gradients; 5) 

the valency of Yb and Ce; and 6) the oxygen conductivity of the materials. 
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First of all, it was assumed in the model that the bulk diffusion was rate-limiting in the 

hydrogen permeation process of the experimentally tested samples. This is a vital 

assumption, as Eq. (38) is valid only when the bulk diffusion of protons and electrons 

are the rate limiting process in the hydrogen permeation. It is reported that the bulk 

diffusion was rate-limiting in the hydrogen permeation process in the samples tested by 

Hamakawa et al. (2002) and Cheng et al. (2005), which were the data utilised in this 

chapter. As discussed in section 2.3.5, the estimated LC for SCYb-5 is approximately 

0.5 to 1 µm. The data utilised in this chapter was the hydrogen flux through 80-800 µm 

thick samples, which are well beyond the reported LC for those materials. Thus, it is 

most likely that the bulk diffusion was rate-limiting in the hydrogen permeation process 

of the experimentally tested samples in this study. 

 

Secondly, leakage though the membrane system may have been the source of errors. 

However, Hamakawa et al. (2002) and Cheng at al. (2005) reported that there were no 

leakages though the membrane samples tested. This indicates that the hydrogen detected 

in the permeate gas stream can be attributed to hydrogen transported through the 

membranes by mixed electron and ion conduction mechanisms, not by the mechanical 

diffusion of hydrogen molecules.  

 

Another possibility is the assumption on the water vapour partial pressures. The 

hydrogen permeation experiments by Hamakawa et al. (2002) and Cheng at al. (2005) 

were conducted in a ‘dry’ hydrogen atmosphere (a dry gas mixture of hydrogen and 

helium or nitrogen) at the upstream side of the membrane system. However, the water 

vapour partial pressures were not reported in either of the experiments, and there was 

not enough experimental information reported in the papers to calculate the actual 

downstream hydrogen partial pressure and upstream and downstream water vapour 
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partial pressures. The model assumed the water vapour partial pressure of 10− 4 atm, as 

Qi and Lin (2000) referred this partial pressure as a ‘dry’ condition in their study. The 

partial pressures of water vapour greatly influence hydrogen permeation properties of 

those materials, and also the water vapour determines the oxygen activity (Norby and 

Haugsrud, 2006). Norby and Haugsrud (2006) suggested that hydrogen permeation 

measurements in a dry hydrogen atmosphere may not be achievable, and the membrane 

may be unstable in a dry hydrogen atmosphere. The conduction of hydrogen permeation 

tests in a dry hydrogen atmosphere and an assumption on the water vapour partial 

pressures may have lead to the disagreement between the experimental and modelling 

results in this chapter. The experimental results with well-defined water vapour 

pressures will be required to verify this point, which will be examined in chapter 8. 

 

The bulk and local hydrogen partial pressure gradients were assumed to be the same in 

the model. In a real experiment, the hydrogen partial pressure at the very surface of the 

upstream side of the membrane is less than the partial pressure of hydrogen in the bulk 

feed gas, due to the consumption of hydrogen gas at the upstream membrane surface. 

On the other hand, the hydrogen partial pressure at the very surface of the downstream 

side of the membrane is greater than the bulk hydrogen partial pressure of the permeate 

gas steam, due to insufficient diffusion of the permeate hydrogen to the bulk area. The 

local hydrogen partial pressure gradient (i.e PH2’ at the very surface of the upstream side 

v.s. PH2” at the very surface of the downstream side) would be smaller than the bulk 

partial pressure gradients (i.e. the PH2’ in the feed gas v.s. PH2” in the sweep gas). This 

would consequently reduce the driving force for the hydrogen permeation, which may, 

to some extent, contribute to an overestimation of the flux in the model. 
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The assumptions in the model are that the valency of ytterbium ions and cerium ions 

remain as 3+ and 4+, respectively, throughout the experiment. The valency may change 

depending on the degree of reducing atmospheres (Okada et al., 2004). The examination 

of the valency and the inclusion of changes in the valency of ytterbium ions and cerium 

ions in the model (such as Yb2+ and Ce3+) were beyond the scope of this study.  

 

Cheng et al. (2005) reported the influence of the downstream oxygen partial pressure on 

the hydrogen permeation flux, where the hydrogen permeation flux increased with 

increases in the downstream side oxygen partial pressure. Increase in the downstream 

oxygen partial pressure results in an increased hole concentration which increases the 

overall electrical conductivity of the membrane. The increase in downstream oxygen 

partial pressure also leads to a lower downstream hydrogen partial pressure, which in 

return increases the hydrogen partial pressure gradient for hydrogen permeation (Cheng 

et al., 2005). The composition of the surrounding gas streams also greatly influence the 

concentrations of the charge carrier (such as protons and electrons) within the 

membranes and consequently the conductivities of the charge carriers (Li and Iglesia, 

2003). It was assumed in this chapter that the membrane materials do not have oxygen 

ion conductivity, and Eq. (38) was utilised in the modelling. This may have resulted in 

the disagreements between the modelled and experimental results. 

 

In the next chapter, the additional term is to be included in the model (i.e. Eq. (14)), to 

analyse the effect of the oxygen partial pressure gradients and the oxygen ion 

conductivity on the hydrogen permeation flux. 
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5. MODIFICATION OF THE MODEL 

 

5.1 Introduction 

In the previous chapter (chapter 4), the hydrogen permeation flux of SCYb-5 and 

SCTm-5 was estimated by using the method developed by Poulsen (1999) and Song et 

al. (2003b), and the model results  were compared with the experimental data obtained 

by Hamakawa et al. (2002) and Cheng et al. (2005). It was found that the effect of 

changes in hydrogen partial pressure gradient on the corresponding hydrogen 

permeation flux in the model result was not as significant as indicated by the 

experimental results. It was concluded that the disagreements may possibly have arisen 

from one of the model assumptions (assumption (IX)) where the membrane material has 

negligible oxygen ion conductivity and the use of Eq. (38) in the model. The additional 

term may need to be included in the model (i.e. Eq. (14)), to analyse the effect of the 

oxygen partial pressure gradients and the oxygen ion conductivity on the hydrogen 

permeation flux. 

 

In the previous chapter, Poulsen’s method was utilised for the defect concentration 

calculations (section 4.2.1), where the stepwise calculation method was performed to 

solve the 10 independent equations (Eqs. (19)–(26), (6) and (3)), which consist of 6 

linear and 4 nonlinear equations. The independent variables of the Poulsen’s method are 

the concentration of oxygen vacancy [Vo••], and the water vapour partial pressure (PH2O), 

the dopant level (XB), and A/B ratio (Z), with the parameters, the thermodynamic 

equilibrium constants (Kw, Ki, Kox, Ks) (Figure 4.1).  
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The calculation starts with an assumed numerical value of [Vo••] to solve a quadratic 

equation for the calculation of [OHo
•] (Eq. (27)). The very first step of the Poulsen’s 

stepwise calculation is solving a nonlinear quadratic equation, which should be avoided, 

if possible. The solution of polynomial equations may be sensitive to small changes in 

the value of the coefficients. The other defect concentrations are calculated using the 

calculated concentration of [OHo
•], in the order of [Oo

x] → [Y ′Ce] →  [VSr″] etc. The 

drawback of this method may be the accumulation of errors in the step-wise calculation. 

For example, [Oo
x] is calculated using the calculated value of [OHo

•], and [VCe""] and 

[VSr"] need to be calculated using the calculated value of [Y'Ce]. During those 

calculations, round off errors could accumulate from step to step in the calculation. 

Since there are 10 defect ‘species’ identified in an ABO3 oxide system (Table 2.7 and 

Table 4.1), some other order of calculation of defect concentrations can be possibly 

explored, and the order of solution depends on the choice of the independent variable.  

 

The aims of this chapter are to: 

1) modify the Poulsen’s method of defect concentration calculation described in 

section 2.13.2 and 4.2.1; 

2) analyse the model with the additional oxygen term in the model to analyse the 

effect of the oxygen partial pressure gradients on the hydrogen permeation 

flux; 

3) compare the modified model results with the experimental data for SCYb-5; 

4) analyse the sensitivity properties of the modified model; and  
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5) tune the model parameters in the modified model to predict hydrogen 

permeation flux in SCTm-5.  

 

5.2 Modification of the model 

This section describes the modification of the Poulsen’s method of defect concentration 

calculation, which was previously described in section 2.13.2 and 4.2.1. In this chapter, 

the assumptions (I)-(VIII) listed in section 4.2 are to remain the same, while the 

assumption (IX) is removed for Case B in this chapter, and the assumption (X) is 

replaced with the assumption (X’): 

X’.  Relationship between partial pressures of water, hydrogen and oxygen are 

described with Eq. (8) so that unknown partial pressures can be calculated (Schober et 

al., 1996).  

 

It is noted that Eq. (7) is also included in this chapter, as the effect of oxygen partial 

pressure gradient is investigated as well as the hydrogen partial pressure gradient. 

Although there are two more equations added to the Poulsen’s method, a scheme of 

solution is still required.   

 

5.2.1 Defect concentrations 

The calculation in the Poulsen’s method starts with an assumed numerical value of 

[Vo••], which is the independent variable in the series of defect concentration 

calculations. The other defect concentrations are calculated by a step-wise method, in 

the order of [OHo
•] → [Oo

x] → [Y ′Ce] → [ VSr″] etc, i.e. the concentration of [Oo
x] 

depends on the calculated value of [OHo
•]. The order of solution depends on the choice 

of the independent variable.  
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In this chapter, [Yb'Ce] is chosen as the independent variable for the calculation, instead 

of [Vo
••], and a new set of equations are derived by utilising [Yb'Ce] as the independent 

variable. The reasons for these changes are: 

1) The concentration interval of [Yb'Ce] is narrower than [Vo
••]; 

2) Most of the other defect concentrations can be expressed directly in terms of 

[Yb'Ce]. The defect concentrations of [SrSr
x], [VSr"], [CeCe

x], [VCe""], [e], 

[OHo
•] and [Vo

••] are calculated all based on [Yb'Ce] in the modified method, 

while the previous method is step-wise (e.g. [VCe""], [Yb'Ce] and [Vo
••] need to 

be calculated before calculating [CeCe
x].). This may reduce the accumulation 

of errors in the simulation; 

3) It defers solving the quadratic with the possibly sensitive root until the later 

stage of the calculations; and 

4) The modified method allows a shorter model simulation run time, which 

consequently allows incorporation of the concentration constraints in the 

parametric sensitivity analysis.  

 

The following equations, in order, are the new set of equations derived using Eqs. (19) 

to (26), Eqs. (6), (7) and (3), and utilising [Yb'Ce] as the independent variable for the 

calculation: 
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A expression for [OHo
•] can be obtained as a function of (PH2O, [Yb'Ce]) by solving the 

quadratic, Eq. (3’). Then [e'] and [h•] can be expressed as a function of (PH2O, [Yb'Ce]). 

In this order of solution, errors do not compound from step to step in the calculation.  

 

A series of defect concentrations and hydrogen and oxygen partial pressures is 

calculated from the equations above, with fixed values of the thermodynamic 

equilibrium constants (Kw, Ki, Kox, Ks), the dopant level (XB = 0.05), A/B ratio (Z = 1), 

and the water vapour partial pressure (PH2O), and by varying [Yb'Ce] within its 

concentration interval, 0<[Yb'Ce]<XB. The calculation continues while defect 

concentrations are within their concentration intervals; 0<[i]<1 for [SrSr
x], [VSr"], 

[CeCe
x], [VCe""], [e] and [h] and 0<[i]<3 for [Oo

x], [OHo
•] and [Vo

••]. The modified 
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defect concentration calculation method is illustrated in Figure 5.1. Table 4.2 

summarises the Ki, Kox, Ks, and Kw values for SCYb-5 that are utilised in this chapter, 

and this set is again referred to as ‘PS-SET’.  

 

 

Figure 5.1. Illustration of the modified method for defect concentration calculations used in this 

chapter. 

 

5.2.2 Hydrogen permeation flux 

The previous chapter analysed Case A (a modified version of Case 1 in Song et al. 

(2003b)) where the membrane material is assumed to have negligible oxygen ion 

conductivity (Eq. (38)). In this chapter, Case 3 (Eq. (33)) in section 2.13.2, i.e. 

essentially Eq. (14), is additionally analysed, and is referred to as Case B
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(41) 

The hydrogen permeation flux is computed with the defect concentrations calculated in 

section 5.2.1. The calculated hydrogen permeation fluxes are compared with the 

experimental data from Hamakawa et al. (2002) for SCYb-5. The integrations of Eqs. 

(38) and (41) are undertaken by applying the composite Simpson rule in this chapter 
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(Plybon, 1992). Total error in the estimation of an integral generally consists of the 

discretisation error and the round-off error. It is generally expected that the total error 

will decrease as the number of subintervals, N, is increased, until the accumulation of 

round-off error becomes significant and the total error starts to increase (Plybon, 1992). 

The total error in the model is estimated by using (Plybon, 1992):  

( )NNN SSE −≅ 216
15

. 

        (42)  

where EN is the total error generated during the estimation of an integral using 

the composite Simpson rule with N subintervals, and 

SN and S2N are the estimate of an integral using the composite Simpson rule with 

N and 2N subintervals, respectively. 

 

Figure 5.2 shows the total error EN generated during the integral estimate in this model 

plotted for different subintervals, N, with the ‘PS-SET’ parameter values listed in Table 

4.2. It is observed that for small N, the total error rapidly decreases with increasing N 

and reaches its minimum value at around 7000 subintervals. At this point, most of the 

error is the round-off error. Beyond this point, the total error slightly increases with 

increasing N, due to the accumulation of the round-off error. However this growth in the 

round-off error is linear (Figure 5.2) and also the magnitude of the error is significantly 

small when compared to the integral estimates. Thus it is concluded that both the round-

off and discretisation error are negligible in this model for N > 7000 and this number of 

subintervals is adopted in the estimation of the integrals. 
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Figure 5.2. The total errors in the estimation of the integrals. 

 

5.2.3 Parametric sensitivity analysis 

Sensitivity analysis is applied to investigate the first order effects of the thermodynamic 

equilibrium constants, K values (Kw, Ki, Kox, Ks) and charge carrier mobilities, μ values 

(µOH, µVo, µh, µe) on the hydrogen permeation flux in Case A and B by using the New 

Morris Method (Cropp and Braddock, 2002), as described in section 4.2.4. The upper 

and lower bounds for the K and μ values are shown in Table 4.3 

 

5.2.4 Parameter tuning 

The parameter tuning of the hydrogen permeation flux model (Case B) to predict the 

hydrogen permeation flux in SCTm-5 is undertaken, to make accurate predictions of the 

hydrogen permeation flux for SCTm-5, and obtain a new set of parameters which fits to 
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the experimental data of Cheng at al. (2005). The method is described in section 4.2.3. 

The original values and the upper and lower bounds are shown in Table 4.3.  

 

5.3 Results and discussions 

5.3.1 Defect concentrations 

The modified method for the defect concentration calculations produced the same set of 

defect concentrations as calculated in the Poulsen’s method utilised in the previous 

chapter, while the modified method allows a shorter model simulation run time. This is 

mainly due to the narrower concentration interval of [Yb'Ce] compared to [Vo
••]. 

 

5.3.2 Hydrogen permeation flux 

Figure 5.3 illustrates the modelled hydrogen permeation flux for SCYb-5 calculated 

with the PS-SET parameter values for Cases A (Eq. (38)) and B (Eq. (41)), plotted 

against the experimental data obtained from Hamakawa et al. (2002). It is noted that the 

calculated hydrogen permeation flux for SCYb-5 in this chapter (Figure 5.3) differs 

from the previous chapter (Figure 4.8), due to the modified assumptions on downstream 

hydrogen partial pressures (assumption X’). Downstream hydrogen partial pressure was 

calculated by using Eq. (8) in this chapter, and its value is approximately 4.8e-15 atm. 

On the other hand, in the previous chapter, the hydrogen partial pressure was assumed 

as 1e-6 atm, as Song et al. (2003b) mentioned that there was no difference on the 

calculated hydrogen permeation flux, when the downstream hydrogen partial pressure 

becomes smaller than 1e-6 atm. Further, it should be noted that Figure 5.3 is slightly 

different from Figure 3 in Matsuka et al, (2009). This is for the reason that the values 

for electron and hole mobility (μe and μh) and molar volume, (V m) utilised in Matsuka et 

al, (2009) were adjusted at later stages of this project making them more accurate and 
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representative. The adjustment does not affect the findings and flow of the published 

paper and this project. 
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Figure 5.3. Hydrogen permeation flux for SCYb-5 at 677 ○C, with L = 0.14 & 0.08 mm – Cases 

A and B. 

 

The calculated hydrogen permeation flux in Case B agrees better with the experimental 

data than Case A. However, there are reasonably large differences between the 

modelled and the experimental hydrogen flux. The effect of changes in hydrogen partial 

pressure gradient on the corresponding hydrogen permeation flux in the model result 

(i.e. the slope) is again not as significant as indicated by the experimental results. This 

implies that 1) the discrepancy between the model and experimental results (in terms of 

the effect of changes in hydrogen partial pressure gradients) is not due to the influence 

of oxygen potential gradients; 2) some of the parameter values, such as the 

thermodynamic equilibrium constants, charge carrier mobilities and gas partial 
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pressures, are not accurate, or 3) some of the assumptions are not reflecting the 

experimental conditions, which are discussed later in this chapter. 

 

5.3.3 Parametric sensitivity analysis 

The average Euclidean rank, standard deviation and overall Euclidean rank for each of 

the parameters are shown in Table 5.1. Figure 5.4 and Figure 5.5 illustrate the Euclidean 

distance for each of the parameters, for Case A and B, respectively. The average 

Euclidean rank is obtained by averaging the Euclidean ranks of four runs. The overall 

Euclidean rank is obtained by ranking the average Euclidean rank. It is observed that the 

sensitivity of the model slightly changed when compared to the previous chapter (Table 

4.6). This may be due to the modified method for defect concentration calculations 

which allows for the incorporation of the concentration constraints in the parametric 

sensitivity analysis. However, the general trend still remains the same. 

 

Table 5.1. Average and general Euclidean ranks for Case A and B. 

 CASE A CASE B 
 Average 

Euclidean 
rank 

Standard 
deviations 

Overall 
Euclidean 

rank 

Average 
Euclidean 

rank 

Standard 
deviations 

Overall 
Euclidean 

rank 
Kw 2.50 0.58 3 2.25 0.50 2 
Ki 3.75 0.50 4 2.75 0.50 3 
Ks 6.00 0 6 8.00 0 8 
Kox 2.25 1.50 2 4.00 0 4 
µOH 1.50 0.58 1 1.00 0 1 
µVo 8.00 0 8 5.50 0.58 5 
µh 7.00 0 7 7.00 0 7 
µe 5.00 0 5 5.50 0.58 5 
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Figure 5.4. Graphical presentation of Euclidean distances for sensitivity analysis, Case A. 
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Figure 5.5. Graphical presentation of Euclidean distances for sensitivity analysis, Case B. 

 

The model is most sensitive to the proton mobility (µOH). This is a reasonable result as 

the hydrogen permeation across the membrane is determined partly by diffusivity 
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(mobility) of protons and electrons (Li and Iglesia, 2003). Further, some perovskite 

families seem to have relatively high proton mobility (Norby, 1990), which may make 

µOH a more important parameter. 

 

The model is also sensitive to the thermodynamic equilibrium constant for proton 

incorporation from water vapour (Kw). The parameter, Kw can greatly influence proton 

incorporation or how much protons are kept in the system (Krug, 1996). Further, the 

result may also be due to the thermodynamic equilibrium constant for proton formation 

from hydrogen, KH which is influenced by the value of Kw (Eq. (10)). These factors may 

have led to the sensitivity analysis result where Kw is one of the most sensitive 

parameters. 

 

The mobility of oxygen vacancy (µVo) is the least sensitive parameter in the model for 

Case A, which is an expected result, as it is assumed in Case A that the membrane 

material has no oxygen ion conductivity (Eq. (38)). On the other hand, µVo became a 

slightly more sensitive parameter in Case B, due to inclusion of the additional term for 

oxygen activity in Eq. (41). 

  

Hole mobility (µh) is found to be one of the least sensitive parameters. This is 

reasonable as the hole concentration is small in the reducing environment in which the 

experiments were undertaken. This is obviously due to the fact that electronic 

conduction is provided by electrons (n-type conduction) under high hydrogen partial 

pressure and by holes (p-type conduction) under low hydrogen partial pressure. The 

hydrogen partial pressures at the upstream and downstream sides of the membranes in 

the model vary between 1 to 1e-15 atm. As shown in Figure 4.6, the concentrations of 

holes are very low compared to other charger carriers in this range. From Eq. (35), the 
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conductivity of a charge carrier species is proportional to the charge carrier mobility as 

well the defect concentration of the species. Hence it is understandable that the model is 

insensitive to the hole mobility. However, the sensitivity of the model is expected to 

change depending on the experimental conditions, such as the surrounding gas 

atmospheres.  

 

It was expected that the model might become more sensitive to the thermodynamic 

equilibrium constant for oxygen ion incorporation (Kox) in Case B, due to the 

incorporation of the oxygen term in the model (Eq. (41)). The parameter Kox influences 

the concentration of oxygen vacancy, [Vo
••] which influences the proton concentration, 

and the hole concentration which influences the overall electrical conductivity of the 

membrane (Eq.(7)). However, Kox became a less sensitive parameter in Case B than in 

Case A.  

 

5.3.4 Parameter tuning 

The thermodynamic equilibrium constants (Kw, Ki, Kox, Ks) and the charge carrier 

mobilities (μOH, μVo, μh, μe) were tuned to simulate the flux in the SCTm-5

5.3.2

 sample at 900 

○C tested by Cheng et al. (2005), in order to obtain a new set of parameter values for 

this data set using Case B. It is noted that parameter tuning for SCYb-5, Case B is not 

undertaken in this chapter, as the main aim of this chapter is to analyse the model with 

the additional oxygen term in the model (i.e. Case B) to determine the effect of the 

oxygen partial pressure gradients on the hydrogen permeation flux (in terms of the 

effect of the increases in hydrogen partial pressure gradient on the corresponding 

hydrogen permeation flux). It is already found that in section  that the discrepancy 

between the model and experimental results (in terms of the effect of the increases in 

hydrogen partial pressure gradient on the corresponding hydrogen permeation flux) is 
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not due to the influence of oxygen potential gradients. Therefore, parameter tuning for 

SCYb-5, Case B is not undertaken. Further Case A is already investigated for SCTm in 

the previous chapter, and the comparison of Case A and B in section 5.3.2 has 

determined that discrepancy between the model and experimental results (in terms of 

the effect of the increases in hydrogen partial pressure gradient on the corresponding 

hydrogen permeation flux) is not due to the influence of oxygen potential gradients. 

Therefore, only Case B is analysed for SCTm-5 in this chapter. 

 

Table 5.2 summarises the resulting tuned K and μ values for the SCTm-5 sample, and 

this set of tuned K and μ values are referred to as “C-TUNED(B)’ values. It is noted 

again that the tuned values for Ks, Kox, µh are on their lower bounds (Table 4.3). This is 

considered tolerable in this chapter as we seek to obtain the tuned values within the 

generally accepted bounds. This feature will be further discussed in chapter 8. 

 

Table 5.2. The PS-SET and C-TUNED(B) values for SCTm-5 at 900 ○C. 

Constants PS-SET C-TUNED(B) 
Kw (atm-1) 3.29 5.11 
Ki 1.00e-11 1.60e-11 
Ks 1.00e-14 1.00e-15 
Kox  (atm-1/2) 5.00e-6 5.00e-7 
µOH (cm2/V/s) 1.45e-5 4.87e-5 
µVo (cm2/V/s) 6.48e-6 2.74e-6 
µh (cm2/V/s) 4.11e-4 4.11e-5 
µe (cm2/V/s) 4.11e-4 3.03e-4 
Resulting KH  (atm-1) 5.26e-6 6.84e-5 
Objective function, f(K, μ) 5.75e-14 1.19e-14 

 

The C-TUNED(B) parameters in general showed a similar trend to C-TUNED(A) 

(Table 4.5) in the previous chapter. For example, the tuned mobility of proton (μOH) and 

the thermodynamic equilibrium constant for proton incorporation from water vapour 



 135 

(Kw), which are the most sensitive parameters in the model (Table 5.1), resulted in 

similar values in the C-TUNED(A) and C-TUNED(B) parameter sets. 

 

The tuned mobility of the oxygen ion (μVo) in C-TUNED(B) is similar to that of PS-SET, 

while μVo in C-TUNED(A) was at its lower bound. This is reasonable, as the membrane 

material was assumed have no oxygen ion conductivity (Eq. (38)) in Case A, while Case 

B included the additional term for oxygen activity (Eq. (41)).  

 

Figure 5.6 and Figure 5.7 illustrate the hydrogen permeation flux calculated with the 

PS-SET and C-TUNED(B) values, respectively, plotted against the experimental data 

(Cheng et al., 2005). It is apparent that the hydrogen permeation flux for SCTm-5 at 900 

○C is better predicted with the C-TUNED(B) parameters. The values of the objective 

function are 5.75e-14 and 1.19e-14 for the modelled flux estimated with the PS-SET and 

C-TUNED(B) values, indicating a better fit to the modelled flux with C-TUNED(B) 

values.  
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Figure 5.6. Hydrogen permeation flux calculated with the PS-SET
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 K and µ values for SCTm-5 

at 900 ○C, with L = 0.8, 0.4, 0.2 & 0.15 mm – Case B, plotted against the experimental data 

(Cheng et al., 2005). 

 

Figure 5.7. Hydrogen permeation flux calculated with the C-TUNED(B) K and µ values for 

SCTm-5 at 900 ○C, with L = 0.8, 0.4, 0.2 & 0.15 mm – Case B, plotted against the experimental 

data (Cheng et al., 2005). 
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The effect of the increases in hydrogen partial pressure gradient on the corresponding 

hydrogen permeation flux is still not as significant as the experimental results, which 

was also observed in the previous chapter. This may indicate that the discrepancy 

between the model and experimental results (in terms of the effect of the increases in 

hydrogen partial pressure gradient on the corresponding hydrogen permeation flux) is 

not due to the influence of oxygen potential gradients. Hence, some of the assumptions 

are not reflecting the experimental conditions. It is suspected that the disagreement may 

be due to the water vapour partial pressures which were not reported in the experiments 

by Hamakawa et al. (2002) and Cheng et al. (2005), and were assumed as 1e-4 atm in 

this chapter and chapter 4.  

 

5.4 Conclusions 

This chapter analysed the hydrogen permeation flux model with (1) modifications in the 

defect concentration calculations where [Yb'Ce] was utilised as the independent variable 

for the calculation, instead of [Vo
••] as the independent variable utilised in the previous 

Poulsen’s step-wise calculation (chapter 4), and (2) the additional terms to include the 

oxygen partial pressure gradients for calculation of hydrogen permeation flux. The 

modification in the defect concentration method allowed a short model simulation run 

time, which consequently allowed incorporation of the concentration constraints in the 

parametric sensitivity analysis. The calculated hydrogen permeation flux for SCYb-5 in 

Case B agrees better with the experimental data than Case A. However, there are still 

reasonably large differences between the modelled and the experimental hydrogen flux 

for SCYb-5. The effect of changes in hydrogen partial pressure gradient on the 
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corresponding hydrogen permeation flux in the model result (i.e. the slope) is again not 

as significant as indicated by the experimental results for both Case A and B. Parametric 

sensitivity analysis showed that there is no significant difference in the sensitivity of the 

model by comparing Case A and B. As a result of parameter tuning, the hydrogen 

permeation flux for SCTm-5 at 900 ○C is fairly well predicted with the C-TUNED(B) 

parameters for Case B. The C-TUNED(B)  parameters showed a similar trend to the 

previous study (i.e. C-TUNED(A) for Case A in section 4.3.3). It was also found in this 

chapter that the effect of the increases in hydrogen partial pressure gradient on the 

corresponding hydrogen permeation flux is still not as significant as the experimental 

results, which was also observed in the previous chapter. This indicates that the 

discrepancy between the model and experimental results (in terms of the effect of the 

increases in hydrogen partial pressure gradient on the corresponding hydrogen 

permeation flux) is not due to the influence of oxygen potential gradients. It is now 

suspected that the disagreement may be due to the water vapour partial pressures which 

were not reported in the experiments by Hamakawa et al. (2002) and Cheng et al. 

(2005), and were assumed as 1e-4 atm in this chapter and in chapter 4.  

 

The partial pressures of water vapour greatly influence hydrogen permeation properties 

of those materials, and also the water vapour determines the oxygen activity (Norby and 

Haugsrud, 2006). Hence, the experimental results with well-defined water vapour 

pressures will be required to further investigate this model. 
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6. FABRICATION AND TESTING OF ASYMMETRIC 

MEMBRANES 

 

6.1 Introduction 

As described in section 2.6.1, when bulk diffusion is the limiting factor in the overall 

hydrogen permeation processes, reducing the dense membrane thickness may be one of 

the most simple but effective techniques to obtain improved hydrogen permeation flux. 

This effect is evident in the experimental results of Hamakawa et al. (2002). In the study 

(Hamakawa et al., 2002), it was found that hydrogen permeation flux through the 2 µm 

SCYb-5 thin films at 677 ○C was approximately 500 times larger than through 1 mm-

thick SCYb-5 membrane, as shown in Figure 2.12. Thinner membranes are, 

nonetheless, not as strong and suffer from mechanical instability. Thus a supported thin 

dense membrane structure can be part of the solution. In these asymmetric membranes, 

a thin dense membrane is supported on a thick porous supporting layer which improves 

the mechanical strength of the composite structure. 

 

There are a number of sophisticated techniques available for the deposition of thin 

dense layers on porous supports, for example, chemical vapour deposition, 

electrochemical vapour deposition, sputtering, pulsed laser deposition, and spin coating. 

However some of the techniques can be very complex, costly and difficult to replicate. 

In contrast, conventional dry pressing is known to be a simple, reproducible and cost 

effective method to fabricate asymmetric membranes (Xia and Liu, 2001, Cheng et al., 

2005). For example, Cheng et al. (2005) fabricated asymmetric membranes consisting 

of 150-800 µm dense SCTm-5 layers on SCTm-5 porous supports by conventional dry 
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pressing (Figure 2.13). The powder with the larger particle size was utilised by Cheng et 

al. (2005) to produce pores in the support layer, while the powder with the smaller 

particle size was utilised to produce the dense layer. The difference in the particle sizes 

controlled the shrinkage and the porosity of the asymmetric system (Cheng et al., 2005). 

 

Xia and Liu (2001) prepared an 8 µm dense Gd0.1Ce0.9O1.95 film on a porous NiO- 

Gd0.1Ce0.9O1.95 substrate by traditional dry pressing, using a unique ‘foam’ (highly 

porous) Gd0.1Ce0.9O1.95 powder. However, they reported that the Gd0.1Ce0.9O1.95 ‘foam’ 

powder had very poor flow behaviour due to its high porosity and particle sizes, 

resulting in non-uniform distribution of the ‘foam’ powder (especially for thinner films), 

and consequently lower density of the dense films. They suggested that improvements 

can be made by improving the flow behaviour of the powder or by improving the filling 

techniques to obtain a uniform and reproducible filling.  

 

The aims of this chapter are to: 1) to explore a method of depositing a thin uniform 

green dense layer on a green porous support in order to improve the filling techniques to 

aid the conventional dry pressing; 2) to investigate the microstructures of the dense 

layers and the porous supports in the asymmetric membranes, such as porosity, 

uniformity, and gas tightness; and 3) determine the reproducibility of the filling method 

and the minimum dense layer thickness which this filling method can produce. 

  

6.2 Membrane fabrication methods 

Preparation of asymmetric membranes can be complicated due to differences in 

shrinkage or thermal expansion rates in the dense and porous layers, resulting in cracks, 

reactions and/or delamination. Etchegoyen et al. (2006) co-sintered (i.e. no pre-sintering 

of porous supports) asymmetric perovskite membranes prepared by tape casting and 
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lamination, which contained cornstarch particles as the pore forming agent in the porous 

supports, as described in section 2.10.2. The study showed identical shrinkage 

behaviour of the asymmetric system, indicating successful co-sintering of the dense and 

porous layers. SEM images of the co-sintered membranes also confirmed flat and crack-

free asymmetric membranes with no delamination or interfacial reaction between the 

two layers. This suggests that there will be less/no complications with the control of 

shrinkage behaviours in preparation of asymmetric membranes (Jin et al., 2001, 

Etchegoyen et al., 2006). Therefore, green dense SCYb-5 membranes and green porous 

SCYb-5 supports containing cornstarch particles are considered in this chapter. 

Asymmetric membranes were prepared by deposition of thin dense SCYb-5 layers on 

the green porous SCYb-5 supports by the settlement method, followed by conventional 

dry pressing and co-sintering. The sample preparations and characterisations involved in 

this chapter are illustrated in Figure 6.1. 
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Figure 6.1. Illustration of the sample fabrication and characterisation methods utilised in this 

chapter. 

 

6.2.1 Precursor powder synthesis  

The SCYb-5 powder was synthesised by solid-state reaction. Appropriate amounts of 

oxide powders, strontium carbonate (SrCO3) (99.9+%, Sigma-Aldrich), CeO2 (99.9%, 

Strem Chemicals) and ytterbium (III) oxide (Yb2O3) (99.9%, Alfa Aesar) were mixed in 

a glass mortar and pestle. The mixture was calcined in an alumina crucible in air at 1300 

○C for 12 hours with the heating and cooling rates of 5 ○C/min. The calcined powder 

was then ground with the mortar and pestle, and sieved. The calcination, grinding and 

sieving were repeated. 
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6.2.2 Preparation of porous supports 

The SCYb-5 powder synthesised above was utilised both for the porous and dense 

layers of the asymmetric membranes. The porosity of the porous support was controlled 

by cornstarch particles which leaves pores after the combustion, as described in section 

2.10.2. The SCYb-5 powder was mixed with an appropriate amount of cornstarch 

particles by dry-mixing in a stainless steel tumbler. The mixture was put into a die of 25 

mm diameter and uniaxially pressed with a pressure of approximately 80 MPa to obtain 

a green porous SCYb-5 support. The different cornstarch contents of 10, 20, and 30wt% 

in the porous supports were preliminarily examined in order to determine the optimal 

amount of cornstarch. For the preparation of the asymmetric membranes in this study 

(section 6.2.3), the porous supports with 20wt% cornstarch were adopted, as this 

amount of cornstarch results in a suitably porous support without any delamination or 

cracks.  

 

6.2.3 Asymmetric membrane fabrication 

Green dense SCYb-5 membranes were deposited on the green porous SCYb-5 supports 

by a “settlement method” described in the study by Agranovski et al. (2006). The 

settlement method was then followed by conventional dry pressing to produce the green 

asymmetric SCYb-5 membranes, and co-sintering. In this study, isopropanol (Merck, 

viscosity: 1.96 cP at 25 °C) was utilised as the liquid media for the settlement method.  

 

Accurately weighed SCYb-5 powder was added to 6ml of isopropanol and mixed with a 

magnetic stirrer for 1 hour. After the powder was uniformly mixed in the isopropanol, 

the mixture was directly poured onto the green porous SCYb-5 support which is placed 

in a beaker. They were left until the powder fully settled and then the excess 

isopropanol was removed from the beaker. The green asymmetric sample was dried at 
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room temperature overnight. The green asymmetric sample was carefully removed from 

the beaker and pressed again with a final pressure of 230 MPa. The thickness of the 

dense layer was controlled by the concentration of SCYb-5 powder in the isopropanol.  

 

Prior to the powder settlement, it was essential to ensure that 1) the diameter of the 

beaker was slightly larger than the diameter of the green support to avoid any edge 

effect from the beaker wall, and 2) the liquid media provided enough height for particles 

(powders) to uniformly settle. The uniformity of the settled dense layers was verified 

with a SEM (JEOL 840A and FEI Quanta 200). For the cross sectional SEM 

observation, the samples were mounted by using the resin (Bisphenol A epoxy resins 

(70-82)%, Renlam®M-1, Huntsman Advanced Materials) and hardener 

(Triethelenetetramine (10-30)%, Hardener®HY956, Huntsman Advanced Materials). 

The mounted samples were polished using sand papers and a diamond paste (Type W 

Diamond Compound, Kemet). 

 

6.2.4 Sintering process 

The sintering process plays an important role in the fabrication of dense ceramic 

membranes, since it influences not only the microstructures and mechanical strength but 

also the transport properties of the membranes, as described in section 2.10.4. The 

sintering process generally consists of distinct stages; densification/consolidation, 

removal of the pores between starting particles, shrinkage of the components, and grain 

growth. It is essential to carefully control these sintering processes, as remaining pores 

can behave like grains of different materials, affecting the uniformity and the transport 

properties of the membranes. 
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Two different sintering temperatures, 1465 ○C and 1500 ○C were investigated in order 

to examine the extent of the sintering processes in the SCYb-5 samples. The green 

asymmetric SCYb-5 sample was sintered in air either at 1465 ○C or 1500 ○C for 12 

hours, with the heating rate of 2 ○C/min up to 550 ○C, 5 ○C/min from 550 ○C to 1465 ○C 

or 1500 ○C and the cooling rate of 5 ○C/min. The heating rate of 2 ○C/min was essential 

during the combustion of cornstarch (up to 550 ○C) to avoid the separation of the dense 

layer from the porous support, due to significant temperature changes or rapid 

generation of gas due to the combustion of cornstarch. The heating rate of 5 ○C/min was 

found to be acceptable for heating over 550 ○C, and for cooling. The samples were 

placed on a platinum foil in an alumina crucible to avoid the reaction between the 

samples and the alumina, as strontium could possibly react with alumina to form 

SrAl2O4 at temperatures higher than 1200 ○C, possibly leading to loss of strontium and 

an excess of cerium in the samples (Chen et al., 1998).  

 

The porous supports with the different cornstarch contents of 10, 20, and 30wt% were 

sintered at 1500 ○C for 12 hours, with the heating and cooling rates of 5 ○C/min, which 

were utilised for the investigation of the microstructures of the porous supports in 

section 6.3.2. 

 

6.3 Sample characterisation methods 

6.3.1 Precursor powders 

The elemental compositions of the precursor powder was analysed with inductively 

coupled plasma mass spectrometry (ICP-MS). The particle sizes of SCYb-5 powder 

and cornstarch particles were determined by a volume based particle size analyser 

(Malvern, Mastersizer S). Phase crystallographic structures of the SCYb-5 powder 
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were determined by XRD analysis using Cu-Kα radiation (Philips PW1050). The 

precursor powders prepared in section 6.2.1 were ground with a glass mortar and pestle 

prior to the XRD analysis. 

 

6.3.2 Porous supports 

Bulk density, true density, theoretical density, true porosity, and apparent porosity of  

the porous supports with various cornstarch contents, were calculated by using the 

modified Archimedes method (Hughes, 2005, Askeland and Phule, 2006). Bulk density 

(density of samples containing pores), ρb, was calculated from: 

d
b

w s

W
W W

ρ =
−

,          

         (43) 

where Wd is the weight of the dry sample (kg.m/s2),  

Ws is the weight of the ceramic suspended in water (kg.m/s2), which is measured 

as Wd minus the buoyancy force, FB (kg.m/s2), and 

Ww is the weight of the ceramic removed from water (kg.m/s2).  

The true density of the ceramic, ρ, was determined from: 

,d w

B

W
F
ρρ =           

         (44) 

where ρw is the density of water.  

Theoretical density, ρT, was calculated from: 

AC

n
T NV

Az
=ρ ,          

         (45) 

where  zn is the number of formula units per unit cell (4 formula units/ cell for 

perovskite) (Smyth, 2006),  
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A is the formula weight (g/mol),  

Vc is the volume of the unit cell calculated from lattice parameters of the unit 

cell (cm3/cell), and  

NA is Avogadro’s number (formula units/mol).  

Percent theoretical density was determined as: 

% theoretical density 
T

T

ρ
ρρ −

= .       

         (46) 

The true porosity which includes both interconnected and closed pores, was calculated 

from: 

ρ
ρρ b−

=porosity True .        

         (47) 

The apparent (interconnected) porosity which relates permeability of gases through the 

support, was calculated from: 

sw

dw

WW
WW

−
−

=porosity Apparent .       

         (48) 

The fractions of pores closed were determined by: 

Fraction pores closed =
porosity true

porosityapparent -porosity  true .    

         (49) 

 

6.3.3 Helium gas tightness tests 

The gas tightness of the dense layers of the asymmetric membranes was first checked 

with a helium gas flow test at room temperature using a bubble test. The samples tested 
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were categorised into two groups: asymmetric membranes which were sintered at A) 

1465 ○C and B) 1500 ○C.  

 

The samples, which were confirmed a ‘gas tight’ in the bubble test above, were then 

tested for helium permeation at 900 ○C under various upstream helium partial pressures 

(PHe’ = 0.12-1 atm), by using a high temperature permeation test set up, as shown in 

Figure 6.2 and Figure 6.3. The membrane sample is placed on the top of the small 

alumina tube and sealed by using a sealant and a mechanical sealing device, which are 

contained within the large quartz tube. The whole device (alumina tube, quartz tube, and 

membrane etc in Figure 6.3) is placed with in a furnace shown in Figure 6.2. The feed 

(upstream) gas stream was helium balanced with argon, and the downstream gas (sweep 

gas at the permeate side) was argon to sweep the permeate helium. The flow rates at the 

upstream and downstream sides of the membranes were set at 100 ml/min and 10 

ml/min, respectively. Sealing of the system was achieved by using a Pyrex glass ring, 

the ceramic-Pyrex sealant suggested by Qi et al. (2001a), and a mechanical sealing 

device. The permeate helium concentration was determined by using a gas 

chromatograph (GC) (Varian, CP-4900). 
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Figure 6.2. High temperature permeation set up utilised in this project. 

 

 

Figure 6.3. Schematic design of the high temperature permeation test rig utilised in this project. 

Furnace 

Test rig 
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6.3.4 Microstructures of asymmetric membranes 

The microstructure of the asymmetric membranes and the thicknesses of the dense 

layers were analysed using SEM (JEOL 840A and FEI Quanta 200) (Etchegoyen et al., 

2006). For the cross sectional SEM observation, the samples were mounted by using the 

resin (Bisphenol A epoxy resins (70-82)%, Renlam®M-1, Huntsman Advanced 

Materials) and hardener (Triethelenetetramine (10-30)%, Hardener®HY956, Huntsman 

Advanced Materials). The mounted samples were polished using sand papers and a 

diamond paste (Type W Diamond Compound, Kemet). A permeability method 

described by Conesa et al. (1999) and Benito et al, (2005) was utilised to investigate the 

microstructures of the dense layers. This method can be used to identify the governing 

diffusion mechanism and calculate the pore radius of a porous membrane. The former is 

to be discussed further in section 6.4.5. The equation for the gas flow through a porous 

membrane is given as (Conesa et al., 1999, Benito et al., 2005): 

  
ηνν L
PmB

L
k

P
NRT OO +=
∆

,         

          (50) 

where N is the gas flow per unit area (i.e. flux), 

R is the universal gas constant, 

T is the temperature (K), 

P∆  is the difference in partial pressure of the gas between both sides of the 

membrane (i.e. pressure gradient), 

ν  is the mean molecular velocity, and 

M
RT
π

ν 8
= ,         

          (51) 
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 M is the gas molecular weight, 

kO is the term corresponding to Knudsen diffusion, and 

PO rk )3/2( τε= ,        

          (52) 

 rP is the pore radius, 

 ε  is the porosity, 

τ is the tortuosity, 

L is the membrane thickness, 

Bo is the term corresponding to viscous flow, and  

2)8/( PO rB τε= ,        

          (53) 

Pm is the mean pressure, and  

η  is the gas viscosity. 

The permeability, Fg of a gas through a porous membrane is given as: 

P
NFg ∆

= .         

(54) 

Substitution of Eqs. (51) - (54) into Eq. (50) results in: 

bPmaFg += ,        

  

          (55) 

where a (
LRT

kOν
= ) is a constant corresponding to Knudsen diffusion, and  

b (
RTL

BO

η
= ) is a constant representing viscous flow.  
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It is noted that Fg is linearly dependent on Pm and the constants a and b can be obtained 

by plotting the mean partial pressure of helium gas, Pm (i.e. PHe’ in this chapter) and the 

corresponding permeability, Fg. The values of a and b are readily obtained from the 

plot. The pore radius is then calculated from; 

M
RT

a
brP π
η 8

3
16

= . 

          (56) 

 

6.4 Results and discussion 

6.4.1 Characterisation of precursor powder 

The compositions of the SCYb-5 precursor powder were determined by ICP-MS and the 

results are approximately in accordance with the desired compositions of 

SrCe0.95Yb0.05O3-α, as shown in Table 6.1. Therefore the chemical formula of 

SrCe0.95Yb0.05O3-α (SCYb-5) is used to represent the composition of the precursor 

powder utilised in this study, assuming the valencies of Sr2+, Ce4+ and Yb3+ and no 

cation vacancies.  

 

Table 6.1. The result of the ICP-MS analysis for the SCYb-5 precursor powder (1/100,000 

dilution). 

  Sr Ce Yb 
Concentration (µg/L) 89.230 136.000 8.530 
Concentration (µmol/L) 1.018 0.971 0.049 
     
A/B site ratio 0.998 1.000  
B site dopant ratio   0.952 0.048 
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The particle size distributions of the SCYb-5 powder and cornstarch particles were 

analysed with the volume based particle size analyser and are shown in Figure 6.4. The 

particle size distributions of the SCYb-5 powders and the cornstarch particles were 

determined as approximately 0.1-70 µm and 0.2-40 µm, respectively. The volume 

median diameters (the diameter where 50% of the distribution is above and 50% is 

below.) are about 11 µm for the SCYb-5 powders and around 18 µm for the cornstarch 

particles.  
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Figure 6.4. Particle size distributions of the precursor SCYb-5 powder and cornstarch particles. 

 

Figure 6.5 shows the XRD patterns of the SCYb-5 precursor powder, where the 

perovskite peaks are indicated with the stars. Single phase perovskite structures were 

found for the SCYb-5 powders. 
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Figure 6.5. XRD patterns of the SCYb-5 precursor powder. 

 

6.4.2 Characterisation of porous supports  

The porous supports with the different cornstarch contents of 10, 20, and 30wt% were 

prepared in order to demonstrate the ease of the porosity control with the use of 

cornstarch particles, and also to determine the appropriate amount of cornstarch for a 

suitable porous support in an asymmetric system. The porous supports with the 

cornstarch contents of 10, 20, and 30wt% are referred to as porous support A, B and C, 

respectively. Table 6.2 summarises the density and porosity of the porous supports A, B 

and C. The values shown in Table 6.2 are the average values of the four measurements 

for each support type A, B and C (i.e. two measurements of two samples for each type) 

and the corresponding ‘standard deviations’. The standard deviations for the three 

support types are similar, indicating a reasonable reliability of the methods.  

 

The true densities of the supports A, B and C are 5.3, 5.5 and 5.4 g/cm3 respectively, 

which are, on average, approximately 93% of the theoretical density of SCYb-5 (5.8 
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g/cm3). The pre-sintering porosities of the green porous supports A, B and C and the 

true porosities (including both interconnected and closed pores) of the sintered supports 

A, B and C indicate that 1.7%, 12%, and 19% of the pores were lost during the sintering 

process, respectively. The apparent (interconnected) porosities of the sintered porous 

supports suggest that approximately 25% of the pores in the support A are closed pores, 

on the other hand, only 10% for the supports B and C. This indicates the support B and 

C (containing 20 and 30wt% cornstarch particles, respectively) would ensure easy gas 

transport through the supports. As mentioned in section 6.2.2, the porous supports with 

20wt% cornstarch were adopted for the preparation of the asymmetric membranes in 

this study as this amount of cornstarch results in a suitable porous support without any 

delamination or cracks.  

 

Table 6.2. Density and porosity of the porous supports. 

Support No. A B C 
Pre-sintering 
porosity 

29.3vol% 
(10wt% cornstarch) 

48.4vol% 
(20wt% cornstarch) 

61.6vol% 
(30wt% cornstarch) 

Post-sintering Average*a) Stdev*b) Average*a) Stdev*b) Average*a) Stdev*b) 
True density (g/cm3) 5.28 0.029 5.51 0.025 5.40 0.035 
Bulk density (g/cm3) 4.20 0.06 3.67 0.05 3.35 0.06 
True porosity (vol%) 27.7% 1.1% 36.8% 0.8% 42.3% 1.1% 
Porosity lost during 
sintering (vol%) 

1.7% - 11.6% - 19.4% - 

Apparent porosity (vol%) 20.7% 1.2% 33.6% 0.8% 38.1% 1.4% 
Fraction pores closed 0.25 0.020 0.09 0.007 0.1 0.012 
N.B. *a) The average values of the four measurements for each support type A, B and C (i.e. two 
measurements of two samples for each type). *b) Stdev = standard deviation. 
 

6.4.3 Sintering process 

Figure 6.6 (A) and (B) show the surface morphology of the dense

Figure 6.6

 top layer of 

asymmetric membranes (with the porous supports with 20wt% cornstarch) sintered at 

1465 ○C and 1500 ○C, respectively. Comparing the membrane surfaces in  

(A1) and (B1), it can be seen that there is a significant difference in the extent of the 
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sintering processes in the samples. The sample sintered at 1465 ○C (Figure 6.6 (A1) and 

(A2)) has undergone the densification process and has a reasonably smooth surface with 

no distinct individual particles remaining. However, there are still many pores 

remaining on the surface. On the other hand, the sample sintered at 1500 ○C (Figure 6.6 

(B1) and (B2)) has a much denser and smoother surface with few remaining pores, and 

consists of bigger grains. This indicates that the pore closing process and further grain 

growth occurred between 1465 ○C and 1500 ○C. This agrees with Liu and Li (2005) 

who reported that a fully dense membrane surface was obtained at a sintering 

temperature of 1500-1600 ○C for their SCYb-5 samples.  



 157 

 

  
 

   

Figure 6.6. SEM photographs of surface morphology of the dense top layer of the asymmetric 

SCYb-5 membranes sintered at a) 1465 ○C and b) 1500 ○C (-1 and -2 correspond to the 3000x 

and 5000x magnification, respectively). 

 

6.4.4 Microstructures of asymmetric membranes 

Membrane microstructures of cross sections of co-sintered asymmetric membranes 

(with the porous supports with 20wt% cornstarch) were observed using SEM. Figure 

6.7 (A) - (C) show the SEM cross-sectional images of the asymmetric membranes with 

different dense layer thicknesses of 65, 40 and 30 µm, respectively. These figures show 

the connected pores in the porous supports, which were created by the combustion of 

(A1) 3000x 
(1465 ○C) 

(B2) 5000x 
(1500 ○C) 
 

(A2) 5000x 
(1465 ○C) 

(B1) 3000x 
(1500 ○C) 
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the cornstarch. The dense layers contain some smaller pores, and they seem to be closed 

pores which do not allow the permeation of gas molecules. However the gas tightness of 

the dense layers (i.e. the pores are either closed or connected) needs to be confirmed 

with the helium gas permeation test which is discussed in section 6.4.5. From these 

figures, it is apparent that thin dense SCYb-5 films were successfully prepared on the 

porous SCYb-5 supports by the settlement method, showing continuous connected 

SCYb-5 dense layers. 

 

 

Porous 
support 

Dense top 
layer 

Porous 
support 

Dense top 
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(A2) 1500x 
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Figure 6.7. SEM photographs of cross sections of asymmetric membranes sintered at 1500 ○C, 

showing different dense layer thickness: A) 65 µm, B) 40 µm and C) 30 µm (-1 and -2 

correspond to the 500x and 1500x magnification, respectively). 

 

The different dense layer thicknesses were easily obtained by altering the amount of the 

SCYb-5 powders suspended in the liquid media. The application of the settlement 

method has effectively reduced the thickness of the dense layers compared to the 

membranes prepared by using only conventional dry pressing (L ≈ 150 µm) (Cheng et 

al., 2005). The use of the same ceramic material in the dense layer and green porous 

support, and co-sintering have been demonstrated as effective methods for producing 

crack-free asymmetric membranes, as shown in Figure 6.7. The dense layer and the 

porous support in the asymmetric system densified at the same, or at a similar, rate 
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during the sintering and there was no reaction between the two layers (i.e. the dense and 

porous layers in the asymmetric membrane). As shown in Figure 6.7, the asymmetric 

systems are distinctive and the interface between the dense membranes and porous 

supports does not show any signs of delamination. The creation and control of the pores 

in the support have also been effective through the use of cornstarch particles. 

Cornstarch particles did not interfere with the sintering behaviour of the asymmetric 

system, and the co-sintering of the green asymmetric membranes resulted in no 

delamination or cracks. 

 

The downside of the settlement method may be the non-uniformity of the particle 

settlement, due to the fact that the particle settlement depends on the density and 

diameters of settling particles. This possibly leads to non-uniform microstructures of the 

dense layers. However, an examination of the SEM images (Figure 6.7) does not 

suggest significant variations across the asymmetric membranes, although the surface 

seems slightly more pitted, which may possibly be due to particle sizes. These layers in 

Figure 6.7 shows uniform thicknesses at this level of analysis, relatively homogenous 

microstructures, and excellent adhesion to the porous supports with no signs of 

undesirable defects, cracks or delamination. Further, non-uniformities may also arise 

from differential settling near the walls of the settling chambers. SEM cross-sectional 

images of the edges of the asymmetric membranes indicate that there is no evidence of 

edge effects from the settling process. 

 

The thinner dense layers were also fabricated using the settlement method and Figure 

6.8 shows a dense layer of 20 µm. From the figure, it is apparent that the thin 20 µm 

dense layer is still distinctive and has a uniform thickness with no delamination or 

cracks on the interface at this level of analysis. Although the SCYb-5 powder utilised in 
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this study included particles with sizes up to 70 µm, the thin 20 µm dense layer was 

successfully prepared on the porous support by the settlement method, conventional dry 

pressing and sintering.  

 

 

Figure 6.8. SEM photographs of cross sections of asymmetric membranes sintered at 1500 ○C, 

showing the minimum thickness (20 µm) (shown at two magnifications, 500x and 1000x 

magnification). 

 

By further reducing the amount of SCYb-5 powders in the liquid media, thinner dense 

layers (7-18 µm) were prepared on the porous supports. However the 7-18 µm dense 

layers showed less uniform thickness and occasional gaps on the surface of the top 

dense layers, as shown in Figure 6.9. The surface morphologies shown in Figure 6.9 
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indicate that most of the surface is dense and smooth, however there are apparent gaps 

on the surfaces due to an insufficient amount of SCYb-5 powder being deposited on the 

surface. Therefore, it is concluded that the minimum thickness which can be prepared 

by the settlement method with the synthesis conditions utilised in this study is 

approximately 20 µm.  

    

  

Figure 6.9. SEM photographs of surface morphology of the thinner dense top layer (7-18 µm, 

i.e. below the minimum thickness), sintered at 1500 ○C (shown at two magnifications, 1500x 

and 3000x magnification). The arrows show non-uniformities in the dense layer. 

 

Figure 6.10 summarises the thicknesses of the dense thin layers prepared on the porous 

supports by the settlement method. It plots the areal concentration (g/cm2) of the SCYb-

5 powders in the liquid media against the corresponding thickness of the dense layer on 

the porous support obtained after sintering. It should be noted that the areal 

concentration, rather than volumetric concentration (g/cm3), is utilised in Figure 6.10. 

This metric is used because the critical factor is the amount of SCYb-5 powder in the 

liquid media per unit area of the support (for example, 1 cm3 of 1 g/cm3-solution 

provides 1 g of SCYb-5 powder for settling on the support, while 2 cm3 of 0.5 g/cm3 -

solution also provides 1 g of SCYb-5 powder). The coefficient of determination (CR2) 

1500x 3000x 
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value is 0.99 which shows an excellent fit. This suggests the effective control of the 

dense layer thickness by this method and the layers so generated are readily 

reproducible.  
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Figure 6.10. Relationship between the areal concentrations of the SCYb-5 powder in the liquid 

media and the corresponding dense layer thicknesses in the sintered asymmetric membranes. 

 

6.4.5 Helium gas permeation test 

In the previous section (6.4.4), the observation of the cross section of asymmetric 

membrane samples indicated the existence of some smaller pores in the dense layer. 

Those pores can be either closed or interconnected pores. In order to confirm the gas 

tightness of the dense layers in the asymmetric membrane samples (with the porous 

supports with 20wt% cornstarch), helium gas permeation tests were undertaken at room 

temperature using a bubble test, and the results are shown in Table 6.3.  
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Table 6.3. The results of the room temperature helium gas bubble test, for group B (samples 

sintered at 1500 ○C). 

Sample No. Areal concentration 
(g/cm2) 

Estimated dense layer 
thickness (µm)a 

Helium gas 
tightness 

1 0.0566 80.7 No 
2 0.0448 65.0* No 
3 0.0286 41.3* No 
4 0.0285 41.2* No 
5 0.0283 41.5 No 
6 0.0251 36.4 No 
7 0.0212 30.9 Tight 
8 0.0197 30.4 No 
9 0.0170 24.9 Tight 

10 0.0157 20.6 Tight 
11 0.0142 20.2 Tight 
12 0.0141 20.1* Tight 
13 0.0143 20.5 Tight 
14 0.0129 20.5 No 
15 0.0129 18.3* Tight 
16 0.0114 16.2* No 
17 0.0114 16.1* No 

Note: a The thicknesses of the dense layers were estimated from the SEM-images when the 
dense layers in the SEM images are clear. Otherwise the thicknesses were estimated from the 
equation for the trend-line in Figure 6.10, y = 1463.5x - 0.5415, where x is the areal 
concentration (g/cm2), and indicated as *.  

 

It should be noted that Table 6.3 does not include the result for the samples sintered at 

1465 ○C (i.e. group A), as all of the samples sintered at 1465 ○C are not

6.4.3

 helium gas 

tight, regardless of the dense layer thicknesses. This agrees with the findings in section 

, where the visual inspection of the surface morphology of the dense top layer of 

asymmetric membranes sintered at 1465 ○C and 1500 ○C (Figure 6.6 (A) and (B) 

respectively) indicates that the pore closing process and further grain growth occurred 

between 1465 ○C and 1500 ○C. This confirms the results of Liu and Li (2005) which 

suggest that a sintering temperature of at least 1500 ○C is required to obtain a fully 

dense membrane surface for SCYb-5 samples.   
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Although there are some variations in the results shown in Table 6.3, it can generally be 

concluded that thicknesses greater than 30 and less than 20, are not helium gas tight. 

Dense layers thinner than 20 µm are not helium gas tight, which can be explained by the 

findings in Figure 6.9. Figure 6.9 shows the surface morphologies of the 7-18 µm thick-

dense layers where there are apparent gaps on the surfaces due to insufficient amounts 

of SCYb-5 powders deposited on the surface. Those gaps obviously result in a lack of 

gas tightness of the dense layers.  

 

The dense layers which are thicker than 30 µm, are also found not to be gas tight for 

helium. This may be seen in Figure 6.7 (A)–(C), which show the SEM cross-sectional 

images of the asymmetric membranes with different dense layer thicknesses of 65, 40 

and 30 µm, respectively. In general observations, the 65 µm- and 40 µm- thick dense 

layers (Figure 6.7 (A) and (B), respectively) contain more pores than the 30 µm-thick 

dense layer (Figure 6.7 (C)). This can indicate that the pores in the 65 µm- and 40 µm- 

thick dense layers are more likely to be interconnected, while the 30 µm-thick dense 

layer may contain only closed pores. 

 

The samples which were confirmed as ‘gas tight’ in the bubble test above (i.e. the 

samples with the dense layer thicknesses between 20 µm and 30 µm), were further 

tested for helium gas tightness by using a high temperature permeation test rig at 900 

○C. The results indicate that this group of samples (L = 20 - 30 µm) were unfortunately 

all helium permeable, i.e. helium was detected by the GC in the sweep gas. Figure 6.11 

shows the helium permeability, Fg, as a function of the mean partial pressures of 

helium, Pm (i.e. PHe’) at the upstream side of an asymmetric SCYb-5 membrane (L ≈ 20 

µm) prepared with the settlement method.  
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Figure 6.11. Helium permeability, Fg, of the dense layer (L ≈ 20 µm) of an asymmetric SCYb-5 

membrane prepared with the settlement method. It is noted that the ‘helium mean partial 

pressures, Pm’ (x-axis) are the helium mean partial pressures pressures at the upstream side of 

the asymmetric SCYb-5 membrane. 

 

When the helium permeability, Fg, shows a dependence on the mean helium gas partial 

pressures, Pm, as shown in Eq. (55), the diffusion of helium molecules is governed by 

both viscous flow and Knudsen diffusion. It generally takes place when the pore 

diameters are smaller than 10 µm but larger than 10 nm (Budtov et al., 1983, Bitter, 

1991). In this case, the helium permeability data can imply that the pore diameters of 

the membrane would be larger than 10 nm and/or that the membrane may contain some 

defects. On the other hand, when the permeability, Fg does not show the dependence on 

the mean partial pressures, Pm, Knudsen diffusion is the only governing mechanism. In 

this scenario, the diameters of the pores would be smaller than 10 nm, and would 

contain no major defects (Benito et al., 2005, Bitter, 1991, Budtov et al., 1983). 
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As seen in Figure 6.11, the helium permeability seems to be independent of the mean 

patrial pressures for the asymmetric membrane tested in this study. This may point out 

that the dense layer of the asymmetric membrane prepared by the settlement method is 

displaying only Knudsen diffusion in the helium permeation, and may consist of pores 

with the diameter smaller than 10 nm and may also contain no major defects. This 

suggests that, although the dense layers of the asymmetric membrane prepared by the 

settlement method were not fully dense, the settlement method could still be applied to 

prepare a thin uniform nano-porous layer on a porous support. This type of porous 

membrane can be applied to separation of hydrogen from mixtures with hydrocarbons, 

such as in the dehydrogenation process (Bitter, 1991).  

 

The settlement method was further investigated by using a finer SCYb-5 powder and 

cornstarch, in order to produce a fully dense asymmetric membrane. In order to reduce 

the particle sizes of the powders, the SCYb-5 powder and cornstarch were ground in 

ethanol in a planetary-ball mill for 1 hour, and air dried. The asymmetric membranes 

were prepared using the ground SCYb-5 powder and cornstarch, following the same 

procedures described in section 6.2.2, 6.2.3, and 6.2.4. The preparation of asymmetric 

samples with the finer SCYb-5 powders unfortunately resulted in delamination and/or 

cracks in the asymmetric samples. It is suspected that the delamination and/or crack 

may have resulted from the large difference in the particle size of the finer SCYb-5 

powder (the volume median diameter ≈ 0.1  µm) and the cornstarch particles (the 

volume median diameter of the cornstarch ≈  10 µm). The particle size of the cornstarch 

particles could not be reduced by the planetary-milling, which could possibly be due to 

its ductility (Zhao et al., 2006). This indicates that the settlement method could be 

improved by using other (organic or inorganic) pore forming agents which; 1) are finer 
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than the current cornstarch particles, 2) are capable of being finely ground to suit the 

ceramic powders, and 3) also burn out during the sintering process. The particle sizes of 

the SCYb-5 and the pore forming agent should be similar, in order to avoid undesirable 

delamination or cracks. The particle sizes of the pore forming agent could be explored 

to optimise the density of the dense layer and the porous support. 

 

Further, Liu and Li (2005) reported that a fully dense membrane surface was obtained at 

a sintering temperature of 1500-1600 ○C for their SCYb-5 samples. (Figure 2.20), and  

Hamakawa et al. (2002) prepared asymmetric SCYb-5 membranes with the final 

sintering temperature at 1600 ○C. Therefore the settlement method could be improved 

by increasing the sintering temperature to obtain fully dense layers. It is however noted 

that attempts could not be made to sinter the membranes at temperatures above 1500oC 

in this chapter as the furnace used in this part of this project could not be used reliably 

over 1500oC, due to some problems experienced when used above 1500oC.  

 

6.5 Conclusions 

Thin SCYb-5 films, which were helium gas permeable, were successfully prepared on 

the porous SCYb-5 supports by the settlement method. These layers have uniform 

thicknesses at this level of analysis, and show excellent adhesion to the porous support 

without any undesirable defects or crack. Dense layer thicknesses were easily controlled 

by altering the amount of the SCYb-5 powders in the liquid media. The settlement 

method provides a uniform distribution of SCYb-5 powder across the membranes 

without any major edge effects on the deposited surfaces, and is the effective filling 

technique for the conventional dry pressing. In conclusion, the findings of this chapter 

are that: 
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 The settlement method is an effective filling technique which aids the 

conventional dry pressing, in order to prepare a thin uniform layer on a porous 

support; 

 The settlement method can provide the advantages that 1) the control of the 

layer thickness is very easy and effective; 2) it does not require pre-sintering of 

supports or sequences of coatings, and hence is less labour consuming; 3) the 

liquid media can be any liquid which does not interfere or react with the powder; 

4) the method requires simple mixing of powder and the liquid media, and does 

not require any additions such as dispersant, and 5) the method includes only a 

few process variables making it less complex and suitable for a larger scale 

application; 

 The settlement method can also be applied to prepare a thin uniform nano 

porous layer on a porous support, which can be utilised as a molecular sieve type 

membrane for hydrogen separations from syngas; and 

 The settlement method could be further improved to produce fully dense 

membranes by increasing the sintering temperatures. 

 Another way to improve the settelemt method is to use other (organic or 

inorganic) pore forming agents. The pore forming agents are required to be finer 

than the current cornstarch particles and capable of being finely ground to suit 

the ceramic powders, and to burn out during the sintering process. It is believed 

that the particle sizes of the SCYb-5 and the pore forming agent need to be 

similar when using the settlement method, to avoid undesirable delamination or 

cracks. The particle sizes of the pore forming agent could be explored to 

optimise the density of the dense layer and the porous support. 
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7. HYDROGEN PERMEATION AND PHASE STABILITY IN DRY 

AND WET HYDROGEN 

 

7.1 Introduction 

In the previous chapters (chapter 4 and 5), the modelled the hydrogen permeation fluxes 

of SCYb-5 and SCTm-5 were compared with the experimental data obtained by 

Hamakawa et al. (2002) and Cheng et al. (2005). A major outcome or problem in these 

chapters was the disagreement between the model and experimental results in terms of 

the relationship between the increases in hydrogen partial pressure gradient and the 

corresponding hydrogen permeation flux. It is suspected that the disagreement may be 

due to the water vapour partial pressures which were not reported in the experiments by 

Hamakawa et al. (2002) and Cheng et al. (2005). These hydrogen permeation 

experiments were conducted in a ‘dry’ hydrogen atmosphere (a dry gas mixture of 

hydrogen and helium or nitrogen) at the upstream side of the membrane system. The 

permeated hydrogen at the downstream side of the membrane was swept with a gas 

mixture containing oxygen and nitrogen (air), or helium. The upstream oxygen partial 

pressure and both upstream and downstream water vapour partial pressures were not 

reported in either of the experiments, although the partial pressures of water vapour 

greatly influence hydrogen permeation properties of those materials (Norby and 

Haugsrud, 2006). As discussed in section 2.7.1, hydrogen permeation measurements in 

a dry hydrogen atmosphere may not be achievable, and the hydrogen permeable oxide 

may be unstable in a dry hydrogen atmosphere (Norby and Haugsrud, 2006, Okada et 

al., 2004).  
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The aims of this chapter are to; 

1) investigate the hydrogen permeation properties of SCYb-5 in both dry and wet

2) verify if hydrogen permeation measurements in a dry hydrogen atmosphere is 

achievable or not; and  

 

hydrogen atmospheres; 

3) study the effect of dry and wet

 

 hydrogen on the phase stability of SCYb-5, in 

order to identify whether or not SCYb-5 type oxides are stable in a dry 

hydrogen atmosphere.  

It is noted that the sample preparation method is amended from chapter 6. This is for the 

reasons that 1) dense membranes, not asymmetric membranes are tested in this chapter, 

as the asymmetric dense membranes fabricated in the previous chapter (chapter 6) were 

not fully dense; and 2) a finer SCYb-5 precursor powder is utilised in this chapter to 

prepare fully dense membranes.  

 

7.2 Method 

7.2.1 Sample preparations 

The SCYb-5 precursor powder was synthesised by solid-state reaction. Appropriate 

amounts of oxide powders, SrCO3 (99.99%, Rare metallic Co., Ltd.), CeO2 (99.99%, 

Rare metallic Co., Ltd.) and Yb2O3 (99.9%, Kishida Chemical Co., Ltd.) were mixed in 

ethanol with a zirconia mortar and pestle, until they were dry. The mixture was calcined 

in an alumina crucible in air at 1300 ○C for 12 hours with the heating and cooling rates 

of 5 ○C/min. The calcined powder was then ground with the mortar and pestle, 

planetary-ball milled (P7, Fritsch Japan Co., Ltd) in ethanol in a zirconia container at 
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300rpm for 1hour, and dried in the zirconia container in air at room temperature. SCYb-

5 disk samples were then prepared by dry pressing. The calcined SCYb-5 powder was 

put into a die of 18 mm diameter and isostatically pressed with a pressure of 

approximately 200 MPa followed by sintering in air at 1600 ○C for 12 hours with the 

heating and cooling rates of 5 ○C/min. It should be noted that the final sintering 

temperature is 1600 ○C in this chapter and chapter 8, although it is 1500○C in chapter 6. 

This is for the reason that it has become possible to undertake the experiments (for this 

chapter and chapter 8) in Ishihara laboratory in School of Engineering, Kyushu 

University, Japan, so that the samples can be sintered at 1600oC to obtain fully dense 

membranes. 

 

Phase crystallographic structures of the precursor powers were determined by XRD 

analysis using Cu-Kα radiation (RINT 2500HLR+, Rigaku Corporation). The precursor 

powders prepared above were ground with a zirconia mortar and pestle prior to the 

XRD analysis. The surface morphology of the disk samples was analysed using a SEM 

(VE-7800, Keyence Corporation).  

 

7.2.2 Hydrogen permeation tests 

Hydrogen permeation tests were performed by using a high temperature hydrogen 

permeation test set up (Figure 6.2 and Figure 6.3), in both dry and wet hydrogen 

atmospheres at 900 ○C under various upstream hydrogen partial pressures (PH2’ = 0.04 

atm-1 atm). The feed (upstream) gas stream was hydrogen balanced with argon, and the 

downstream gas (sweep gas at the permeate side) was argon to sweep the permeate 

hydrogen. The flow rates at the upstream and downstream sides of the membranes were 

set at 100 ml/min and 10 ml/min, respectively. Sealing of the system was achieved by 

using a Pyrex glass ring and a mechanical sealing device. Membrane and seal tightness 
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was checked by helium gas permeation using a gas chromatograph (GC) (Varian, CP-

4900), whenever the upstream hydrogen partial pressures were altered. The permeate 

hydrogen concentrations in the sweep gas stream were determined by the GC. For each 

operating condition (i.e. different upstream hydrogen partial pressures), the permeate 

hydrogen concentrations were determined as the average of several measurements after 

the system reached a steady state. The steady state was attained approximately after 1 

hour of changing the operating condition (i.e. upstream hydrogen partial pressures). 

 

For the permeation test in dry conditions, hydrogen, argon and helium gases from the 

cylinders were directly fed to the rig. For the permeation measurements in the wet 

condition, the upstream and downstream gases were both moistened with water vapour 

saturated at 17 ○C by using bubblers (i.e. the water vapour partial pressure, PH2O, was 

0.019 atm). The partial pressures of water vapour at the upstream and downstream side 

of the membranes were monitored with hygrometers throughout the permeation tests. 

 

7.2.3 Phase stability tests 

Phase stability tests were performed on both of the SCYb-5 powder and disk samples. 

The four powder and four disk samples were treated in four different conditions, i.e. dry 

and wet 100% hydrogen (i.e. PH2’ = 1 atm) at 700 ○C and 900 ○C (i.e. one disk and one 

powder sample for each condition). The disk and powder samples were placed in 

alumina crucibles which were placed in a high temperature tube furnace. The system 

was heated to the target temperatures (i.e. 700 ○C or 900 ○C) with the heating and 

cooling rates of 5 ○C/min, and kept at the target temperatures for 5 hours. The flow rate 

of hydrogen (100% hydrogen) through the tube furnace was 30 ml/min. The dry and wet 

gases were prepared by using the method described above (section 7.2.2). Phase 

crystallographic structures of the samples were determined before and after the stability 
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tests by XRD analysis using Cu-Kα radiation (RINT 2500HLR+, Rigaku Corporation). 

For the disk samples, the XRD analysis was undertaken on the surfaces of the disks, i.e. 

the disks were not ground into powders. 

 

7.3 Results 

7.3.1 Hydrogen permeation tests 

Hydrogen permeation fluxes through SCYb-5 disks in dry and wet atmospheres at 900 

○C are shown in Figure 7.1, for various upstream hydrogen partial pressures. The 

permeation test started with the upstream hydrogen partial pressure of PH2’= 1 atm 

(100% hydrogen). The SCYb-5 disk tested for hydrogen permeation in dry hydrogen 

experienced helium leakage after the first test condition (i.e. 100% hydrogen, PH2’ = 1 

atm), becoming unsuitable for the next test condition (i.e. 50% hydrogen, PH2’ = 0.5 

atm) and the rest of the permeation tests. On the other hand, no helium leakage was 

detected after the first test condition (i.e. 100% hydrogen, PH2’ = 1 atm) in the SCYb-5 

sample tested for hydrogen permeation in wet hydrogen atmosphere. It remained helium 

gas tight for the rest of the test conditions (50 - 4% hydrogen, i.e. PH2’ = 0.5 atm - 0.04 

atm). 
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Figure 7.1. Hydrogen permeation fluxes for SCYb-5 disk samples measured in dry hydrogen (L 

= 700 µm) and wet hydrogen (L = 680 µm) at 900 ○C: N.B. There is only one data point shown 

for the dry condition, as helium leakage was detected during the helium leakage test after the 

first test condition (PH2’ = 1 atm). 

 

7.3.2 Phase stability tests 

In order to verify the phase stability of SCYb-5 in hydrogen atmospheres, both SCYb-

5 disk and powder

Figure 7.2

 samples were exposed to both dry and wet hydrogen at 700 ○C and 

900 ○C for 5 hours. The phase crystallographic structures were analysed by XRD 

analysis before and after the stability tests. The results for the SCYb-5 disk and powder 

samples are shown in  and Figure 7.3, respectively, where the positions of the 

perovskite and CeO2 peaks are indicated with “ ” and “□”, respectively. The CeO2 

peaks in the SCYb-5 disk sample which was exposed to dry hydrogen at 900 ○C, are 

clearly evident (Figure 7.2 (a)). The CeO2 phase exists in the disk sample exposed to 

dry hydrogen at 700 ○C (Figure 7.2 (b)), however are not as high, and the extent of this 

secondary CeO2 phase is far greater in the sample treated in dry hydrogen at 900 ○C 
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(Figure 7.2 (a)). An interesting point to note here is that the extent of the secondary 

CeO2 phase in the powder sample exposed to dry hydrogen at 900 ○C (Figure 7.3 (a)) is 

far less apparent than the disk sample exposed to the same test condition (Figure 7.2 

(a)). 
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Figure 7.2. XRD patterns for SCYb-5 disk

 

 samples exposed to (a) dry hydrogen at 900 ○C; (b) 

dry hydrogen at 700 ○C; (c) wet hydrogen at 900 ○C; (d) wet hydrogen at 700 ○C; and (e) the 

original (untreated) sample.  
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Figure 7.3. XRD patterns for SCYb-5 powder

 

 samples exposed to (a) dry hydrogen at 900 ○C; 

(b) dry hydrogen at 700 ○C; (c) wet hydrogen at 900 ○C; (d) wet hydrogen at 700 ○C; and (e) the 

original (untreated) sample.  

The lattice volumes of the SCYb-5 disks and powders were calculated from the XRD 

results (Figure 7.2 and Figure 7.3) and the lattice parameters utilised for the calculation 

are summaried in Appendix 2. Figure 7.4 summarises the percentage-increases in the 

lattice volumes of the SCYb-5 samples treated in the four different hydrogen 

atmospheres, in relation to the original (untreated) samples (i.e. the percentage-increases 

in the untreated samples are nil.). It is apparent that increases in the lattice volume are 

more significant in the powder samples than in the disk samples, especially the powder 

samples treated in dry hydrogen. 
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Figure 7.4. Percent-increases in lattice volumes of SCYb-5 samples. 

 

7.4 Discussion and Conclusions 

From the results shown in Figure 7.2 and Figure 7.3, it is obvious that some of the 

perovskite phase decomposed to CeO2 under strongly reducing conditions such as dry 

hydrogen at 900 ○C. This decomposition is, as mentioned in Okada et al. (2004), 

probably due to the reduction of Ce4+ into Ce3+ in the samples. Since the ionic radii of 

tetravalent cerium ions (Ce4+) and trivalent cerium ions (Ce3+)  are 0.087 nm and 0.102 

nm, respectively (Callister, 2000), the perovskite lattice needs to expand to 

accommodate the larger Ce3+ ions within the lattice.  

 

An interesting point to consider is that this increase in the ionic radius of cerium ions 

may have different effects on the perovskite phase of the SCYb-5 samples, depending 

on the status (i.e. either disk or powder form) of the SCYb-5 sample. Ce4+ ions residing 

closer to the surface of the disk samples are reduced first, while Ce4+ ions inside the 

disk remain at the original valency.  The perovskite lattices closer to the surface of the 
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disk sample, need to expand in order to accommodate the larger Ce3+ ions. In the disk 

samples, however, there may be restrictions on how much the lattices can expand. As a 

result, reduced Ce3+ ions have to come out of the perovskite lattice to release the 

internal stress, forming the secondary phase as CeO2-x (Figure 7.2).  

 

On the other hand, in the powder samples, the lattices may be able to expand more 

freely so that the larger Ce3+ ions stay comfortably within the perovskite lattice without 

needing to come out of the lattice. This greater expansion of the perovskite lattice in the 

powder samples, compared to the disk samples, is evident in Figure 7.4 which shows 

significant increases in the lattice volume of the powder samples treated in dry 

hydrogen atmospheres. This expansion of the perovskite lattices in the powder samples 

may also be identified by the shifts of the XRD peaks of the powder samples to the 

lower degrees (Figure 7.3).  

 

It is interesting to find that the extent of decomposition of the perovskite phase was 

most influenced by the status of the SCYb-5 sample (i.e. either disk or powder form) 

while the temperature or the reducing atmosphere produced a smaller effect. The 

finding can indicate that relaxation kinetics may play an important role in the phase 

stability of perovskite materials. 

 

The resulting CeO2 secondary phase can become an electron conducting phase, 

contributing to the total hydrogen permeation processes of SCYb-5, possibly 

overestimating the actual hydrogen permeation flux of SCYb-5. This may be one of the 

reasons why the hydrogen permeation flux obtained in the dry hydrogen atmosphere 

was greater than the one in wet hydrogen at 900 ○C (Figure 7.1). The finding of this 

chapter agrees with Norby and Haugsrud (2006) who mentioned that hydrogen 
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permeation measurements in a dry hydrogen atmosphere is not possible, as water 

vapour determines the oxygen activity and the membrane is unstable in dry hydrogen. 

This suggests that it is vital to conduct hydrogen permeation tests using a ‘wet’ 

hydrogen atmosphere, in order to avoid strongly reducing conditions, and 

decomposition of the samples being tested, and attain a more usable hydrogen 

permeation data. 
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8. COMPARISON OF EXPERIMENTAL AND THEORETICAL 

RESULTS 

 

8.1 Introduction 

Many studies have been undertaken for the measurements of proton and/or electron 

conductivities or hydrogen pumping rates. However not many non-galvanic hydrogen 

permeation properties of those materials have been reported (Song et al., 2004, 

Hamakawa et al., 2002, Cheng et al., 2005). A shortage of experimental data on the 

(non-galvanic) hydrogen permeation properties of dense ceramic membranes has been a 

significant barrier to the improvement and validation of permeation models for these 

type of membranes (Li and Iglesia, 2003, Norby and Larring, 2000). Further, there have 

been a limited numbers of studies on the theoretical modelling of hydrogen permeation 

in those types of membranes, and none of the past modelling studies fitted the model to 

an experimentally measured non-galvanic hydrogen permeation data.  

 

The previous chapters 4 and 5 estimated the hydrogen permeation flux of SCYb-5 and 

SCTm-5 by using the method described by Poulsen (1999) and Song et al. (2003b), and 

compared the model results with the experimental data obtained by Hamakawa et al. 

(2002) and Cheng et al. (2005). A major out come, or problem in these chapters, was the 

disagreement between the model and experimental results in terms of the relationship 

between the increases in hydrogen partial pressure gradient and the corresponding 

hydrogen permeation flux.  
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In Chapter 5, the additional term was included in the model (Eq. (41)) to analyse the 

effect of the oxygen partial pressure gradients and the oxygen ion conductivity on the 

hydrogen permeation flux. It was found that the disagreement between the model and 

experimental results in terms of the relationship between the increases in hydrogen 

partial pressure gradient and the corresponding hydrogen permeation flux is not due to 

the influence of oxygen partial pressure gradients or oxygen ion conductivity. It was 

suspected that the disagreement may be due to the water vapour partial pressures which 

were not reported in the experiments by Hamakawa et al. (2002) and Cheng et al. 

(2005). Those experiments were undertaken in a ‘dry’ hydrogen atmosphere and the 

water vapour partial pressures were not reported. The partial pressures of water vapour 

greatly influence hydrogen permeation properties of those materials, as water vapour 

determines the oxygen activity (Norby and Haugsrud, 2006). It was concluded in 

Chapter 5 that the experimental results with well-defined water vapour pressures will be 

required to further investigate the model.  

 

Chapter 7 investigated hydrogen permeation fluxes through SCYb-5 disks in dry and 

wet atmospheres at 900 ○C, for various upstream hydrogen partial pressures. The SCYb-

5 disk tested for hydrogen permeation in dry hydrogen became unsuitable for the test 

(helium leakage) during the permeation tests, while the SCYb-5 sample tested in the wet 

hydrogen atmosphere remained stable for the entire duration of the test. The phase 

stability study confirmed that some of the perovskite phase of the SCYb-5 materials 

decomposed to CeO2 under strongly reducing conditions such as in dry hydrogen at 900 

○C. The finding of the phase stability test indicated that it is vital to conduct hydrogen 

permeation tests using a ‘wet’ hydrogen atmosphere, in order to avoid strongly reducing 

conditions. 
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The aims of this chapter are to 1) undertake non-galvanic hydrogen permeation tests for 

SCYb-5 and SCTm-5 dense membranes in a ‘wet’ hydrogen atmosphere where the 

water vapour partial pressures are defined and monitored throughout the tests; and 2) 

compare the experimental results with the model predictions in terms of the hydrogen 

permeation flux. The use of ‘wet’ gas streams with defined water vapour partial 

pressures will provide advantages of 1) avoiding strongly reducing conditions, 2) 

reducing the chances of decomposition of the samples being tested, and 3) reducing the 

number of assumptions required in the model.  

 

8.2 Experiments 

8.2.1 Sample preparations 

The sample preparation methods for are described in section 7.2.1. In this chapter, 

SCTm-5 membranes are also tested for hydrogen permeation, in addition to SCYb-5 

membranes. The SCTm-5 precursor powder was synthesised by solid-state reaction with 

SrCO3 (99.99%, Rare metallic Co., Ltd.), CeO2 (99.99%, Rare metallic Co., Ltd.) and 

thulium oxide (Tm2O3) (99.9%, Mitsuwa Chemicals Co., Ltd.), using the method 

described in section 7.2.1. 

 

8.2.2 Hydrogen permeation tests 

The hydrogen permeation properties of the SCYb-5 and SCTm-5 disks were 

investigated in a wet atmosphere at 900 ○C under various upstream hydrogen partial 

pressures (PH2’ = 0.04-1 atm), as described in section 7.2.2. The membranes tested in 

this chapter were between 550 and 700 µm in thickness, where the bulk diffusion was 

the most likely rate-limiting process in the hydrogen permeation (Hamakawa et al., 

2002, Cheng et al., 2005). 
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8.3 Modelling 

The modelling methods described in section 5.2, are applied to simulate the hydrogen 

permeation flux through the SCYb-5 and SCTm-5 membrane samples tested in this 

chapter. The assumptions (I) - (VII) listed in section 4.2 are to remain the same, while 

the assumptions (VIII) and (IX) are removed, and the assumption (X’) from section 5.2 

is included in this chapter. The parameter tuning is also undertaken by a fitting of the 

hydrogen permeation flux model to the actual experimental data obtained in this chapter, 

in order to make better predictions of the hydrogen permeation, and obtain a new set of 

fitted parameter values.  

 

8.3.1 Defect concentrations 

The concentrations of defects in SCYb-5 and SCTm-5 are calculated by using the 

method described in section 5.2.1 with the 10 defect ‘species’, [SrSr
x], [VSr"], [CeCe

x], 

[Yb'Ce] (or [Tm'Ce]), [VCe""], [Oo
x], [OHo

•], [Vo
••], [e'] and [h•] and are shown in Table 

4.1. The parameter values (PS-SET) for the thermodynamic equilibrium constants (Kw, 

Ki, Kox, Ks) and charge carrier mobilities (µOH, µVo, µh, µe) utilised in this chapter are 

listed in Table 4.2. The method of the defect concentration calculation is summarised in 

Figure 5.1. 

  

8.3.2 Hydrogen permeation flux 

The hydrogen permeation flux is computed by using the method described in section 

5.2.2. It is noted that only Case B (41 (Eq. )) is examined in this chapter. The calculated 

hydrogen permeation fluxes were compared with the experimental data obtained in this 

chapter for SCYb-5 and SCTm-5. 
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In previous chapters 4 and 5, the downstream hydrogen partial pressures (PH2”) were 

assumed constant, regardless of the upstream hydrogen partial pressures. However, in 

reality, the downstream hydrogen partial pressures would change depending on the 

amount of hydrogen permeation which is of course influenced by the upstream 

hydrogen partial pressures. In this chapter, the effect of downstream hydrogen partial 

pressures in the model calculations was examined, based on three cases: 

Case a) The hydrogen partial pressures were varied depending on the upstream 

hydrogen partial pressures, (PH2
” = varied). The downstream partial pressures 

were obtained from the actual concentrations of hydrogen in the permeate gas 

stream, measured by the GC in the experiment (CH2
”) in this chapter. However 

this may defeat the purpose of the simulation; 

Case b) The downstream pressures were kept as constant. PH2
”
 was fixed as the 

maximum concentration of hydrogen in the permeate gas stream measured in the 

experiment in this chapter, PH2
”
 = max.(CH2

”) = 1.2e-3 atm; and 

Case c) The downstream pressures were set as constant, PH2
”
 = 1e-6 atm (section 

4.2). 

 

8.3.3 Parameter tuning 

The fitting of the hydrogen permeation flux model to the actual experimental data 

obtained in this chapter (parameter tuning) was undertaken by tuning the 

thermodynamic equilibrium constants and the charge carrier mobilities in order to make 

better predictions of the hydrogen permeation, and obtain a new set of parameters which 

fit to the experimental data obtained in this chapter. The model (Case B) was fitted to 

the experimental data by least-squares analysis. The objective function (‘error’ function), 

f, was defined as: 
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where P is the upstream partial pressure of hydrogen,  

Ei is the hydrogen permeation flux from the experiment in this chapter, and  

Mi is the hydrogen permeation flux calculated by the model.  

 

The upper and lower bounds are shown in Table 4.3. The procedures of the parameter 

tuning are described in section 4.2.3.  

 

8.4 Results 

8.4.1 Sample characterisations 

The crystallographic phases of the SCYb-5 and SCTm-5 precursor powders were 

verified by XRD. Figure 8.1 and Figure 8.2 show the XRD patterns of the SCYb-5 and 

SCTm-5 precursor powders, respectively, where the perovskite peaks are indicated with 

the stars. Single phase perovskite structures were found for both the SCYb-5 and 

SCTm-5 powders, used in these experiments.  
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Figure 8.1. XRD patterns of the SCYb-5 precursor powder. 

 

Figure 8.2. XRD patterns of the SCTm-5 precursor powder.  

 

Figure 8.3 shows the SEM photographs of a typical surface morphology of the SCYb-5 

membranes tested in this chapter. The samples have dense and smooth surfaces with 

few remaining pores. The dense nature and gas tightness of the samples were also 
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confirmed with helium gas, during the hydrogen permeation tests, indicating there are 

no open pores which allow mechanical diffusion of hydrogen molecules. It is noted that 

only the SEM photographs of the SCYb-5 samples are shown in this section (Figure 

8.3), since the surface morphology of the SCTm-5 samples are similar to ones of SCYb-

5. 

 

 

Figure 8.3. SEM photograph of a typical surface morphology of the dense SCYb-5 membranes 

tested for hydrogen permeation. 

  

8.4.2 Hydrogen permeation tests 

The hydrogen permeation properties of the SCYb-5 and SCTm-5 disks were 

investigated in a wet atmosphere at 900 ○C under various upstream hydrogen partial 

pressures (PH2’ = 0.04-1 atm). The results are shown in Figure 8.4. The thicknesses, L, 

of the membranes tested were (a) 670 µm for the SCYb-5 sample and (b) 700 µm for 

the SCTm-5 sample. The general trends of the hydrogen permeation flux through the 

SCYb-5 and SCTm-5 samples are similar. The hydrogen permeation flux for SCYb-5 

and SCTm-5 was 6.8e-9 mol/cm2/s and 7.1e-9 mol/cm2/s at 900 ○C with the upstream 
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hydrogen partial pressure of 0.25 atm (25% hydrogen/argon), respectively. As expected, 

the hydrogen permeation flux increases with the increase in the upstream hydrogen 

partial pressures,  reaching the maximum flux of 1.37e-8 mol/cm2/s and 1.59e-8 

mol/cm2/s, for SCYb-5 and SCTm-5 respectively, at 900 ○C with the upstream 

hydrogen partial pressure of 1 atm (100% hydrogen) The effect of the increase in the 

upstream partial pressures seems more significant in the SCTm-5 sample at the higher 

partial pressure (i.e. upstream PH2’ = 1 atm). 
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Figure 8.4. Hydrogen permeation flux of (a) SCYb-5 (L = 670 µm) and (b) SCTm-5 (L = 700 

µm) membranes at 900 ○C.   

 

Figure 8.5 shows the hydrogen permeation flux through SCTm-5 disks with different 

membrane thicknesses, (a) 700 µm and (b) 550 µm. In order to examine the thickness 

dependence of the hydrogen flux, the hydrogen flux in the 550 µm-thick sample was 

also calculated based on the flux in the 700 µm-thick sample by using the correlation 

(obtained from Eq. (14)): 
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L
J 1

H2
∝ ,         

          (21) 

where JH2 is the hydrogen permeation flux (mol/cm2/s), and 

L is the thickness of the membrane (cm). 

 

The thin-dotted line in Figure 8.5 indicates the estimated hydrogen permeation flux for 

the 550 µm-thick membrane. The experimental hydrogen flux in the 550 µm-thick 

membrane agrees reasonably well with the estimated values. However, the effect of the 

increase in the upstream partial pressures became more significant in the 550 µm-thick 

sample at the higher partial pressure (i.e. upstream PH2’ = 1 atm). 
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Figure 8.5. Thickness dependence of hydrogen permeation flux through SCTm-5 membranes: 

the experimental flux for L = (a) 700 µm, (b) 550 µm and (c) the estimated flux for L = 550 µm. 
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8.4.3 Simulation of hydrogen permeation flux 

The hydrogen permeation flux in SCYb-5 was modelled using the PS-SET parameter 

values (Table 4.2). Figure 8.6 shows the modelled hydrogen permeation flux for SCYb-

5 (using PS-SET parameters) plotted against the experimental result obtained in this 

chapter (Figure 8.4 (a)). Figure 5.3 (Case B) shows the modelled hydrogen permeation 

flux for SCYb-5 (using PS-SET parameters) plotted against the experimental result 

obtained Hamakawa et al (2002). It should be noted that the upstream hydrogen partial 

pressures (PH2’) studied in Hamakawa et al (2002) were between 0.05 atm and 0.6 atm, 

while the PH2’ studied in this chapter were extended up to 1 atm (PH2’ = 0.04-1 atm). 

The hydrogen permeation flux model shows a good agreement with the experimental 

data obtained in this chapter (Figure 8.6). There is a noticeable difference in the degree 

of fit between these results (Figure 8.6 and Figure 5.3). 
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Figure 8.6. Comparison of the experimental hydrogen flux obtained in this chapter with the 

modelled hydrogen flux for SCYb-5 (L = 670 µm), using the PS-SET parameter. 
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The effect of downstream hydrogen partial pressures in the model calculations (using 

the PS-SET parameters) was examined, and the model results are summarised in Figure 

8.7; for case (a) PH2
” = varied; case (b) PH2

”
 = fixed (1.2e-3 atm); and case (c) PH2

”
 = 

fixed (1e-6 atm). Case (c) overestimates the flux for the SCYb-5 sample in this 

experimental condition. There is a minor difference between the fluxes estimated with 

case (a), and case (b). Since case (a) represents a more realistic condition, it is adopted 

for modelling in this chapter.  
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Figure 8.7. Effect of downstream partial pressures on the model results (using the PS-SET 

parameters): case (a) PH2” varied; case (b) PH2” =1.2e-3 atm; and case (c) PH2” =1e-6 atm (for 

SCYb-5 samples with the dense layer thickness, 670μm). 

 

8.4.4 Parameter tuning 

The thermodynamic equilibrium constants (Kw, Ki, Kox, Ks) and the charge carrier 

mobilities (µOH, µVo, µh, µe) for SCYb-5 were tuned within the lower and upper bounds 

shown in Table 4.3, in order to generate a more accurate estimate for the hydrogen 

permeation flux in the SCYb-5 sample tested in this chapter, and to obtain a new set of 
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parameters. The parameter tuning was undertaken by fitting the model to the 

experimental data obtained for SCYb-5 in this chapter (Figure 8.4 (a)), within the 

parameter bounds listed in Table 4.3. Table 8.1 summarises the tuned K and μ values for 

the SCYb-5 sample tested in this chapter, and this new set of tuned K and μ values are 

referred to as “M-TUNED(Yb)’ values. It is noted that the tuned μVo and μh values for 

SCYb-5 were at their lower bound values, 6.48e-7 cm2/V/s and 4.11e-5 cm2/V/s, 

respectively (i.e. M-TUNED(Yb) in Table 8.1). This feature is discussed later in this 

chapter.  

 

Table 8.1. The PS-SET at 700 ○C and tuned K and µ values for SCYb-5 (M-TUNED(Yb)) and 

SCTm-5 (M-TUNED(Tm)) at 900 ○C. 

Constants PS-SET values Tuned values 
  M-TUNED(Yb) 

SCYb-5 (670µm) 
M-TUNED(Tm) 
SCTm-5 (700µm) 

Kw (atm-1) 3.29 3.89 2.23 
Ki 1.00e-11 1.31e-12 1.99e-12 
Ks 1.00e-14 8.60e-15 1.02e-15 
Kox (atm-1/2) 5.00e-6 5.33e-7 5.00e-7 
µOH (cm2/V/s) 1.45e-5 7.72e-5 5.87e-5 
µVo (cm2/V/s) 6.48e-6 6.48e-7 1.82e-5 
µh (cm2/V/s) 4.11e-4 4.11e-5 4.11e-5 
µe (cm2/V/s) 4.11e-4 3.14e-4 3.32e-4 
Resulting KH  (atm-1) 5.26e-6 3.27e-7 4.67e-7 
Objective function, f(K,μ)  6.83e-19 6.60e-18 
 

Figure 8.8 illustrates the hydrogen fluxes calculated with the (b) PS-SET and (c) M-

TUNED(Yb) K and µ values, plotted against (a) the experimental data obtained in this 

chapter (Figure 8.4 (a)). The parameter tuning improved the modelled hydrogen 

permeation flux, and the flux is well predicted with the M-TUNED(Yb) parameters. The 

model predictions (after parameter tuning) agree better with the experimental result 

obtained in this project (Figure 8.8), compared to any other results of parameter tuning 

in this project (sections 4.3.2, 4.3.3 and 5.3.4).  
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Figure 8.8. Hydrogen permeation flux of SCYb-5 at 900 ○C: (a) experimental data, (b) model 

estimates calculated with the PS-SET K and µ values and (c) model estimates calculated with 

the M-TUNED(Yb)

 

 K and µ values. 

The PS-SET parameter K and µ values (Table 4.2) were tuned to simulate the flux in 

the SCTm-5

Figure 8.4

 sample tested in this chapter. The parameter tuning was undertaken by 

fitting the model to the experimental data obtained for the SCYTm-5 sample (L = 700 

µm) (  (b)). Table 8.1 summarises the resulting tuned K and μ values for the 

SCTm-5 sample, and this set of tuned K and μ values are referred to as “M-

TUNED(Tm)’ values. Figure 8.9 plots the hydrogen fluxes estimated for SCTm-5 with 

the (b) PS-SET parameter values, (c) the M-TUNED(Tm) parameter values, plotted 

against (a) the experimental data obtained in this chapter (Figure 8.4(b)). The model 

estimate was slightly improved with the M-TUNED(Tm) parameter values.  
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Figure 8.9. Hydrogen permeation flux of SCTm-5 (L = 700 µm) at 900 ○C: (a) experimental 

data, (b) model estimates calculated with the PS-SET K and µ values and (c) model estimates 

calculated with the M-TUNED(Tm)

 

 K and µ values. 

In chapter 5, the PS-SET K and µ values were tuned to simulate the flux in the SCTm-5

Figure 5.7

 

sample tested by Cheng et al. (2005). The modelled hydrogen flux for SCTm-5 (with 

the tuned parameter set, C-TUNED(B)), plotted against the experimental data obtained 

from Cheng et al. (2005) is shown in . It should be noted that the upstream 

hydrogen partial pressures (PH2’) studied by Cheng et al. (2005) were between 0.02 atm 

and 0.2 atm, while the PH2’ studied in this chapter were extended up to 1 atm (PH2’ = 

0.04-1 atm). There is a noticeable difference in the degree of fit between the results in 

this chapter (Figure 8.9) and in the previous chapter 5 (Figure 5.7). This could be 

emphasised by the values of the objective function 6.60e-18 (Table 8.1 for this chapter) 

and 1.19e-14 (Table 5.2 for the previous chapter), which indicate the degree of 

agreements between the experimental and model results. 
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As shown in Table 8.1, the tuned parameters for SCYb-5 (M-TUNED(Yb)) and SCTm-

5 (M-TUNED(Tm)) follow similar trends. As expected, some tuned parameters, such as 

hole mobility (µh), resulted in their lower bound values (Table 4.3 and Table 8.1), which 

is to be discussed later in this chapter.  

 

In general, the model agrees better with the experimental data for the SCYb-5 sample 

tested in this chapter (Figure 8.8), than with the SCTm-5 sample tested in this chapter 

(Figure 8.9). The values of the objective function, f, (see Eq. (19)) indicate the degree of 

agreements between the experimental and model results. The values of the objective 

function are 6.83e-19 and 6.60e-18 for the SCYb-5 and SCTm-5 samples, respectively 

(Table 8.1), indicating a better fit to the SCYb-5 sample. 

 

8.5 Discussion and conclusions 

The experimental hydrogen permeation flux for SCYb-5 and SCTm-5 dense membranes 

was 6.8e-9 mol/cm2/s and 7.1e-9 mol/cm2/s, respectively, under the upstream hydrogen 

partial pressure of 0.25 atm (25% hydrogen/argon) at 900 ○C. The dependence of the 

hydrogen permeation flux on the upstream hydrogen partial pressures was 

experimentally investigated. As expected, the hydrogen permeation flux increases with 

the increase in the upstream hydrogen partial pressures, reaching the maximum flux of 

1.4e-8 mol/cm2/s and 1.6e-8 mol/cm2/s, for SCYb-5 and SCTm-5 respectively, under the 

upstream hydrogen partial pressure of 1 atm (100% hydrogen) at 900 ○C.  

 

The general trends of the experimental hydrogen permeation flux are similar in the 

SCYb-5 (L = 670 µm) and SCTm-5 (L = 700 µm) dense membranes in wet atmospheres 
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at 900 ○C (Figure 8.4). However the effect of the increase in upstream partial pressures 

seems more significant in the SCTm-5 sample at the higher partial pressure (upstream 

PH2’ = 1 atm) (Figure 8.4), and even more significant in the thinner SCTm-5 sample (L 

= 550 µm) (Figure 8.5). The parameter tuning improved the model predictions for the 

SCYb-5 and SCTm-5 samples (Figure 8.8 and Figure 8.9), significantly reducing the 

earlier reported discrepancy between the experimental and modelling results (sections 

4.3.2, 4.3.3 and 5.3.4). 

 

The differences between the model and experimental results, and also between the 

fluxes in the SCYb-5 and SCTm-5 samples tested in this chapter, leads to an 

examination of the assumptions used in applying the model to these experiments. The 

main assumptions for examination include: 1) the rate limiting process in the hydrogen 

permeation; 2) mechanical diffusion of hydrogen molecules; 3) the bulk and local 

hydrogen partial pressure gradients; 4) the valency of Yb and Ce. Other possible factors 

may be trace amounts of oxygen existing in the sweep gas, and transport of oxygen ions 

in the opposite direction to the hydrogen permeation. 

 

First of all, it was assumed in the model that the bulk diffusion was rate-limiting in the 

hydrogen permeation process of the experimentally tested samples. This is a vital 

assumption, as Eq. (41) is valid only when the bulk diffusion of protons and electrons 

are the rate limiting processes in the hydrogen permeation. As discussed in section 4.4, 

this equation can only be applied to dense membranes thicker than a critical thickness 

(LC) for the material. The samples tested in this chapter were between 550 µm and 700 

µm in thickness, which are well beyond the reported LC for the materials (LC < 2 µm for 

SCYb-5 (Hamakawa et al., 2002) and LC < 150 µm for SCTm-5 (Cheng et al., 2005)). 

The goodness of fit between experimental and modelling results indicates that the bulk 
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diffusion was rate-limiting in the hydrogen permeation process of the experimentally 

tested samples in this chapter. 

 

Membrane and seal tightness was monitored by helium gas permeation using the GC 

during the experiments in this chapter. There was no helium detected in the sweep gas 

for the entire duration of the experiments. This indicates that the hydrogen detected in 

the permeate gas stream would probably be hydrogen transported through the 

membranes by mixed electron and ion conductions, not by the mechanical diffusion of 

hydrogen molecules.  

 

As discussed in section 4.4, the bulk and local hydrogen partial pressure gradients were 

assumed to be the same in the model. In a real experiment, the local hydrogen partial 

pressure gradient (i.e PH2’ at the very surface of the upstream side v.s. PH2” at the very 

surface of the downstream side) would be smaller than the bulk partial pressure 

gradients (i.e. the PH2’ in the feed gas v.s. PH2” in the sweep gas). This would 

consequently reduce the driving force for the hydrogen permeation, resulting in an 

overestimation of the flux in the model. The assumptions in the model are that the 

valency of ytterbium ions and cerium ions remain as 3+ and 4+, respectively, 

throughout the experiment. The valency may change depending on the degree of 

reducing atmospheres (Okada et al., 2004). The examination of the valency was beyond 

the scope of this project.  

 

The discrepancy between the experimental and model results could possibly arise from 

trace amounts of oxygen existing in the argon gas supply (i.e argon gas in a cylinder) 

utilised in the experiments. Oxygen in the argon gas can react with hydrogen, reducing 

the concentration of hydrogen in the feed and/or permeate gas streams, and producing 
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water vapour. This would consequently alter the hydrogen partial pressures (and water 

vapour partial pressures) at the upstream and/or downstream sides of the membranes. 

The water vapour partial pressures were monitored by the hygrometers throughout the 

experiments, and there was no significant change in the humidity of the feed and sweep 

gas streams.  

 

Another possibility is the transport of oxygen ions through the membranes in the 

opposite direction to the hydrogen flux. Water vapour existing in the permeate side of 

the membrane could possibly split into hydrogen and oxygen. The oxygen produced 

from this reaction can be transported through the membrane in the opposite direction to 

the hydrogen flux, if the membrane material has oxygen ion conductivity. This process 

leaves hydrogen behind at the permeate side of the membrane, overestimating the 

hydrogen concentrations of the permeate gas stream (Norby and Haugsrud, 2006). 

During the experiments in this chapter, there was no significant change in the water 

vapour partial pressures of both the feed and permeate gas streams. Norby and 

Haugsrud (2006) suggested that this problem may be avoided/reduced by using a dry 

permeate side sweep gas. 

 

The tuned μVo and μh values for SCYb-5 were at their lower bound value (6.48e-7 

cm2/V/s and 4.11e-5 cm2/V/s, respectively) (M-TUNED(Yb) in Table 8.1). This feature 

was observed several times in this project (sections 4.3.2, 4.3.3, and 5.3.4). In order to 

identify the effect of the lower bound values on the result of the parameter tuning, the 

lower bounds for μVo and μh were set as`(i.e. no constraints) and then re-tuned. This 

resulted in a significant change in the µVo value, from 6.48e-7 to 1.3e-12, while the rest of 

the parameters remained similar to their values in Table 8.1. There was no significant 
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difference in the value of the objective function, f, i.e. 7.93e-19, with the new value of 

µVo, which indicates that the model is insensitive to the value of this parameter. 

 

The same strategy was adopted for testing the values of Kox and µh for SCTm-5 (M-

TUNED(Tm) in Table 8.1). Re-tuning was undertaken with no constraints on the lower 

bounds for Kox and µh. It was also found that the model is insensitive to the value of µh, 

for the same reason as mentioned above. This finding agrees with the results of the 

parametric sensitivity analysis undertaken in section 5.3.3 (Table 5.1), which indicated 

that the parameters μVo and μh were some of the least sensitive parameters of the model.  

 

The parametric sensitivity analysis undertaken in a previous chapter (section 5.3.3) 

found that the present model is the most sensitive to the proton mobility (µOH), followed 

by the thermodynamic equilibrium constant for proton incorporation from water vapour 

(Kw), the internal electronic equilibrium constant (Ki) and the thermodynamic 

equilibrium constant for oxygen ion incorporation (Kox) (Table 5.1). 

 

The tuned µOH values for SCYb-5 and SCTm-5 (M-TUNED(Yb) and M-TUNED(Tm) 

in Table 8.1, respectively) were 7.72e-5 and 5.87e-5, which are slightly higher than the 

initial assumed value of 1.45e-5 (i.e. PS-SET). The PS-SET mobility values were 

obtained from the calculated values for SrCe0.95Eu0.05O3-α in the study by Song et al. 

(2003b). This may indicate that SCYb-5 and SCTm-5 may have higher proton 

mobilities than SrCe0.95Eu0.05O3-α. It is important that the value of this parameter is 

carefully determined and a more accurate value is used in the modelling, as µOH  is the 

most sensitive parameter in the model and the hydrogen permeation across the 

membrane is determined partly by mobility of protons and electrons (Li and Iglesia, 

2003). 
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In the present chapter, the Kw values were tuned within the lower and upper bound 

values of 1 and 30. The tuned Kw values for SCYb-5 and SCTm-5 (M-TUNED(Yb) and 

M-TUNED(Tm) in Table 8.1, respectively) were similar to the initial assumed value (i.e. 

PS-SET). This can indicate that the initial assumed value, 3.29 (in PS-SET) which was 

obtained from Norby and Larring (1997), may be a relatively accurate parameter value 

for SCYb-5 and SCTm-5.  

 

The tuned Ki values for SCYb-5 and SCTm-5 (M-TUNED(Yb) and M-TUNED(Tm) in 

Table 8.1, respectively) were 1.31e-12 and 1.99e-12 respectively, which were noticeably 

different from the initial assumed value, 1.00e-11 (i.e. PS-SET). Ki is one of the most 

sensitive parameters in the model and also determines the concentration of the electron 

and hole in the oxide system (Eq. (26)), playing an important role in a mixed protonic 

and electronic conduction. It is essential that the value of this parameter is carefully 

determined, so that a more accurate value is used in the modelling. 

 

In the modelling study undertaken by Li and Iglesia (2003), the effect of the values of 

Kox on the proton flux of SCYb-5 was investigated under open-circuit conditions (with 

PH2’ ≈ 1 atm, PH2O = 1e-4 atm, and T = 677 ○C). In that study, the Kox values of 5e-7, 5e-6, 

and 5e-5 (atm-1/2) were utilised. It was found in the study that there was no significant 

difference in the proton flux of SCYb-5 when the Kox values were 5e-7 and 5e-6. 

However the proton flux was greatly changed when the Kox value was 5e-5. In this 

chapter, the tuned Kox values were 5.3e-7 (SCYb-5) and 5.0e-7 (SCTm-5). Since the 

latter is at the lower bound for Kox, re-tuning of parameters was undertaken with no 

constraints on the lower bound of Kox. The re-tuned value was 1.4e-7 for SCTm-5. This 

indicates the values of Kox, i.e. 5.3e-7 and 1.4e-7 may be reasonably accurate for those 



 203 

materials. As mentioned in section 4.4, a lower value of Kox leads to an increased proton 

flux (Li and Iglesia, 2003). 

 

The hydrogen permeation flux model showed a good agreement to the experimental 

data obtained in this chapter. There is a noticeable difference in the degree of fit 

between the experimental data obtained in this chapter (Figure 8.8 (c) and Figure 8.9 

(c)), and in the previous chapters 4 and 5 (Figure 5.3 (Case B) for SCYb-5, and Figure 

5.7 for SCTm-5). The values of the objective function, f, (see Eq. (19)) indicate the 

degree of agreement between the experimental and model results. The values of the 

objective function are 6.83e-19 for SCYb-5 and 6.60e-18 for SCTm-5, in this chapter 

(Table 8.1), while the values were 5.12e-15 for SCYb-5 and 6.84e-14 for SCTm-5 in the 

previous chapters 4 and 5. 

 

The possible reasons for the difference in the degree of agreements between this chapter 

and the previous chapters 4 and 5 may be related to different membrane structures 

(asymmetric membranes in chapter 4 and 5, and symmetric systems in this chapter). In 

an asymmetric system, a porous layer may possibly influence the permeation rate, 

firstly, by increasing effective surface area for hydrogen dissociation /re-association 

reactions. Secondly, if the porous layer has a high gas transport resistance, the diffusion 

rate of gas through the porous support and consequently the hydrogen permeation rate 

of the asymmetric sample would be affected. However, this has not been mentioned or 

discussed in the studies by Hamakawa et al (2002) and Cheng et al. (2005) used in 

chapter 4 and 5. 

 

Further, another possible reason may be related to the water vapour partial pressures. In 

the previous chapters, the model results were compared with the experimental data 
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obtained by Hamakawa et al (2002) and Cheng et al. (2005). Their experiments were 

conducted in a ‘dry’ hydrogen atmosphere, and the water vapour partial pressures were 

not reported in either of the papers. Thus the water vapour partial pressure was assumed 

as 10-4 atm (dry) (Qi and Lin, 2000) in the previous chapters. On the other hand, the 

experiments in this chapter were conducted in a ‘wet’ hydrogen atmosphere, where the 

water vapour partial pressures were well-defined and monitored for the entire duration 

of the experiments. The partial pressures of water vapour greatly influence hydrogen 

permeation properties of those materials, and also the water vapour determines the 

oxygen activity (Norby and Haugsrud, 2006). Norby and Haugsrud (2006) suggested 

that hydrogen permeation measurements in a dry hydrogen atmosphere may not be 

achievable, and the membrane may be unstable in a dry hydrogen atmosphere. The 

conduction of hydrogen permeation tests in a wet hydrogen atmosphere and well-

defined water vapour partial pressures may have led to the better agreement between the 

experimental and modelling results in this chapter. The findings of this project may 

support the view of Norby and Haugsrud (2006).   
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9.  MAIN CONCLUSIONS 

 

The present project has undertaken the following investigations: 

 Development of a method for fabrication of asymmetric membranes; 

 Verification of material stability in a reducing atmosphere; 

 Non-galvanic hydrogen permeation tests; 

 Theoretical modelling of non-galvanic hydrogen permeation flux; and  

 Comparison of the model predictions with the experimental data obtained from 

past literature and also with experimental results acquired in this project; 

 

This project demonstrated that the settlement method is an effective filling technique 

which aids the conventional dry pressing, in order to prepare a thin uniform layer on a 

porous support. The method can provide the advantages that 1) the control of the layer 

thickness is very easy and effective; 2) it does not require pre-sintering of supports or 

sequences of coatings, and hence is less labour consuming; 3) the liquid media can be 

any liquid which does not interfere or react with the powder; 4) the method requires 

simple mixing of powder and the liquid media, and does not require any additions such 

as dispersant, and 5) the method includes only a few process variables making it less 

complex and suitable for a larger scale application. The settlement methods can also be 

applied to prepare a thin uniform nano porous layer on a porous support, which can 

possibly be utilised as a molecular sieve type membrane for hydrogen separation from 

syngas.  

 

The phase stability study confirmed that some of the perovskite phase of the SCYb-5 

materials decomposed to CeO2 under strongly reducing conditions such as in dry 
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hydrogen at 900 ○C. It was interesting to find that the extent of decomposition of the 

perovskite phase in a reducing condition was most influenced by the status of the 

SCYb-5 sample (i.e. either disk or powder form) while the temperature or the extent of 

the reducing atmosphere produced a smaller effect. The finding indicated that relaxation 

kinetics may play an important role in the phase stability of perovskite materials. The 

results of the phase stability test suggests that it is vital to conduct hydrogen permeation 

tests using a ‘wet’ hydrogen atmosphere, in order to avoid strongly reducing conditions 

and decomposition of the membranes being tested, so that more usable hydrogen 

permeation data can be attained. 

 

The hydrogen permeation flux model investigated in this project showed a good 

agreement to the experimental data obtained in this project. The possible reasons for the 

good agreement between the model prediction and the experimental results obtained in 

this project may be related to the water vapour partial pressures. The experiments 

undertaken by Hamakawa et al. (2002) and Cheng et al. (2005) (which were compared 

with the model predictions in chapters 4 and 5) were conducted in a ‘dry’ hydrogen 

atmosphere, and the water vapour partial pressures were not reported in either of their 

papers. Thus the water vapour partial pressure was assumed as 10-4 atm (dry) (Qi and 

Lin, 2000) in the model. On the other hand, the experiments in this project were 

conducted in a ‘wet’ hydrogen atmosphere, where the water vapour partial pressures 

were well-defined and monitored for the entire duration of the experiments. The partial 

pressures of water vapour greatly influence hydrogen permeation properties of those 

materials, and also the water vapour determines the oxygen activity and existence of 

water vapour is essential to avoid strongly reducing atmosphere and decomposition of 

the materials. The conduction of hydrogen permeation tests in a wet hydrogen 

atmosphere and well-defined water vapour partial pressures may have led to the good 
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agreement between the experimental and modelling results in this project. The finding 

agrees with Norby and Haugsrud (2006) who mentioned that hydrogen permeation 

measurements in a dry hydrogen atmosphere is not possible, as water vapour determines 

the oxygen activity and the membrane is unstable in dry hydrogen. 

 

The hydrogen permeation flux model investigated in this project can be utilised to 

predict the hydrogen permeation flux from various types of oxides, when correct 

parameter values are utilised. It also provided a way of estimating those parameter 

values. In this project, the Grotthus mechanism was accepted as the proton conducting 

mechanism (section 2.3.2) and the modelling results suggest that the assumption on the 

proton conducting mechanism was adequate. Further, these results from this project 

may be useful to determine which processes and parameters require more detailed 

investigation, aiding this research field where a shortage of experimental data has been a 

significant barrier to the improvement and validation of permeation models (Li and 

Iglesia, 2003).  

 

The significance of this project is the contribution to the development of a simple, cost-

effective and highly reproducible method to prepare thin dense membranes; the 

confirmation of material stability in reducing atmosphere; and the validation of a 

mathematical model for mixed proton and electron transport through dense ceramic 

membranes by using experimentally obtained hydrogen permeation data. These will 

contribute to forming the basis of a hydrogen separation process, which makes 

hydrogen an affordable environmentally friendly clean energy and reduces the negative 

environmental impact of power generation and transportation industries. The 

significance of this project can be emphasize by the statement by Norby and Haugsrud 

(2006) “the importance of the materials’ chemical and thermal stability, mechanical 
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strength, and the ceramic engineering to make dense, thin membranes on porous 

supporting substrates – all needed to arrive at long-lived high-performance membranes 

for hydrogen separation at high temperatures.”  
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10.  FUTURE WORK 

 

Several areas for further investigation arose during the course of this project. These 

areas are:  

 Phase stability: The decomposition of the perovskite phase and the possible role 

of relaxation kinetics in the phase stability of perovskite need to be further 

investigated. For example the actual valency of Ce in perovskite samples may be 

investigated to confirm the phase decomposition in a reducing atmosphere. The 

role of relaxation kinetics in the phase stability may be further investigated by 

pressurising the perovskite powder sample in a reducing condition to limit the 

lattice expansion of the powder samples.  

 Procedures for hydrogen permeation tests: There are still a number of issues 

related to the experimental studies for hydrogen permeation through dense 

ceramic membranes, and the development of good measurement procedures for 

hydrogen permeation testing is required. For example, one of the issues is 

related with determining the source of hydrogen (i.e. permeate hydrogen or 

hydrogen from water splitting). One of the solutions to this could be the use of a 

dry permeate side sweep gas to avoid/reduce this problem, as suggested by 

Norby and Haugsrud (2006).   

 The settlement method: The settlement method could be further improved by 

1) increasing the sintering temperatures to obtain fully dense membranes (e.g. up 

to 1600 oC), and by 2) using other other (organic or inorganic) pore forming 

agents. The pore forming agents are required to be finer than the current 

cornstarch particles, to be capable of being finely ground to suit the finer 

ceramic powders, and to burn out during the sintering process. It is believed that 
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the particle sizes of the SCYb-5 and the pore forming agent need to be similar 

when using the settlement method, to avoid undesirable delamination or cracks. 

The finer ceramic powder (the volume median diameter < 0.1 µm) could be used 

to produce even thinner dense layers. Further, the particle sizes of the pore 

forming agent could be explored to optimise the density of the dense layer and 

the porous support. 

 Theoretical modelling: The present model can further improved, for example, 

by adding terms to include different states/valencies of Ce and Yb. Those 

parameters which were found to be insensitive parameters of the model (which 

the parameter tuning cannot be utilised to estimate the values) should be 

experimentally investigated by other means, so that more accurate values can be 

utilised in the modelling.  
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 APPENDIX 1 

 

It is noted that the derivation of the Wagner equation in this section is based on the 

study by Norby and Larring (2000) and Norby and Haugsrud (2006). 

 

A.1. General formula 

The area-specific flux (flux density or permeation flux) is given by: 

L
PBcJ i

iii d
d−

= ,  

(A. 1)  

where Ji is the flux density of a species i (mole per unit area per second), 

i denotes a species i,  

Bi is its mechanical mobility, 

ci is the molar volume concentration,  

Pi, is a potential, acting on the species, and  

L
Pi

d
d−

is the gradient of potential Pi, which is expressed as the negative (down-

hill) gradient in a potential. 

 

Since the driving force potential is the electrochemical potential which contains both the 

chemical and the electrical potentials, assuming flux density of each charge carrier 

species is driven by chemical and electrical forces only (Li and Iglesia, 2003), then: 

 φµ FzP iii += , 

          (A. 2) 

where µi is the chemical potential of species i, 
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zi is the charge of the species i, 

F is the Faraday constant 96485 (C/mol, the charge per mole of species), and  

φ  is electrical potential.  

Eqn. (A. 1) can be written as: 







 +−=

L
Fz

L
BcJ i

i
iii d

d
d
d φµ

,    

          (A. 3)  

where 
L

i

d
dµ

 is the chemical potential gradient, and 

Ld
dφ

is the electrical potential gradient. 

 

By using the Nernst-Einstein relation, the conductivity for species (i) with an activated 

diffusion is written as: 

RT
DcFzBcFzFcz iii

iiiiiii

2
2 )()( === µσ ,    

          (A. 4) 

where Di is the self-diffusion coefficient,  

µi is charge mobility, and 

σi is conductivity. 

 

Substitution of Eq. (A. 4) (conductivity) into Eq. (A. 3) results in: 







 +−=

L
Fz

LFz
J i

i

i

i
i d

d
d
d

)( 2

φµσ
.      

          (A. 5) 
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The net current density, Itotal, is obtained by summing the partial current densities for all 

species (denoted as k). It is noted that the net current density is zero for a membrane 

which under open circuit condition (i.e. no external circuit or electrodes): 

∑ ∑ =





 +−==

k k
k

k

k

k
kktotal L

Fz
LFz

FJzI 0
d
d

d
d φµσ

.   

          (A. 6)  

Total conductivity, σt is given as: 

 ∑=
k

kσσ t .    

          (A. 7) 

The transport number of defect species k, tk is: 

 ∑
==

k
k

k

t

k
kt σ

σ
σ
σ

.    

          (A. 8) 

Rearranging Eq. (A. 6) in terms of the electrical potential gradient using Eq. (A. 8), an 

expression for the electrical potential gradient through the membrane in terms of the 

transport number and chemical potential gradient of all charge carriers is obtained: 

∑−=
k

k

k

k

LFz
t

L d
d

d
d µφ

 .     

         (A. 9) 

 

A.2. Electrochemical equilibrium 

Since the chemical potentials of charge species (protons (H+), oxide ions (O2-) and 

electrons (e-) in this project) are not well-defined, it is required to describe them with 

respect to chemical potentials of neutral species (i.e. H and O). The equilibria between 

the neutral and charged species can be given as: 

N = Nz + ze-,       



 232 

         (A. 10) 

 where N is a neutral species and  

 e- is an electron. 

Eq. (A. 10) needs to be written in terms of the chemical potentials of products and 

reactants, thus: 

−−= eddd µµµ zNN Z .    

         (A. 11)  

Using the actual charged and neutral species in this project (z = -2 for oxide ions, 1 for 

proton, and -1 for electron), Eqs. (A. 10) and (A. 11) are now: 

O = O2- - 2e-,         

         (A. 10)’ 

 H = H+ + e-
,         

          (A. 10)” 

and 

−− += eOO d2dd 2 µµµ ,       

         (A. 11)’ 

 −−=+ eHH ddd µµµ  .       

          (A. 11)” 

 

It is also required to express the chemical potential of the neutral species with partial 

pressures. Under isothermal conditions and assuming ideal gas behaviour, it is given as: 

NN PRTd lnd =µ ,      

         (A. 12) 

where PN is the partial pressure of the neutral species, 

R is the universal gas constant, and  



 233 

T is temperature (K). 

For this study, it can be expressed as: 

OO lnd PRTd=µ ,        

         (A. 12)’ 

HH lnd PRTd=µ .        

         (A. 12)” 

  

A.3. Flux of a particular species 

By substituting Eq. (A. 9) into Eq. (A. 5), the flux density of a particular species, i, is 

written as: 









−−= ∑

k

k

k

k
i

i

i

i
i Lz

tz
LFz

J
d
d

d
d

)( 2

µµσ
.   

         (A. 13)  

This equation can be used to calculate flux density of a particular species, i, in a group 

of other species, k. 

 

A.4. Flux of proton in a mixed proton, oxygen ion and electron conductor 

The flux density of proton (i.e. i = H+) in other species k (i.e. k = O2-, H+ and e-) are 

calculated by using Eqs. (A. 13), (A. 11)’, (A. 11)”, (A. 12)’ and (A. 12)”, and the 

relationship:  

1eHO2 =++ −+− ttt .      

(A. 14)  
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The flux density of protons is given as: 









++−= −−−

+

+ L
P

t
L
P

tt
F

RT
J

d
lnd

d
lnd

)(2
4

2
2

2
2

O
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H
eO2

H
H

σ
.  

         (A. 15)  

Integration of Eq. (A. 15) over the membrane thickness, x which is generally written as 

L leads to the Wagner equation in the usual form describing the hydrogen flux through 

dense ceramic membranes, assuming a steady state, which is the flux density is 

constant, throughout the membrane thickness (Wagner, 1975): 

[ ]∫ −−−++ ++−=
II

I
H PtPtt

LF
RTJ

2222 OOHeOH2 lndlnd)(2
4

σ . 

         (A. 16)  

In this project,  the proton conductivity and the transport numbers of oxygen ion and 

electron are expressed as σOH, tVo, and te, respectively, hence Eq. (A. 16) is written as: 

 [ ]∫ ++−=+

II

I
VVo PdtPdtt

LF
RTJ

22 OoHeOH2H lnln)(2
4

σ .  

          (14) 
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APPENDIX 2 

Summay of the lattice parameters utilised for the calculation of the lattice volumes of the SCYb-5 disks and powders 

 

 Average Lattice parameters  Lattice volumes 
  Disks     Powders       Disks Powders 
  a (Å) b (Å) c (Å) a (Å) b (Å) c (Å)   (Å^3) (Å^3) 
Original 6.466 12.218 8.530 6.425 12.217 8.512 Original 673.9 668.1 
Wet 700C 6.479 12.213 8.530 6.437 12.217 8.517   674.9 669.8 
  0.201% -0.044% 0.001% 0.188% 0.002% 0.061% Wet 700C 0.158% 0.251% 
Wet 900C 6.485 12.216 8.536 6.453 12.222 8.523   676.2117 672.24396 
  0.295% -0.023% 0.073% 0.439% 0.045% 0.134% Wet 900C 0.345% 0.619% 
Dry 700C 6.474 12.215 8.532 6.458 12.225 8.528   674.7 673.3 
  0.125% -0.027% 0.018% 0.509% 0.072% 0.188% Dry 700C 0.116% 0.770% 
Dry 900C 6.487 12.211 8.529 6.485 12.239 8.541   675.6 677.9 
  0.329% -0.062% -0.011% 0.934% 0.184% 0.340% Dry 900C 0.256% 1.463% 
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