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Chapter 1 

1.1 Introduction 

The energy demand worldwide is increasing tremendously. The U.S. Department of 

Energy estimates that consumption of fossil fuels (coal, petroleum, and natural gas) will 

increase by roughly 30% over the next decade in the U.S. [1]. Consequently, the carbon 

dioxide (CO2) concentration in the atmosphere is increasing rapidly as well. Many scientists 

assume that the anthropogenic (resulting from the influence of human beings) emission of 

CO2 into the atmosphere is one of the main reasons for global warming. Therefore, there is a 

need for capturing and storage of CO2.  There are three main technology lines for carbon 

capture from fossil fuels: post-combustion, oxy-fuel combustion and pre-combustion, as 

shown in figures 1.1 – 1.3 [2]. 

In the post-combustion capture route, steam and CO2 are produced by burning a 

hydrocarbon fuel in a boiler. The produced steam can be used in the oil and gas industry and 

in turbines for the production of electricity. The stream of CO2 is further purified is a 

separation unit and compressed for transportation. The CO2 can be stored in, for instance, 

depleted oil or gas fields. 

 

 
 

Figure 1.1 Post-combustion capture route. 

 

The oxy-fuel combustion route is comparable to the post-combustion capture route. 

However, in the oxy-fuel combustion route pure oxygen is used to burn the hydrocarbon fuel. 

Full-oxidation of the fuel leads to the formation of steam and pure CO2. Consequently, there 

is no need for a CO2 separation unit. A fraction of the total CO2 stream is recycled to 

moderate the temperature in the boiler. Obtaining pure oxygen in this process is done by using 

an air separation unit (ASU), where air is separated into its two main constituents nitrogen 

(N2) and O2.  
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Figure 1.2 Oxy-fuel combustion route. 

 

In the pre-combustion capture, a hydrocarbon fuel is partially oxidized to syngas (a 

mixture of hydrogen (H2) and carbon monoxide (CO)) in the boiler. In this process a pure 

stream of oxygen is needed which is provided by an ASU. Hydrogen enrichment is done 

using a shift reactor. In this reactor a water-gas-shift reaction (WGS reaction) takes place by 

adding steam to the syngas. This leads to the formation of a mixture of H2 and CO2. The 

mixture is separated in a H2 and CO2 stream. While the CO2 is stored, the produced H2 can be  

used for different applications. 

 

 

 
 

Figure 1.3 Pre-combustion capture route. 

 

The main work described in this thesis relates to the production of syngas via partial 

oxidation of methane (POM). To date, syngas is mainly produced by the highly endothermic 

steam reforming of methane (SRM) in a conventional packed-bed reactor [3-6]. The SRM 

reaction is given by 

 

224 3HCOOHCH +↔+   =Δ o
rH  250 kJ·mol-1                     (1.1) 
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The syngas produced by SRM has a H2/CO ratio of 3, which is not directly suitable for the 

formation of value-added products such as methanol or liquid fuels produced by the Fischer-

Tropsch (F-T) reactions. An alternative for SRM is the weakly exothermic partial oxidation of 

methane (POM) to syngas [4], as given by 

 

224 2
2
1 HCOOCH +↔+   =Δ o

rH  –36 kJ·mol-1                       (1.2) 

 

A conventional nickel catalyst or a nickel-based catalyst can be used for POM. Using 

these types of catalysts, reaction temperatures are in the range 450 – 900 °C [7]. To prevent 

full oxidation of methane, an oxygen-lean CH4/O2 gas mixture is needed. The ratio of H2/CO 

in the syngas obtained via this reaction is 2, which is suitable for methanol and F-T syntheses. 

The produced syngas can also be used in the production of ammonia, ethylene, hydrogen and 

other basic chemicals [8]. For POM, short residence times in the reactor are important since 

the components in syngas are more reactive towards oxidation than CH4 [3,9].  

A drawback of POM is the necessity to use pure oxygen because of downstream 

technological reasons [3]. Cryogenic distillation of air is nowadays the conventional way to 

generate pure oxygen. Unfortunately this process requires large plant facilities with high 

construction costs. In addition, cryogenic distillation of air is an energy-intensive process and 

therefore expensive [4,10].  

 

 
 

Figure 1.4 Ground-level view of an oxygen and nitrogen plant side (Universal Industrial 

Gases, Inc. Tuscaloosa, Alabama, USA) [11] 
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An alternative for cryogenic distillation is the use of ceramic oxygen transport 

membrane (OTMs) for the separation of oxygen from air. Integrating an OTM in a POM 

reactor to replace the ASU and gasifier is an interesting alternative. In this design, the OTM 

acts as an oxygen supplier and distributor. A high activity reforming catalytic bed [12] or a 

catalytic layer at the reaction-side membrane surface (the sweep side) [9] is needed for the 

partial oxidation of methane. The use of these membrane reactors is widely regarded as a 

promising, costs-reducing, alternative to cryogenic distillation of air [4,10]. Two basic designs 

of that might find their use in a reactor concept are based on planar and tubular geometries, as 

shown in Figure 1.5 [13].  

 

 
 

Figure 1.5 Example of planar and tubular ceramic membranes [13] 

 

The interaction between the reactant can be controlled by adjusting feed gasses, 

consequently eliminating the possible formation of hot-spots as occurs in conventional 

packed-bed reactors [3]. The use of OTMs in reactors for the POM can reduce the total costs 

by approximately 20 – 30 % [4]. For the membrane to be economically feasible an estimated 

oxygen flux of 5 – 10 ml (STP)·cm-2·min-1 is needed [3,14]. However, a high activity 

reforming catalytic bed [12] or a catalytic layer on the membrane at the reaction-side surface 

(the sweep side) [9] is still need for the partial oxidation of methane. 

 

The research described in this thesis was possible because of financial support from 

ADEM Innovation Lab, A green Deal in Energy Materials of the Ministry of Economic 

Affairs of The Netherlands, and the Helmholtz Association of German Research Centers 

(Initiative and Networking Fund) through the MEM-BRAIN Helmholtz Alliance. 

In the ADEM innovation Lab, industrial partners, the Energy research Centre of the 

Netherlands (ECN) and the Dutch Universities of Technology of Delft, Eindhoven and 

Twente have joined forces in research on materials for conversion, storage, and transport of 

energy [15]. The work described in this thesis is based on the ADEM cluster ‘Catalysts, 
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Membranes and Separations (CMS)’ within this cluster, various technologies are under 

development that can mitigate the CO2 effects of an ever-growing world economy. The CMS 

cluster works on technologies for CO2 capture from fossil fuels [15].  

 

The aim of the German-based MEM-BRAIN research project set by the Helmholtz 

Alliance is the development of selective gas separation membranes for CO2, O2, and H2. Gas 

separation membranes can be used to separate the greenhouse gas CO2 from gas mixtures 

with a high degree of purity.  Additionally it is key to develop techniques for environmental 

compatible electricity generation from coal and gas [16]. The tasks in the MEM-BRAIN 

research project range from membrane development and fabrication, characterization and 

technical process analysis to the assessment of suitable power plant processes with respect to 

energy and the environment [16].  

 

In this thesis, we focused on  

- membrane development,  

- membrane fabrication 

- membrane characterization. 
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1.2 Oxygen transport membranes 

For three decades ceramic mixed ionic and electronic conducting (MIEC) materials are 

investigated as OTM membrane [17]. Typically, these materials possess a fluorite (AO2) or 

perovskite (ABO3) crystal structure, as depicted in Figure 1.6. High levels of conductivities 

can be generated through aliovalent cation doping [18]. In addition to their potential 

application as OTM membrane, the materials hold promise for use as cathode in solid oxide 

fuel cells (SOFCs) and as gas sensor [19-22]. 

             
 

Figure 1.6 (a) Ideal cubic fluorite (AO2) [23] and (b) perovskite (ABO3) structure [24] 

 

 The mechanism of oxygen transport through an OTM membrane is shown 

schematically in Figure 1.7. Oxygen transport occurs by imposing an oxygen partial pressure 

gradient across the membrane, which is sintered to full density to avoid unwanted leakage. At 

the high pO2 side of the membrane, oxygen from the gas phase is incorporated into the oxide 

lattice. This process involves multiple steps, including dissociation of oxygen molecules to 

oxygen ad-atoms, followed by their ionization to oxygen ions by uptake of electrons from the 

oxide. Oxygen ions diffuse – either via an oxygen vacancy or interstitial diffusion mechanism 

- to the opposite side of the membrane, which is counterbalanced by transport of electronic 

charge carriers. Upon arrival at the membrane surface at the low pO2 side, the reverse 

exchange reactions occur [25] 

.   

 
 

Figure 1.7 Schematics of an OTM membrane [26] 

       (a)                 (b) 
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The slowest step in overall oxygen transport is referred to as the rate-limiting step, 

depending on material, operating conditions and thickness of the membrane. If oxygen 

transport is controlled by bulk diffusion, the oxygen flux (jO2) can be described by the 

Wagner equation, 

 

2

''Oln

'Oln ionel

ionel
222 Oln

4
O

2

2

pd
LF

RTj
p

p
∫ +

−=
σσ
σσ                   (1.3) 

 

where F is the faraday constant, L the membrane thickness, R the universal gas constant, T the 

absolute temperature, and σel and σion are the partial electronic and ionic conductivity, 

respectively.   pO2
′  and   pO2

′′  are the oxygen partial pressures maintained at the high and low 

pO2 side of the membrane, respectively. A changeover in rate-limiting step occurs, from bulk 

diffusion to surface-exchange, upon decreasing the membrane thickness below a characteristic 

thickness, Lc, [25]. Lc is given by  

 

  
Lc =

Ds

k
                   (1.4) 

 

where Ds and k are the self-diffusion and surface exchange coefficient, respectively [25]. The 

influence of membrane thickness on oxygen flux is shown In Figure 1.8. When the surface 

exchange rate balances the rate of oxygen diffusion the value of L/Lc = 1. At values of L/Lc >> 

1, the flux can be described by the Wagner equation for bulk diffusion (eq. (1.3)). For values 

of L/Lc << 1 this equation is no longer valid as overall oxygen transport is dominated by 

surface exchange kinetics [25]. Hence, decreasing the thickness below Lc only leads to a 

marginal increase in oxygen flux. 
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Figure 1.8 Thickness dependence of the normalized oxygen  flux j’O2. 

 

1.3 Preparation of dense ceramic oxide membranes 

 

1.3.1 Synthesis of ceramic oxide powders 

A significant number of methods are known for the synthesis of oxide powders. Well-

known methods are briefly discussed in this section. 

 

Solid state reaction: This method involves mechanical mixing, e.g., by ball milling, of metal 

oxides, oxalates, carbonates, hydroxides or salts in appropriate stoichiometric amounts, and 

firing at high temperature. Typically firing is done at two third of the melting point of the 

desired product.  Usually multiple grinding and calcination steps are necessary to improve 

chemical homogeneity of the obtained powder. Furthermore, the wide particle size 

distribution of the powder obtained via solid-state reaction often leads to poor sintering 

characteristics [27,28]. 

 

Co-precipitation: This is one of the oldest methods. The term co-precipitation is used when 

two or more metal salts are precipitated simultaneously. Insoluble metal salts such as 

hydroxides, oxalates, carbonates and oxides precipitate, following the addition of a substance 

or solution that causes the mixed salt to form. Parameters such as mixing rate, pH and 

temperature have a significant influence on obtaining the desired product. A careful control of 

these parameters is a key issue to prevent a deficiency of one of the components in the 

product [28]. The precipitate is washed, dried and, subsequently, calcined to obtain the oxide 
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powder. Typically, the particle size of the powder ranges from a few nanometers to several 

tens of nanometers, with a narrow particle size  distribution of a few nanometer. The 

complexity of the co-precipitation method increases with the number of cations in the desired 

product [29].       

 

Sol-gel synthesis: The sol-gel synthesis has been developed since 1948 and offers high purity 

and excellent composition control of the final product [28]. Metal-alkoxides are popular 

precursors because of their high reactivity with water. This hydrolysis reaction leads to metal 

hydroxyls in which the amount of water added determines whether this reaction goes to 

completion or not. Assuming a water-deficient system, the partially hydrolyzed molecules can 

react with each other in a condensation reaction [30]. These polymerization reactions lead to a 

gel that can be dried by heating, milled and subsequently annealed to form the desired oxide 

powder. A second, well-known, route for sol-gel synthesis is the EDTA/citrate complexation 

route. In this route, metal ions form a complex with an aqueous solution of EDTA and citric 

acid. Upon evaporation of water gelation of the metal complexes occurs. Subsequent thermal 

decomposition of the gel followed by annealing leads to the formation of the desired oxide 

material [28]. 

 

Hydrothermal synthesis: This method is based on solvothermal processing. In this process, 

solvents are heated to temperatures well above their boiling temperature by an increase in 

pressure. When using water as solvent the process is referred hydrothermal synthesis. Typical 

temperatures are between the boiling point of water at 1 atm (100 °C) and its critical point at 

218 atm (374 °C). Under these, so-called, supercritical conditions chemical reactions can be 

performed using chemicals that are under normal conditions less soluble in water, leading to 

the desired product [29, 31]. Hydrothermal synthesis can also be used for sol-gel synthesis, 

where the particle size distribution needs to be controlled [28, 31].  Hydrothermal synthesis 

offers a low-temperature route towards preparation of sub-micrometer fine oxide powders, 

without milling and calcination steps. A key advantage in this type of synthesis is the 

extensive range of ceramic powders that can be produced using materials, which are generally 

inexpensive. However, expensive auto-claves are necessary for the synthesis [31].  

 

Spray pyrolysis: This technique comprises the rapid evaporation of the solvent of a precursor 

solution of metal salts. The metal ion solution is pumped through a nozzle and atomized by 
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pressurized air [32]. The formed droplets are sprayed into a furnace or on a hot plate. In this 

process an amorphous powder is formed with a homogeneous distribution of metal-oxides 

and/or metal-carbonates. After an additional annealing step, a single-phase ceramic powder is 

obtained with a particle size in the submicron range [28,32]. Besides the conventional spray 

pyrolysis technique more advanced techniques are reported. Examples are citric acid-assisted, 

salt-assisted, low pressure and flame-assisted spray pyrolysis. However, descriptions of these 

techniques are outside the scope of this introduction. 

 

Auto-combustion synthesis: In this synthesis route the main step is a thermally induced redox 

reaction between an oxidant and a fuel [33]. An aqueous solution of metal nitrates is 

commonly used as metal-ion source. To ensure that the different metal ions are 

homogeneously distributed throughout the bulk of the precursor solution, a complexing agent 

is used. Upon evaporation of water a gel is formed which self-ignites at a sufficiently high 

temperature. The raw powder is annealed, leading to the formation of the desired oxide 

material. An in-depth description of this synthesis technique is provided in Chapter 2 of this 

thesis. 

 

1.3.2 Membrane preparation 

After obtaining a phase-pure oxide powder the next step is to obtain geometries 

suitable for membrane applications. For unsupported (symmetric) membranes, moulds are 

used to press green discs. A typical example of a mould is shown in Figure 1.9.a) and consists 

of a bottom plate, cylinder and a piston to increase the pouring density of the powder upon 

applying uniaxial pressing. Green discs are typically obtained at 50 MPa followed by isostatic 

pressing at 400 MPa. Following this procedure, an average relative green density of 

approximately 60 % is obtained. Subsequently, samples must be sintered to achieve a relative 

density in excess of 95 % for gas tightness. 
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(a) (b) 

   
 

Figure 1.9 a) Typical mould for obtaining green discs or cylinders and b) an example of a 

pressed green disc. 

 

When the thickness, L, of the membrane is smaller than 100 μm the membrane needs 

to be supported by using a porous support to assure mechanical stability [34]. Conveniently, 

this supported membrane assembly is referred to as an asymmetric membrane. A well-known 

technique for the large-scale fabrication of ceramic substrates and asymmetric membranes is 

tape-casting [35,36]. In this technique, a container is filled with a slurry containing a well-

characterized ceramic powder mixed with a solution of dispersant(s), binder(s) and 

plasticizer(s). Depending on whether a porous layer or dense layer needs to be the final 

product, a pore former is added. At the bottom of the slurry container a well-defined casting 

gap can be set by adjusting the position of the Doctor blade above the casting table 

(substrate), as shown schematically in Figure 1.10. When either the container or the substrate 

is moved, a casted tape is made. After drying, the binder provides strength to the green tape. 

The plasticizer softens the binder in the dried tape, providing flexibility of the tape [35,36]. 

From the green tape, any shape can be cut or punched out. For the decomposition of the 

organic components in the green tape, samples are annealed and, subsequently, sintered to 

obtain the desired ceramic structures. The thickness of the layer after sintering depends on the 

properties of the slurry an on numerous intrinsic parameters [36]. This is, however, beyond 

the scope of this introduction. 
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Figure. 1.10 Principle of the tape casting process [36] 

 

In the tape casting process there are two routes to obtain an asymmetric structure: In 

the first route a slurry, containing a pore former, is casted and dried. This is followed by tape 

casting a thin second layer of ceramic slurry. This second layer of slurry does not contain any 

pore former and is intended to be the membrane layer. In the second route this process is 

reversed. First the thin layer is casted followed by a thicker layer of slurry containing a pore 

former. The second route is preferable since it is possible to obtain large, defect free, 

membranes [37]. Figure 1.11a) shows and example of a tape-casting experimental set-up and 

b) a tape casted tape and a punched-out disc, ready for sintering. A drawback of the casting 

technique is the difference in thermal expansion of the porous support and membrane layer 

during sintering, which can cause severe deformation and cracking due to tension build-up in 

the structure. 

 

(a) (b) 

    
 

Figure. 11. (a) An example of a tape-casting experimental set-up and (b) a tape-casted green 

tape and disc. 
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1.4 Scope of this thesis 

The objective of the research described in this thesis is to contribute to the 

development of novel perovskite-type oxide-materials as oxygen transport membranes (OTM) 

and to investigate integration of these OTMs in membrane reactor concepts where partial 

oxidation of methane (POM) is performed.  

 

In Chapter 2 a versatile one-pot auto-combustion route for the synthesis of SrTi1-xFexO3-δ 

(STF) powders, using ethylene-diamine-tetra-acetic acid (EDTA) and citric acid (CA) as 

combined chelating agents is described. 

 

In the Chapters 3 and 4 creep data and possible creep mechanisms of Ba0.5Sr0.5(Co0.8Fe0.2)1-

xZrxO3-δ (BSCF·Zr) and STF are presented. In these compositions the zirconium and titanium 

fraction were varied, respectively. The temperatures and stresses used in these measurements 

are representative for POM reaction conditions. 

 

Chapter 5 shows the results of oxygen permeation measurements on symmetric membranes. 

STF was characterized regarding their functionality and manufacturing related properties. 

Hence, the influence of the partial substitution of Ti by Fe on stability, sintering properties 

and thermal and chemical expansion of STF was investigated.  

 

In Chapter 6 the results are presented of educational research. The context of the work 

presented in the previous chapters of this thesis fit excellently in the new Dutch chemistry 

education examination program as set by the Ministry of Education. In this work a student 

module was written and used to teach students basic concepts and to investigate what students 

learn in cooperative learning using a research-industrial context. 

 

Finally, in Chapter 7, recommendations for further research are given. 
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Auto-combustion synthesis of perovskite-type oxides 

SrTi1-xFexO3-δ 

 
Abstract 

A versatile one-pot auto-combustion method for the synthesis of powders of iron-doped 

strontium titanate, SrTi1-xFexO3-δ, has been developed. The synthesis is optimised by the 

combined use of EDTA and citric acid as chelating agents, and an appropriate balance 

between fuel and oxidising elements in the reaction mixture. The method produces 

immediately an almost phase-pure perovskite oxide powder, with an ultra-fine crystallite size 

of 20-40 nm, and with a low level of organic residues. Highly sinter-active powders are 

obtained after calcination and ball-milling of the powders.  
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2.1 Introduction 

The non-stoichiometric perovskite oxides SrTi1-xFexO3-δ (STF) are presently 

extensively investigated. The STF materials are good mixed ionic-electronic conductors [1-3], 

while other functional properties such as stability in reducing atmospheres, creep, and 

stability in CO2-containing atmospheres can be tuned by Ti/Fe ratio. Especially the 

compositions with high Fe concentrations exhibit fast oxygen surface exchange and transport 

kinetics, which render them as viable candidates for use as cathode for solid oxide fuel cells 

(SOFCs) [4], and as dense ceramic membrane for oxygen separation [2]. 

STF is known to form a continuous solid solution between the two end members 

SrFeO3-δ and SrTiO3 over the whole composition range 0 < x < 1 [5]. At high temperatures, 

all compositions in the series SrTi1-xFexO3-δ adopt the cubic perovskite structure (space group 

 Pm3m ). While the end-member SrFeO3-δ undergoes a structural phase transition to the 

ordered orthorhombic brownmillerite SrFeO2.5 phase below ~800-900 °C [6], substitution of 

Ti as low as x = 0.01, is sufficient to prevent this transition [5].  

STF powders are typically synthesized by solid-state reaction, in which a 

stoichiometric mixture of solid reactants, e.g. carbonates, hydrates, oxalates or nitrates, is 

calcined at elevated temperature [1,7-9]. Multiple grinding and calcination steps are necessary 

to improve chemical homogeneity of the powder. The wide particle size distribution of the 

powder obtained via solid-state reaction often leads to poor sintering characteristics [1, 8]. 

Intimate mixing of reactants on a molecular level on the other hand is a key benefit of wet 

synthesis methods. Examples of wet synthesis methods include co-precipitation [10, 11], 

hydrothermal synthesis [12,13], solvent vaporization (spray drying, spray pyrolysis, and 

freeze drying), and combustion synthesis methods [14-16]. In general, these methods yield 

powders with higher compositional uniformity, smaller particle size and larger surface area 

than those prepared by solid-state reaction.  

Combustion synthesis routes are inspired by the work of Pechini [15], in which citric 

acid and ethylene glycol are added to an aqueous solution of suitable metal salts or oxides, 

taken in appropriate proportions. Gelation occurs upon solvent evaporation due to poly-

condensation of the citric acid and ethylene glycol. Immobilisation of the metal citrate 

complexes in the gel prevents precipitation of the cations, ensuring that the chemical 

homogeneity is retained in the precursor solution during drying [17]. After drying, the gel is 

fired at elevated temperature to obtain a finely dispersed powder of metal oxides and/or metal 
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carbonates [18]. A phase-pure ceramic powder is obtained after calcination at a suitable 

temperature.  

Alternatively, in modified Pechini synthesis routes, different chelating or combined 

chelating agents are employed [19]. The synthesis typically consists of four steps: (i) 

formation of organometallic complexes in solution, (ii) solvent evaporation and gel formation, 

(iii) auto-combustion (pyrolysis) followed by (iv) a heat treatment of the obtained powder 

[20,21]. Among several chelating agents, ethylene-diamine-tetra-acetic acid (EDTA) and 

citric acid (CA) are used most frequently [11, 20]. Due to its higher chelating power, a far 

more extensive range of cations can be chelated with EDTA compared to CA [22]. Possessing 

three carboxyl groups and one hydroxyl group, however, CA is the chelating agent with the 

stronger gelation ability [23]. The sole use of CA as chelating agent, however, may result in a 

highly exothermic, non-uniform combustion reaction, adversely affecting the morphology of 

the powder [24]. For these reasons CA and EDTA are often employed as combined chelating 

agents [20,23,25,26].  

In this work, we have developed a versatile one-pot auto-combustion route for the 

preparation of SrTi1-xFexO3-δ (STF) powders, using EDTA and citric acid as combined 

chelating agents. The synthesis is exemplified by the preparation of SrTi1-xFexO3-δ with x = 

0.3, x = 0.5 and x = 0.7 (abbreviated as STF30, STF50, and STF70, respectively). Water-

soluble nitrates are used as precursors for strontium and iron, while titanium (IV) n-propoxide 

dissolved in ethanol is used as precursor for titanium. 

 

2.2 Experimental 

Synthesis of STF powders was carried out following the scheme as depicted in Figure 

2.1. High purity (> 99%) Sr(NO3)2, Fe(NO3)3.9H2O, citric acid (CA, C6H8O7), ethylene-

diamine-tetra-acetic acid (EDTA, C10H16N2O8), and titanium (IV) n-propoxide, (Ti(OC3H7)4) 

were purchased from Sigma-Aldrich, Inc. In beaker 1, Ti(OC3H7)4 was dissolved in dry 

ethanol in a glove box under dry N2 conditions. Beaker 2 contained a solution of EDTA in Q2-

distilled water brought to a pH of 5.5 by the addition of concentrated NH4OH (30 vol%, 

Sigma-Aldrich, Inc.). In beaker 3, stoichiometric proportions of strontium and iron nitrates 

were dissolved in Q2-distilled water. The EDTA solution (beaker 2) was added to the titanium 

(IV) n-propoxide solution (beaker 1) under vigorously stirring followed by the addition of the 

metal nitrate solution (beaker 3). Next, CA powder was added to beaker 1 up to a CA /total 

metal molar ratio of 1.5. In selected experiments only EDTA or CA was used as chelating 
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agent. In all cases the total chelating agent : total metal molar ratio was maintained at 2.5 : 1. 

The pH of the precursor solution was re-adjusted to a value of 7 with NH4OH (30 vol%, 

Sigma-Aldrich, Inc.) before splitting of the solution into smaller batches. Each batch 

comprised an amount equivalent to produce approximately 3.5 gram of powder, and was 

transferred to a tall glass beaker (2 L borosilicate 3.3). The amount of oxidizer NH4NO3 

(Sigma-Aldrich) added to the precursor solution was varied in different experiments to study 

its influence on combustion characteristics. After addition of NH4NO3, the precursor solution 

was heated on a ceramic hot plate, set to 350 °C, until a vigorously boiling gel was obtained. 

Upon further heating, a foam-like structure developed which eventually self-ignited. The 

temperature of the gel and that of the gas phase just above the gel during combustion were 

monitored using K-type thermocouples. These were positioned just below and ~10 cm above 

the (initial) surface of the precursor solution, respectively, and were connected to a data 

logging device with a measuring frequency of 1 Hz. The beaker containing the precursor 

solution was covered with a stainless steel wire screen (100-mesh) to prevent undesired 

powder loss during combustion. The obtained flakes were crushed with a single zirconia ball 

(ø 52 mm) to obtain a raw powder with a high pouring density.  

The powders were heat treated in air for 12 h either at 300, 500, 700, 900, or 1100 °C, 

using heating and cooling rates of 5 °C·min-1. Powder X-ray diffraction patterns were 

obtained using a Bruker D2 Phaser with Cu-Kα radiation (λ = 1.54184 Å). The XRD patterns 

were fitted by a Monte Carlo and grid search using the X’Pert Highscore Plus software 

package (PANalytical, version 3.0e). Powder samples were imaged using a JEOL JSM-

6010LA analytical scanning electron microscope (SEM), operated at an acceleration voltage 

of 5 kV. 

Raw powders obtained from synthesis were studied by thermogravimetric analysis 

(TGA) using a Netzsch STA 449 F3 Jupiter. The measurements were performed on 10 mg of 

the sample enclosed in an α-Al2O3 crucible under a flow of synthetic air (70 ml·min-1 (STP)), 

using heating and cooling rates of 10 °C·min-1.  

To investigate the sintering activity of the powder, dilatometric measurements 

(Netzsch dilatometer 402 C) were performed on green rectangular bars in the temperature 

range 25 - 1400 °C, using heating and cooling rates of 2 °C·min-1. Prior to these 

measurements, the powders were calcined at 950 °C for 12 h in stagnant air and ball-milled in 

ethanol for 48 h. Green rectangular bars (15 × 4 × 4 mm3) were obtained by uniaxial pressing 

at 50 MPa followed by isostatic pressing at 400 MPa. 
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2.3 Results and discussion 

 

2.3.1 Precursor solution 

Metal nitrates are widely used as precursors in aqueous synthesis routes [27]. Due to 

its high volatility at room temperature, however, titanium nitrate is less suitable as precursor 

[28]. For this reason, titanium (IV) n-propoxide dissolved in dry ethanol (beaker 1) was used 

in this study as precursor for titanium. After addition of the content of beaker 2, containing 

the aqueous solution of the EDTA with a pH of 5.5, a white turbidity (due to precipitation of 

Ti(OH)2) appeared in the solution, disappearing within less than about 10 s, upon which the 

solution became colourless and transparent again.   

Condensation of metal alkoxydes following hydrolysis by water can occur via two 

basic processes: (i) via the formation of hydroxy-bridges between the metal centres (olation) 

or (ii) via the formation of more stable oxo-bridges (oxolation) [29]. Whether olation or 

oxolation occurs will depend strongly on the pH of the solution. In a test experiment, first Q2-

distilled water with a pH of 11.8 was added to the solution of titanium (IV) propoxide in dry 

ethanol (beaker 1). Immediately, a white precipitate was formed. Next, EDTA in the form of 

powder was added to the solution, but the precipitation persisted even after stirring at 65°C 

for 24 h. This simple experiment demonstrates that it is important to control the pH of the 

solution in which hydrolysis and condensation of the titanium (IV) n-propoxide precursor 

occurs. 

Some precipitation was observed after the addition of the aqueous solution of iron and 

strontium nitrates (beaker 3). Addition caused a drop in the pH of the solution, lowering the 

EDTA solubility. Readjusting the pH to ~7 by adding NH4OH dissolved EDTA again, upon 

which a dark brownish solution was obtained. Unless specified otherwise, the CA : EDTA 

molar ratio during synthesis was 1.5 : 1, while the total chelating agent : total metal molar 

ratio was 2.5. After addition of CA, NH4OH was again used to readjust the pH to ~7 (Figure 

2.1). Subsequently, the precursor solution was divided into smaller batches for further 

processing.  
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2.3.2 Combustion characteristics 

 Traditionally, the constitution of a combustion reaction mixture is expressed in terms 

of the oxidizer-to-fuel ratio, φ , which quantity is referred to as the equivalence ratio [30]. 

This concept is however less useful when the fuel molecules contain oxidizer elements and/or 

the oxidizer molecules contain fuel elements. Combustion reactions are redox reactions and, 

hence, oxidation numbers can be used to determine which elements in the reactant mixture act 

as an oxidizer, and which act as a fuel (i.e., reductor). In this study, the method proposed by 

Jain et al. [30] was pursued by calculation of the so-called elemental stoichiometric 

coefficient for a given combustion reaction mixture: 

 

 

  

φe = −
zinO,i

i

reaction mixture

∑

z jnR, j
j

reaction mixture

∑
  (2.1) 

where  nO,i and nR,j are the number of moles of oxidizing and reducing (fuel) elements in the 

reaction mixture, respectively, whilst zi and zj are their corresponding valences. Under 

stoichiometric conditions, the total number of oxidizing elements, i.e., oxygen, and reducing 

elements, such as carbon, hydrogen, and iron, in the reaction mixture are balanced, i.e., ϕe = 1. 

In calculation, the following valences were taken: z(O) = -2, z(H) =1; z(C) =4, z(Sr) = +2; 

z(Ti) = +4; z(Fe) = +3; z(N) = 0. These correspond to the valences in the products of the 

combustion reaction. It was further assumed that ethanol in the precursor solution was 

evaporated before the actual combustion reaction took place.  

Assuming complete combustion to CO2, H2O and N2, the overall stoichiometric 

reaction for the formation of, for example, SrTi0.5Fe0.5O3-δ (STF50) at a CA : EDTA ratio of 

1.5 can be written as 

 

 

  

Sr NO3( )2
+ 0.5 Fe NO3( )3

+ 0.5 Ti OC3H7( )4

+ 2 C10H16N2O8(EDTA) + 3 C6H8O7 (CA) + 76.5 NH4NO3 →

SrTi0.5Fe0.5O3+ 44 CO2(g) + 188 H2O(g) + 80.25 N2(g)

  (2.2) 
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Hence, in this case 76.5 moles of oxidizer NH4NO3 per mole of product are required to 

achieve a stoichiometric balance of fuel and oxidizer. For a fuel-rich composition of the 

reaction mixture, O2 from the gas phase will be required to achieve complete combustion.  

To ensure complete combustion during synthesis of the different STF compositions an 

overstoichiometric amount of oxidizer NH4NO3 was added to the reaction mixture 

corresponding to a value for ϕe of 1.25. Gelation occurred after evaporation of the water, and 

in all cases the dried nitrate-citrate gels exhibited self-propagating combustion. Figure 2.2 

shows the typical evolution of the temperature in the gel core and just above the gel with time 

during combustion synthesis of STF50.  

 

 

Figure 2.2 Typical evolution of the temperature in the core of the gel and in the gas phase just 

above the gel with time during combustion synthesis of STF50.  

 

The results show that under the conditions of the experiment the onset of ignition 

occurs at a gel temperature of ~220 °C, while the combustion is completed within about 50 s. 

The temperature in the core and above the gel reaches as high as ~800 °C and ~1100 °C, 

respectively. The data will depend on the exact positioning of the thermocouples in the glass 

beaker and the extent of swelling of the gel, and therefore should be taken with some care. 

The combustion was found to propagate like a wave through the gel. High local temperatures 

are maintained only for a short time and may lead to incomplete combustion. Some non-

combusted gel was indeed observed at the wall of the glass beaker after the combustion 
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reaction when only EDTA was used as chelating agent, while the combustion was considered 

too violent when only CA was used as chelating agent.  

Figure 2.3a shows TGA patterns of the as-synthesized STF50 powder or ash obtained 

from synthesis using either EDTA or CA as chelating agent or using them as combined 

chelating agents (in a ratio of CA : EDTA of 1.5). Data of mass spectroscopic analysis of the 

evolved gases in the effluent of the TGA indicates that up to ~150 °C (region A) mainly 

desorption of water and some organic species takes place, whilst the burn out of remaining 

organics occurs between 150 °C and 650 °C (region B). The temperature regions C, D and E 

are dominated by reversible oxygen non-stoichiometry changes of STF50 [31]. It is clear from 

Figure 2.3a that the smallest fraction of organics in the as-synthesized powder remains when 

during its synthesis CA is used as chelating agent, which is followed by the powder obtained 

from synthesis using EDTA and CA as combined chelating agents, and that using solely 

EDTA as chelating agent.  

In additional synthesis experiments, the amount NH4NO3 added to the reaction mixture 

was lowered to values for ϕe of 1 and 0.4, maintaining the CA : EDTA molar ratio at 1.5. The 

lower amount of oxidizer expectedly decreased the intensity of the combustion process, and 

led to a more incomplete combustion as quantified by subsequent TGA analysis of the 

powders obtained. As can be judged from the corresponding weight losses in Figure 2.3b, the 

combustion efficiency is found to decrease with lowering ϕe. 

Based upon above observations, it was decided to prepare powders of the other STF 

compositions using combustion reaction mixtures having a ϕe of 1.25, while using CA and 

EDTA as combined chelating agents (in a ratio of CA : EDTA of 1.5). Although the lowest 

organic residue in this work was found in the ash produced using solely CA as chelating 

agent, the combustion reaction with CA was considered too violent. TGA registered a weight 

loss of 8-9 % for the powder obtained from the synthesis using CA and EDTA as combined 

chelating agents (Figure 2.3a). This value is favourably low when compared with weight 

losses between 22 and 50 % as reported for powders from combustion syntheses of related 

perovskites oxides [14,26,32-34]. 
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(a) 

 

(b) 

 

 

Figure 2.3 TGA patterns during heating and cooling of as-synthesized STF50 powder 

prepared by using (a) CA, EDTA or (EDTA + CA) as chelating agents (at ϕe =1.25), and (b) 

at different values for ϕe  (at EDTA : CA molar ratio of 1.5). Regions A-E are explained in the 

main text. 
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2.3.3 Powder characteristics and sintering behaviour 

XRD patterns were recorded for as-synthesized STF powders before, and after 

calcination in air at different temperatures, as shown for STF50 in Figure 2.4. A small peak at 

2θ = 25° is assigned to an unknown impurity phase. It is no longer found to be present in the 

XRD pattern of the powder obtained after calcination at 700 °C. Similarly low calcination 

temperatures were required to obtain phase pure powders of STF30 and STF70. Indexing of 

the XRD patterns confirms that all STF compositions adopt the cubic perovskite structure 

with cell parameters 3.8936(8) Å, 3.8910(2) Å and 3.8831(2) Å for STF30, STF50 and 

STF70, respectively, in good agreement with literature data [2,35].  

 

 
 

Figure 2.4 XRD patterns of as-synthesized STF50 powder (A) before, and after 12 h of 

calcination in air at (B) 300 °C, (C) 500 °C, (D) 700 °C, (E) 900 °C, and (F) 1100 °C. 

 

Typical SEM micrographs of the ceramic powders obtained after calcination at 

different temperatures are given in Figure 2.5. These show porous, agglomerated structures 

with an estimated particle size between 10 and 100 m. The pictures clearly evidence 

densification of the grains in the temperature range between 700 and 900 °C along with pore 

coarsening.   
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(a) 
 

(b) 
 

  
(c) 
 

(d) 
 

  
 

Figure 2.5 SEM micrographs of as-synthesized STF50 powder calcined at (a) 500 °C, (b) 700 

°C, (c) 900 °C, and (d) 1100 °C. 

 

The crystallite size, dc, of the STF powders after calcination at different temperatures 

was estimated from the (110) reflection at 2θ of about 32.3°, using the Scherrer equation 

 

 
  
dc =

kλ
β cosθ

 (2.3) 

where k (= 0.94) is the Scherrer constant, λ (= 1.54184 Å) is the wavelength of Cu-Kα 

radiation, θ is the Bragg angle, and β is the full width at half maximum of the (110) reflection. 

Corresponding results are displayed in Figure 2. 6. 



Auto-combustion synthesis of perovskite-type oxides SrTi1-xFexO3-δ 

200 400 600 800 1000 1200

20

40

60

80

100
 STF70
 STF50
 STF30

 

d c (
nm

)

T (°C)  
 

Figure. 2.6 Apparent crystallite size of STF powders as a function of temperature. Data 

calculated by means of the Scherrer equation (Eq. 3) using the (110) reflection of STF 

powders calcined at different temperatures. The dashed lines are a guide to the eye. 

 

The results confirm that nano-sized crystallites (20-40 nm) are obtained from synthesis, and 

that densification and grain growth is initiated around 800 °C. The sintering behaviour of STF 

was further examined by dilatometric measurements. Figure 2.7 shows the densification 

behaviour for the three STF compositions. The results confirm that sintering starts around 800 

°C, which is consistent with the SEM observations and the results obtained from the Scherrer 

equation. As shown in Fig. 7b, maximum sintering rates are between 1120 °C (STF70) and 

1180 °C (STF30). These temperatures are 120-150 °C lower than those observed for STF 

powders prepared by the method of solid-state reaction [37]. For STF70 some swelling is 

observed in the final stage of the sintering process. The swelling is related with oxygen 

nonstoichiometry changes with increase of temperature, and is due to the building up of high 

pressures in sub-micron pores [37]. As this is beyond the scope of this research, the 

observation was not further investigated.   
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(a) 

 

(b) 

 

 

Figure 2.7 (a) Linear shrinkage and (b) linear shrinkage rate as a function of temperature 

during sintering of green compacts of STF in air.  The dashed vertical lines in (b) denote the 

maximum shrinkage rate temperature. 

 

 

0 200 400 600 800 1000 1200 1400
-0.16

-0.12

-0.08

-0.04

0.00

 STF70
 STF50
 STF30

dL
/L

0 (
-)

T (oC)

400 600 800 1000 1200 1400

0.0016

0.0012

0.0008

0.0004

0.0000

 STF70
 STF50
 STF30

Sh
rin

ka
ge

 ra
te

 (m
in

-1
)

T (oC)



Auto-combustion synthesis of perovskite-type oxides SrTi1-xFexO3-δ 

2.4 Conclusions 

In this work, combustion synthesis has been successfully employed for the preparation 

of powders of the perovskite oxide SrTi1-xFexO3-δ (STF). This synthesis method represents an 

alternative to the solid-state reaction method conventionally used for the preparation of STF 

powders. The synthesis is optimised by the combined use of EDTA and citric acid as 

chelating agents, and an appropriate balance between fuel and oxidising elements in the 

reaction mixture. Combustion is found to produce an almost phase-pure perovskite oxide 

powder with an ultra-fine crystallite size (20-40 nm), and with a low level of organic residues. 

Highly sinter-active powders are obtained after calcination and ball-milling of the powders.  
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Creep behaviour of perovskite-type oxides 

Ba0.5Sr0.5(Co0.8Fe0.2)1-xZrxO3-δ 

 
Abstract 

Compressive creep tests have been performed on perovskite-type oxides 

Ba0.5Sr0.5(Co0.8Fe0.2)1-xZrxO3-δ (BSCF-Z100 ⋅ x), where x =  0.01, 0.03, 0.05 and 0.1, for the 

use as oxygen transport membrane, in air at 800-950 °C and at nominal stresses of 30 MPa 

and 63 MPa. X-ray diffraction and microstructural observations support a solid solubility limit 

of ZrO2 between 0.03 < x < 0.05. Zr substitution of (Co,Fe) in BSCF is found to suppress 

grain growth significantly, which is attributed to a solute and/or particle drag (Zener pinning) 

mechanism. Observed activation energies and stress exponents point to diffusional creep as 

the predominant mechanism for creep in BSCF-Z100 ⋅ x ceramics, at T ≥ 850 °C. This is 

further supported by the fact that the grain-size-normalized steady-state creep rate varies little 

for the different BSCF-Z100·x compositions. It was confirmed that Zr substitution does not 

significantly affect the thermal hysteresis of the creep behaviour. 
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3.1 Introduction 

The perovskite-type oxide Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) has been intensively 

investigated for its potential use as oxygen transport membrane (OTM). Thin film asymmetric 

(supported) membranes prepared from BSCF have been found to exhibit unprecedentedly 

high oxygen fluxes [1,2]. However, the material suffers from stability issues related to its 

decomposition at moderate temperatures (below ~ 850 °C) [3] and a limited mechanical 

stability [4], noting that a long-term reliability of performance is required that is measured in 

years [5,6]. One of the critical mechanical parameters is creep as it can lead to structural 

instability and tensile failure already under low stress exposure [7]. In general, creep 

behaviour is affected by extrinsic and intrinsic parameters, such as stress, temperature and 

grain size. Data on the dependence of creep on these parameters give important information 

on the underlying creep mechanism, but also influence design criteria for OTM membranes. 

Data on the creep properties of various membrane candidate materials can be found in 

Lipinska et al. [8]. 

The compressive creep behaviour of BSCF has been investigated by Yi et al. [9] and  

Rutkowski et al. [4,10]. Both groups of authors have reported creep deformation of BSCF in 

the temperature range from 800 to 950 °C to be dominated by cation diffusion via the oxide 

lattice (bulk) and along grain boundaries. A profound increase of the creep rate is observed 

above ~850 °C, below which temperature a sluggish decomposition of BSCF occurs into 

cubic and hexagonal polymorphs. Both cited groups of authors conclude that the presence of 

hexagonal polymorphs significantly enhances the material’s creep resistance. The amount of 

secondary phases in BSCF is found to depend strongly on the thermal history of the material 

[4,10,11]. Since the cubic phase is the thermodynamically stable phase above 850 °C, thermal 

cycling gives rise to a pronounced hysteresis in the creep behaviour of BSCF. 

The phase instability of BSCF below the critical temperature of ~850 °C as well as its 

detrimental effect on oxygen transport properties have been studied by different researchers 

[2,12-14]. In general, the results confirm that grain boundaries and/or imperfections, such as 

cobalt oxide precipitates, serve as sites for nucleation and growth of secondary phases. Using 

transmission electron microscopy (TEM) techniques, Mueller et al. [13] observed a 

decomposition of BSCF into hexagonal 2H-Ba0.5+xSr0.5-xCoO3-δ, and a (relative to pure BSCF) 

Ba- and Co-depleted cubic perovskite-type phase Ba0.5-xSr0.5+xCo0.6Fe0.4O3-δ. Efimov et al. 

[15] suggested hexagonal 2H-Ba0.6Sr0.4CoO3-δ and a lamellar, non-cubic phase Ba1-xSrxCo2-

yFeyO5-δ as main decomposition products. Extended investigations by Müller et al. [16] 



identified the latter phase as an intergrowth compound, Bam+1ComO3m+3 (Co8O8), m ≥ 2 

(denoted by BCO), consisting of CdI2-type CoO2 and perovskite layers. Regions with a plate-

like morphology were identified, consisting of a random arrangement of cubic (with a small 

departure of the original BSCF composition), hexagonal, and BCO-type phases.  

Several groups have demonstrated that the undesired phase decomposition of BSCF 

below ~850-900 °C can be avoided by partial substitution of (Co, Fe) by redox-stable cations 

such as Nb, Y, and Zr, albeit at the expense of the magnitude of the oxygen flux [17-20]. The 

rational behind these substitutions is Goldschmidt’s theory as to the relative stability of cubic 

and hexagonal perovskite structures [14], and to avoid a significant increase in the oxygen 

stoichiometry, and hence in lowering of the average oxidation state and concomitant change 

in the radii of the constituent cations upon lowering the temperature (or increasing the 

ambient oxygen partial pressure). Recently, it was suggested that the introduction of 3 mol% 

ZrO2 would be sufficient to prevent decomposition of BSCF [20]. No sign of performance 

degradation was found in data of electrical conductivity and conductivity relaxation curves 

recorded at 800 °C and pO2 of 1 atm over 260 h. A follow-up study conducted by Ravkina et 

al. [21], however, demonstrated oxygen permeation fluxes to decline with time when these 

are recorded at 750 °C.  

Mechanical characterization of this composition manufactured by extrusion regarding 

creep and strength revealed that the thermo-mechanical characteristics of BSCF and BSCF-Z3 

mostly agree [11,22].  

The aim of the current study is to investigate the influence of partial substitution of 

(Co,Fe) by Zr on the creep behaviour of BSCF. The creep measurements include 

compositions beyond the solubility limit of the Zr-dopant in BSCF to study the effect of 

second phase impurities in the grain boundaries.  

 

3.2 Experimental 

Ba0.5Sr0.5(Co0.8Fe0.2)1-xZrxO3-δ (BSCF-Z100 ⋅ x) powders with x =  0.01, 0.03, 0.05, and 0.10 

were prepared using a spray pyrolysis technique (CerPoTech, Norway). The as-received 

powders were ball-milled in ethanol and calcined at 900 °C for 6 h in air. The phase 

composition of the calcined powders was assessed by X-ray powder diffraction (Philips 

X’Pert PW3020) with Cu Kα radiation at room temperature. No evidence of second phase 

formation was found. Green cylinders were obtained by uniaxial pressing at 50 MPa followed 
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by isostatic pressing at 400 MPa. These were subsequently sintered at 1120 °C for 30 h in air 

to a relative density of more than 95 %. Additional annealing studies of BSCF-Z100·x were 

performed at 850 °C for 336h in air in order to investigate the phase stability at this 

temperature.  

For creep tests, the sintered cylinders were machined to a length of ~12 mm and a 

diameter of 6 mm, and their end faces parallelized by grinding in order to minimize surface 

effects and superimposed bending by misalignments. Compressive creep tests were performed 

in ambient air, using an Instron 1362 electromechanical testing machine equipped with a high 

temperature furnace, under a constant uniaxial load, corresponding to nominal stresses at 30 

and 63 MPa. The samples were mounted between two alumina push rods. A linear variable 

differential transformer (LVDT, Sangami) with range ± 1 mm and precision 1.25 μm was 

used for the vertical displacement measurement. The load was controlled with a 10 kN load 

cell (Interface 1210 ACK), while the temperature was monitored with a K type thermocouple 

located near the sample surface.  

A typical test run was conducted in the temperature range from 800 to 950 °C, which 

corresponds to 0.65 Tm ≤ T ≤ 0.78 Tm (melting temperature Tm = 1290 °C for BSCF [23]). 

Prior to testing, the sample was pre-annealed at 850 °C for 24 h to ensure defect chemical 

equilibrium,  to eliminate associated strains and minimize influences of hexagonal phases to 

creep behaviour [4,7]. Subsequently, the sample was cooled at a rate of 8 K·min-1 to the first 

(i.e., lowest) measurement temperature. The temperature was incremented step wise, with 50 

K intervals, using heating and cooling rates of 8 K·min-1. At every measurement temperature, 

the sample was allowed to equilibrate for 1 h before the actual load was applied. Each creep 

measurement was terminated after 24 h of steady-state deformation or until an integral 

deformation of 100 μm was reached. For details on the creep testing procedure and 

instrumentation, see also Refs. [4] and [10]. The strain was calculated from the ratio of 

measured deformation hΔ  and initial height 0h : 

 

    
0h
hΔ

=ε                    (3.1) 

 

  



The steady-state creep rate  was analysed using the generalized power law relationship [24]: 
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where d is the grain size, p the inverse grain size exponent, Q the apparent activation energy, 

A a proportionality parameter, while R and T have their usual meanings. Creep parameters p, 

n, and Q were obtained by fitting the experimental data obtained for each sample to Eq. 1, 

using multiple linear regression analysis. Structural investigations of the crystalline phases 

before and after the creep tests were carried out using an X-ray diffractometer (D4 Endeavor, 

Bruker AXS, Germany) with Cu-Kα radiation. A continuous scan mode was used to collect 

data in the 2θ range 10 - 130° with a 0.01° step size and a 5 s/step counting time. 

Microstructural characterizations of the samples in an as-received, deformed and/or fractured 

state were performed using scanning electron microscopy (SEM, Zeiss SUPRA 50VP and 

Zeiss Merlin). Elemental analysis was carried out by EDX (Inca, Oxford Instruments). To 

reveal the grain boundaries, longitudinal sections were cut from the samples and mechanically 

polished down to 0.25 μm diamond paste. To investigate microstructural changes induced by 

creep deformation, longitudinal sections parallel to the loading axis were cut from the central 

part of the samples. The AnalysisPro© software package was used for estimation of the grain 

size. Since the linear intercept and equivalent circular diameter (ECD) methods revealed good 

agreement in initial tests, the more simple ECD method was used in subsequent analyses. 

 

3.3 Results and discussion 

 

3.3.1 Solid solubility limit and microstructure  

Figure 3.1 shows XRD patterns collected at room temperature of sintered samples 

BSCF-Z100 ⋅ x before and after annealing at 850 °C in air for 336 h. Diffraction patterns of 

both series can be indexed using a cubic perovskite structure. In the patterns obtained for 

BSCF-Z10, peaks of a secondary phase can be assigned to (Ba,Sr)ZrO3 [PDF 00-006-0399]. 

The peak at 27.8° in the pattern obtained for pure BSCF can be assigned to hexagonal 

Ba0.5Sr0.5CoO3 [PDF 99-000-0030]. The latter observation is consistent with previous reports 

[14,16], showing that cubic and hexagonal polymorphs may coexist in BSCF after annealing 
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at 850 °C. Figure 3.2 shows that the evolution of the cubic lattice parameter for the series 

BSCF-Z100 ⋅ x is in accordance with Vegard’s law up to the composition x = 0.03, which 

suggests that the solid solubility limit lies in the range 3-5 mol% of Zr. The latter is supported 

by combined TEM and EDX investigations conducted by Ravkina et al.[21], showing that Zr-

rich phases crystallize at the grain boundaries of samples BSCF-Z100 ⋅ x with x ≥ 0.05. 

 

(a)            (b) 

  
 

Figure 3.1 XRD patterns of sintered compacts of BSCF-Z100 ⋅ x (a) before and (b) after 

annealing in air, at 850 °C, for 336 h. Reflections for (Ba,Sr)ZrO3 and hexagonal 

Ba0.5Sr0.5CoO3 are indicated.  
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Figure 3.2 Evolution of the lattice parameter with x in BSCF-Z100 ⋅ x. The dashed line 

indicates Vegard’s law for solid solution. 

 

Typical SEM micrographs of BSCF-Z100 ⋅ x samples are given in Fig. 3.3, verifying 

that homogenous microstructures are obtained. From these micrographs porosities of less than 

5% were extracted for all samples in the series. SEM and EDX analysis of the BSCF-Z10 

specimen after thermal etching confirmed segregation of Zr-rich phases at the grain-

boundaries. Table 1 lists grain sizes that were estimated from the SEM micrographs. From the 

results it is immediately apparent that substitution of (Co,Fe) by Zr severely suppresses grain 

growth. At similar sintering conditions (see experimental section), the grain size for BSCF-

Z10 is less by a factor ~13 compared to that observed for pure BSCF. The observations are 

tentatively explained by a solute drag effect exerted by possible segregation of Zr to the grain 

boundaries (due to the charge and size mismatch with native (Co, Fe) ions in BSCF). At 

dopant concentrations in excess of the solid solubility limit, secondary phase pinning or 

dragging mechanism (Zener pinning) may contribute to the suppressed grain growth. 
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(a)                       (b) 

 

 

 

 

 

 

 

 

Figure 3.3 Typical SEM micrographs of sintered BSCF-Z100 ⋅ x ceramics: (a) BSCF-Z3 and 

(b) BSCF-Z10 (thermally etched 950°C for 20min) 

 

 

Table 3.1 Average grain size along with standard deviations (s.d.) for BSCF-Z100 ⋅ x after 

sintering.(Equivalent Circular Diameter ECD) 

 

Composition 

 
 

Grain size 

 (μm) 

 

BSCF 

BSCF* 

 

 

17.0    (6.0) 

29.0    (11.0) 

BSCF-Z1  17.0    (4.0) 

BSCF-Z3 8.0      (2.0)

BSCF- Z5  5.0      (2.0) 

BSCF-Z10  1.5      (0.5) 

* Data from Ref. 4 

 

  

   

 



3.3.2 Creep measurements   

Figure 3.4 shows Arrhenius plots of the creep rates of compositions BSCF-Z3 and 

BSCF-Z10 upon heating and cooling. Similar results were obtained for other compositions in 

the BSCF-Z100 ⋅ x series. For BSCF-Z3 a good agreement is noted with results obtained 

previously by Pećanac et al. [11] on sintered extruded tubes (porosity 6 %, grain size 20 ± 8 

μm) as illustrated in Fig. 4a, verifying an insignificant influence of the production route. A 

profound hysteresis in the creep rates was observed upon thermal cycling for all investigated 

compositions, which indicates that in the experimental range of dopant concentrations its 

origin is not influenced by the Zr dopant. As discussed above, the origin of the hysteresis in 

the creep rate for pure BSCF was explained previously by the material’s phase instability 

below ~850 °C [2, 12]. Activation energies, Q, and average stress exponents, n, obtained by 

fitting experimental data of the creep rate of compositions BSCF-Z100 ⋅ x, at T ≥ 850 °C, to 

Equation 3.1 are listed in Table 3.2. 

 

Table 3.2 Activation energy, Q (at 63 MPa), and average stress exponent, n, for creep of 

BSCF-Z100 ⋅ x. Data were obtained from fitting experimental data (linear regression, Q and 

standard error of the steady-state creep rate (T ≥ 850°C) to Eq. 2. 

 

Composition n 

(-) 

Q  

(kJ·mol-1) 

 heating cooling heating cooling 

BSCF*  1.7 ± 0.2 - 530 340 ± 40 

BSCF-Z1 2.0 ± 0.5 1.9 ± 0.1 570 ± 70 320 

BSCF-Z3 1.5 ± 0.2 1.2 ± 0.2 730 ± 150 320 ± 10 

BSCF-Z5 2.4 ± 0.6 - 660 ± 45 - 

BSCF-Z10 4.0 ± 1.5 4.6 ± 0.5 845 ± 190 440 ± 25 

* Data from Ref. 4 

  



Chapter 3 
 
 
 

 

(a)            (b) 

 

  
 

Figure 3.4 Temperature dependence of the steady-state creep rate for (a) BSCF-Z3 and (b) 

BSCF-Z10 at nominal stresses of 30 and 63 MPa. The arrows indicate heating and cooling 

directions.    

 

Due to the hysteresis in the creep rate the apparent activation energies Q for heating 

and cooling runs are found highly dissimilar. As hexagonal polymorphs are absent in pure 

BSCF when heated up to ~950 °C [12], and polymorphism is induced only during long-term 

annealing below ~850 °C, the extracted values of Q from cooling curves are considered to 

reflect the activation energy of the creep rate of the cubic perovskite phase. Average values of 

Q extracted from data of cooling runs for pure BSCF [4], BSCF-Z1 and BSCF-Z3 are in the 

range 320-340 kJ·mol-1. Good agreement is noted with the value of 350 kJ·mol-1 extracted 

from data of sintered extruded tubes of BSCF-Z3 measured under similar conditions [11]. For 

BSCF-Z10 a slightly higher value of 440 kJ·mol-1 is measured (see Table 3.2). The observed 

high activation energies resemble those measured for cation diffusion in perovskite oxides as 

determined from diffusion couple and isotope tracer experiments [25-27], and exclude oxygen 

ions as the rate controlling species, noting that the activation energy for oxygen transport in 

BSCF ceramics has been reported to be below 50 kJ·mol-1 [2].  

As can be seen from Table 2, the stress exponent n varies between 1.5 and 2, except 

for BSCF-Z10, suggesting a diffusion-aided creep mechanism for the compositions with 

lower Zr contents. Strictly speaking, the value of n is close to unity for diffusion creep, while 

for, e.g., dislocation creep, it is usually in the range of 3-8 [28-30]. For pure BSCF (with grain 
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size 29 ± 11 μm) a value of n = 1.7 ± 0.5 for T > 800 °C was reported by Rutkowski et al. [4]. 

Yi et al. [9] reported n = 0.76 ± 0.23 for the lower stress regime 5 - 20 MPa. For BSCF-Z10, 

the stress exponent obtained in the current study takes a value of ~4, suggesting a change-over 

from diffusion to a dislocation creep mechanism at higher Zr contents. The grain size 

measured before and after test agreed within the limits of uncertainty (1.0 ± 0.3 μm and 1.5 ± 

0.5 μm, respectively), and no specific grain orientation could be verified by electron 

backscatter diffraction (EBSD). An alternative explanation would be that grain boundary 

pinning by secondary (Ba,Sr)ZrO3 phases contributes to diffusional creep in BSCF-Z10. As 

for a diffusion creep mechanism the creep rate depends on grain size, the measured creep 

rates were normalized to a grain diameter of 1 µm. A value p = 1.7 was used for the inverse 

grain size exponent in the calculations, which value was taken from our previous study on the 

grain size-dependence of the creep rate of pure BSCF  [4]. Figure 5 a and b show the creep 

rates (cooling curves), at T ≥ 850 °C, of compositions BSCF-Z100 ⋅ x before and after 

normalization, respectively. Figure 3.5b reveals that the normalised creep rates varies little for 

the different compositions, which finding supports the conclusion that under the conditions of 

stress and temperature diffusional creep is the predominant mechanism for creep in these 

materials. Only through its suppression of the grain growth, Zr substitution of (Co,Fe) in 

BSCF leads to an enhancement of the creep rate relative to that observed for the pure material. 

 

(a)            (b) 

       
 

Figure 3.5 Steady-state creep rate of BSCF-Z100 ⋅ x, at T ≥ 850 °C (cooling runs), (a) before 

and (b) after normalization to grain size d = 1 μm (see main text). 
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3.4 Conclusions 

Zr substitution of (Co,Fe) in BSCF is found to suppress grain growth significantly. X-

ray diffraction and microstructural observations further support a solid solubility limit of ZrO2 

in BSCF-Z100 ⋅ x between 0.03 < x < 0.05. Evidence is found for segregation of (Ba,Sr)ZrO3 

at the grain boundaries for compositions x ≥ 0.05. The suppressed grain growth in 

compositions BSCF-Z100 ⋅ x relative to that of parent BSCF is attributed to a solute and/or 

particle drag (Zener pinning) mechanism.  

The substitution of Zr is not found to have any significant effect on the thermal 

hysteresis of the creep behaviour as observed for pure BSCF. Diffusional creep is confirmed 

as the predominant mechanism for the creep, at T ≥ 850 °C, in BSCF-Z100 ⋅ x. This is 

supported by the high activation energies and low stress exponents observed for the steady-

state creep rate, and by the fact that the grain-size-normalized creep rate of the different 

compositions BSCF-Z100 ⋅ x ( x = 0, 0.01, 0.03, 0.05 and 0.1) coincide within experimental 

error. 
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Chapter 4 

High-temperature compressive creep behaviour of 

perovskite-type oxides SrTi1-xFexO3-δ 

 
Abstract 

Compressive creep tests have been performed on mixed ionic-electronic conducting 

perovskite-type oxides SrTi1-xFexO3-δ (STF, x = 0.3, 0.5 and 0.7). Observed activation 

energies and stress exponents, at 800 - 1000 °C and in the stress range 10 - 100 MPa, indicate 

that the steady-state creep rate of STF under these conditions is predominantly limited by 

cation lattice diffusion (Nabarro-Herring creep). The effective stress exponents reflect a 

contribution of dislocation creep to the mechanism of creep in STF30 (x = 0.3). The observed 

creep rates are compared with those exhibited by related perovskite-type oxides, and are 

discussed in view of the possible application of STF as oxygen transport membrane (OTM).   
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Chapter 4 

4.1 Introduction 

Oxygen transport membranes (OTM’s) are extensively investigated for their possible 

integration in oxy-fuel and pre-combustion processes with CO2 capture [1-3]. In this 

technology mixed oxygen ionic and electronic conducting membranes are utilized, at elevated 

temperatures (800 - 900 °C), to supply oxygen from the pressurized air side of the dense 

sintered membrane to a fuel, or indirectly to a fuel, or coal via a suitable sweep gas at the 

opposite side of the membrane. In the latter case, a portion of the CO2-containing flue gas 

may be fed back as the sweep gas. Currently, the focus of research activities in the field lies in 

identifying candidate membrane materials, which combine a high oxygen flux with a high 

thermochemical stability and durability under oxidizing and reducing conditions, humid 

and/or CO2-containing atmospheres. 

Recently, we have identified the perovskite oxide SrTi1-xFexO3-δ (STF) as a promising 

membrane material [4]. Compositions in this series, especially those with a high iron content, 

exhibit high values for the ambipolar conductivity [5,6] and oxygen surface exchange kinetics 

[5,7] that are comparable to those of well-known La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) [8,9], 

Sm0.5Sr0.5CoO3-δ (SSC) [10,11], and La0.3Sr0.7CoO3-δ (LSC) [12] cathode materials for the 

solid oxide fuel cell (SOFC). STF adopts an ideal cubic perovskite structure (space group 

  Pm3m ), and forms a continuous solid solution between the two end members SrFeO3-δ and 

SrTiO3 [13,14]. The structural phase transition to orthorhombic brownmillerite in SrFeO3-δ 

below 850 °C [15] is prevented already at a low Ti substitution, x = 0.01 [16]. Functional 

properties, such as the chemical and mechanical stability, thermal expansion and oxygen flux 

can be tailored by varying the compositional parameter x in SrTi1-xFexO3-δ.  

Amongst others, creep is a key factor influencing the operational reliability of OTM 

membranes [17,18]. Creep is known to be more severe in high-temperature environments, and 

in systems that continuously endure stress gradients [19]. Stress gradients in the OTM 

membrane operating at high temperatures are inherent to its operation, and are created mainly 

by chemical potential gradients and the trans-membrane pressure differential. For long term 

service the creep deformation should not exceed 1 % strain per year [20]. In the present work, 

the compressive creep behavior of different STF compositions is investigated as a function of 

stress and temperature. 
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4.2 Experimental 

SrTi1-xFexO3-δ powders with x = 0.3, 0.5 and 0.7 (referred to as STF30,  STF50 and 

STF70, respectively) were synthesized by spray pyrolysis (NTNU, Norway) in a continuous 

air flow at 860 °C, using precursor solutions containing stoichiometric amounts of cations. 

The obtained raw powders were calcined at 950 °C for 12 h in stagnant air and ball-milled in 

ethanol for 24 h. The phase purity was checked using X-ray powder diffraction (D2 PHASER, 

Bruker AXS, Germany) with Cu Kα. A continuous scan mode was used to collect 2θ data in 

the range 20 – 90° with a step size of 0.0202° and counting time of 1 s/step. Powders were 

uniaxially pressed at 50 MPa followed by isostatic pressing at 400 MPa to rectangular bars 

with a relative green density of about 60 %. These bars were subsequently sintered in the 

range 1180 – 1300 °C for 20 h under stagnant air, using heating and cooling rates of 

0.5 °C min-1, to a relative density in excess of 95 %.  

For creep tests, the sintered bars were machined to average dimensions ~ 4 × 5 × 12 

mm3. The ~ 4 × 5 mm2 end faces of the samples were parallelized by grinding and finally 

polished for 1 h using 1 μm diamond paste in order to minimize surface effects and 

superimposed bending by misalignments. Creep-tested samples showed no sign of barrelling, 

buckling or formation of cracks. Compressive creep test were performed in ambient air under 

a constant uniaxial load, corresponding to nominal stresses in the range 10 – 100 MPa, using 

an electromechanical testing machine (Instron 1362) equipped with a high temperature 

furnace. The samples were mounted between two alumina push rods. A linear variable 

differential transformer (LVDT, Sangami) was used for measurement of the vertical 

displacement in a range ± 1 mm and with a precision of 1.25 μm. The load was controlled 

with a 10 kN load cell (Interface 1210 ACK), while the temperature was monitored with a K-

type thermocouple located near the sample surface. Creep measurements were conducted, in 

air, from 800 to 1000 °C. The temperature was incremented step wise with 50 °C intervals, 

using heating and cooling rates of 0.5 °C min-1. For STF50, measurements were also 

conducted after evacuating the sample chamber to an oxygen partial pressure (pO2) of ~ 4 × 

10-5 bar. Additional details of the creep testing procedure are described elsewhere [21,22].  

Creep parameters were obtained by fitting the experimental data of the steady-state 

creep rate,  ε , to the generalized power law relationship [19], 
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where A is a proportionality parameter, d the grain size, p the inverse grain size exponent, σ 

the applied stress, n the stress exponent, Q the apparent activation energy, R the universal gas 

constant and T the temperature. The value for n, at given temperature, was calculated from the 

slope of the log-log plot of  ε  versus σ (Norton plot). The value for Q, at constant stress, was 

calculated from the slope of the Arrhenius plot of  ε . 

X-ray diffraction patterns (XRD, D4 ENDEAVOR, Bruker AXS, Germany) of the 

ceramics were recorded before and after creep experiments using Cu-Kα radiation. A 

continuous scan mode was used to collect XRD data in the 2θ range 10 – 130° with a step size 

of 0.01° and a counting time of 5 s/step. Microstructural characterization of the samples 

before and after creep experiments was carried using scanning electron microscopy (SEM) 

and electron backscatter diffraction (EBSD). SEM and EBSD patterns were obtained on a 

Carl Zeiss Merlin© fitted with the Oxford Instruments’ Nordlys II EBSD detector with 

AZtec© 2.4 software. Longitudinal cross-sections were cut from the central part of the 

samples. For the creep-tested specimens these correspond to the direction parallel to the 

loading direction. The sample cross-sections were mechanically polished using 0.25 μm 

diamond paste, and slightly etched with colloidal SiO2. Pt coatings were applied by 

sputtering. SEM images and EBSD patterns were generated using an accelerating voltage of 

20 kV and a beam current of 2 nA. The grain orientation was mapped with a spatial resolution 

of 0.1477 μm and an angular resolution of ~1°. Data was acquired at 70° tilted samples. Grain 

size and orientation maps were produced using the HKL Channel 5 Tango software. The 

AnalysisPro© software package was used for estimation of the grain size. Since the linear 

intercept and equivalent circular diameter (ECD) methods revealed good agreement in initial 

tests, the more simple ECD method was used in subsequent analyses.   
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4.3 Results and discussion 

 

4.3.1 Creep measurements 

Figure 4.1 shows Arrhenius plots of the steady-state creep rate of STF ceramics in air 

at different stress values in the range 10 – 100 MPa. Apparent activation energies, Q, 

averaged over the values obtained from measurements at different stresses are in the range 

341 - 477 kJ mol-1.  

 

(a)            (b) 

      

(c) 

 

 

Figure 4.1 Temperature dependence of the steady-state creep rate for (a) STF30, (b) STF50, 

and (c) STF70 tested in air at different stresses. 
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The stress exponents n extracted from the Norton plots (Figure 4.2) vary between 1.1 - 

2.4. Values of Q and n obtained for the different STF compositions are listed in Table 4.1. 

Hysteresis effects of the creep rate upon thermal cycling were small and found to be within 

experimental error. Figure 4.3 compares the steady-state creep rate of STF50 at two different 

oxygen partial pressures. The slightly reduced creep rate at the lower pO2 of ~ 4 × 10-5 bar 

relative to the value measured at 0.21 bar indicates a role of the oxygen nonstoichiometry of 

the oxide. Possible mechanisms for creep of STF are discussed below. 
 

(a)            (b) 

          

(c) 

 
 

 

Figure 4.2 Stress dependence of the steady-state creep rate for (a) STF30, (b) STF50, and (c) 

STF70 tested in air at different temperatures. 
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Table 4.1 Stress exponents and average apparent activation energies from steady-state creep 

measurements under air in the stress range 30 – 63 MPa. The ± values denote standard 

deviations. 

 

x 

 

Q 

(kJ/mol) 

n (850 °C) 

(-) 

n (900 °C) 

(-) 

n (950 °C) 

(-) 

 

0.3 

 

477 ± 22 

 

2.0 ± 0.1 

 

2.0 ± 0.1 

 

2.4 ± 0.2 

0.5 341 ± 18 1.5 1.2 ± 0.1 - 

0.7 387 ± 10 1.2 ± 0.2 1.5 ± 0.1 1.1 ± 0.2 

 

 

 

 
 

Figure 4.3 Temperature dependence of the steady-state creep rate of STF50 at different 

oxygen partial pressures. 
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4.3.2 Structure and microstructure analysis before and after creep testing 

With the aid of X-ray analysis, the crystalline structure of the ceramic samples was 

investigated before and after the creep tests. Figure 4.4 compares the room temperature XRD 

patterns of virgin and tested STF compositions. All peaks can be indexed using a cubic 

perovskite structure (space group   Pm3m ). For STF50, these are consistent with PDF 01-084-

1004. In none of the samples evidence is found for second phase formation during the creep 

tests. Lattice parameters obtained from X-ray analysis for each of the compositions before and 

after creep testing agreed within experimental error. Though the exact oxygen non-

stoichiometries of the samples which were cooled in air are not known, Table 4.2 

demonstrates excellent agreement with lattice parameters reported in literature [13]. 

 

Table 4.2 Lattice parameters of STF. Data from Steinsvik et al. [13] are shown for 

comparison. The ± values denote standard deviations. 

 

x 

 

a (this study) 

(Å) 

a [13] 

(Å) 

 

0.2 

 

- 

 

3.906 ± 0.001 

0.3 3.906 ± 0.001 - 

0.4 - 3.900 ± 0.001 

0.5 3.896 ± 0.001 3.896 ± 0.001 

0.6 - 3.890 ± 0.001 

0.7 3.888 ± 0.001 - 

0.8 - 3.878 ± 0.001 

 

 

SEM micrographs and 3D EBSD grain orientation mapping of the samples before and 

after creep tests revealed a homogenous microstructure. Typical results are shown in Figure 

4.5. No quantifiable evidence of grain growth during the time span of the creep tests, or a 

preferred crystallographic orientation of the grains neither before nor after the creep tests was 

found. The crystal orientation map in the normal (z) direction (Figure 4.5c), coloured 

according to the inverse pole figure scheme (Figure 4.5d), indicates that there are no dominant 

colours. Similar results were obtained in the rolling (y) and transverse (z) directions, and are 
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therefore not shown. Average grain sizes and porosities of the samples from EBSD analyses 

are compiled in Table 4.3. 

 
(a) 
 

(1) (4) 

 

                    

(2) 

 

(3) 
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(b) 
 

(1) (4) 

 

       

                    

(2) (3) 

 

Figure 4.5 Microstructure of STF50 (a) before and (b) after creep measurements: (1) SEM 

fore scatter image, (2) EBSD band contrast image, (3) crystal orientation map (surface normal 

direction, z) with colour-coding according to the (4) inverse pole figure. In Fig 4.5b (2) the 

grain boundary map is superimposed on the band contrast image. 

 

  

   



High-temperature compressive creep behaviour of perovskite-type oxides SrTi1-xFexO3-δ 

Table 4.3 Porosity and grain size of STF samples evaluated 3D EBSD analyses. The ± values 

denote standard deviations. 

 

x 

 

Porosity 

(%) 

grain size 

(μm) 

 

0.3 

 

8 ± 1 

 

2 ± 1 

0.5 2 ± 1 4 ± 1 

0.7 2 ± 1 4 ± 2 

 

 

4.3.3 Creep mechanism 

Diffusion creep involves movement of vacancies via the lattice or along grain 

boundaries, referred to as Nabarro-Herring and Coble creep, respectively [19]. In diffusion 

creep, the strain rate is directly proportional to the applied stress, i.e., the stress exponent n 

equals 1. In the applied stress range 10 – 100 MPa, the stress exponents for STF50 and STF70 

range between 1.1 - 1.5, as can be seen from Table 4.1. It is thus reasonable to assume that 

secondary creep in these compositions under the applied experimental conditions is 

predominantly governed by diffusion of ionic species. Macroscopic strain in a diffusion creep 

mechanism is known to be inherently accommodated by grain deformation [19]. The 

significant spread in grain sizes (as reflected by the relatively large standard error in the 

average grain size (Table 4.3)), however, did not allow us to quantify grain deformation over 

the time span of the creep measurements, which would provide an additional premise for 

diffusion-controlled creep in STF. 

For a dislocation creep mechanism, stress exponents n in the range 3 – 5 are expected 

[19]. Compared to STF50 and STF70, the derived stress exponents are slightly higher for 

STF30, varying between 2.0 - 2.4 in the stress range 10 - 63 MPa covered by the experiments. 

The latter suggests a partial role of dislocation motion in the creep behaviour of STF30. A 

power law creep behaviour with stress exponents 1.9 - 2.5 has also been reported for the 

related perovskite composition La0.58Sr0.4Co0.2Fe0.8O3-δ  (LSCF), at 750 - 900 °C, in the stress 

range 10 – 100 Mpa [23]. Majkic et al. reported a continuous transition from diffusion to 

power law creep for SrCo0.8Fe0.2O3-δ, at 850 - 975 °C in the stress range 40 - 80 MPa [24], and 

for La0.2Sr0.8Fe0.8Cr0.2O3-δ, at 1100 - 1200 °C, in the stress range 20 - 65 MPa [25].  
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The observed high activation energies for steady-state creep in the STF compositions 

resemble those measured for cation migration in perovskite oxides as determined from data of 

diffusion couple and isotope tracer diffusion experiments [26-32]. This observation gives 

additional support for a diffusion creep mechanism in STF, and excludes oxygen vacancies as 

the rate-controlling species, since the activation energy for oxygen transport in STF ceramics 

from data of oxygen permeation measurements is reported to be around 90 kJ mol-1 [4]. 

The slight decrease in the creep rate of STF50 at a pO2 of ~ 4 × 10-5 bar relative to that 

measured under air (pO2 = 0.21 bar) can be accounted for by the enhanced oxygen vacancy 

concentration at the lower oxygen partial pressure. It should be noted that the concentrations 

of cation and oxygen vacancies in the ABO3 perovskite lattice are linked to each other via the 

Schottky disorder reaction. The latter may be formally written as 

 

  nil ⇔ VA'' + VB'''' + 3VO
••                              (4.2) 

 

with equilibrium constant 

 

  Ks = [VA''] [VB''''] [VO
••]3                     (4.3) 

 

with the notion that the B-sites in STF have mixed occupancies. There is significant evidence 

in literature that the cations in A- and B-site sublattices of perovskite oxides have equal 

mobility, which includes dopant cations, and which suggests a concerted mechanism for their 

migration in the lattice [26,27,31,32]. The observation that the apparent activation energies of 

the creep rate of STF solid solutions are intermediate between those observed for end 

members SrFeO3 (260 ± 24 kJ mol-1 [33]) and SrTiO3 (628 ± 24 kJ mol-1 [34])  suggests that 

the values reflect a weighted sum of contributions from the Schottky formation enthalpy and 

the migration enthalpies of cations and oxygen ions in STF.  
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4.3.4 Comparison with other mixed conducting oxides  

Figure 4.6 compares the steady-state creep rate of STF measured at 900 °C under air in 

a Norton plot with results from creep studies on related perovskite-type oxides. In general, 

diffusional creep is prevalent at low stresses and small grain sizes [19], but may give rise to 

different inverse grain size exponents p in Equation 4.1. For a diffusional creep mechanism (n 

= 1) with a vacancy flow through the grains p = 2, while p = 3 when diffusion of vacancies 

occurs along grain boundaries [19]. In both mechanisms, the grain-boundaries act as ideal 

sources or sinks for vacancies. If diffusion is controlled by an interfacial reaction n = 2 and p 

= 1. For dislocation creep, the creep rate becomes independent of grain size for dislocation 

creep; n = 3-5 and p = 0 [19]. As the grain size dependence was not measured in this study, 

the data for STF and other compositions in Figure 4.6 are presented ‘as measured’. 

As seen from Figure 4.6, the creep rates of the different STF compositions are 

intermediate between those of the high-oxygen-flux OTM materials SrCo0.8Fe0.2O3-δ (SCF) 

[24] and Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) [35] on the one hand, and those of La0.5Sr0.5CoO3-δ 

(LSC) [12] and La0.58Sr0.4Co0.2Fe0.8O3-δ (LSCF) [23] on the other hand. From an engineering 

design point of view, one of the criteria used in determination of allowable stresses is a 1% 

creep deformation per year [20], the value of which is presented by the broken line in Figure 

4.6. As seen from this figure, limiting stress values for the STF compositions, at 900 °C, 

range between 1 - 7 MPa. 

Two main sources contribute to internal stresses in a mixed-conducting ceramic 

membrane operating under isothermal, steady-state conditions. The first is due to the 

differential chemical expansion or contraction caused by the gradient in oxygen stoichiometry 

across its thickness. The chemically induced stresses are reduced when the oxygen flux 

through the membrane is under partial control by the surface exchange kinetics [36]. Recent 

stress analysis of supported Zr-doped BSCF (BSCF-Z3) membranes further demonstrate that 

the stresses induced by oxygen stoichiometry gradients decay with time due to creep [37], 

leaving only the static trans-membrane pressure differential as the major source of stress in 

the long term. The mechanical stresses generated by the trans-membrane pressure differential 

depend on membrane design [37,38]. For a planar membrane, with a trans-membrane pressure 

differential of 20 bar (2MPa), the internal stresses may increase to several hundreds of MPa if 

the membrane support action is concentrated at certain distant points [39]. Significantly lower 

internal stresses are generated for tubular (or capillary) membrane designs. An additional 

advantage of the use of tubular membranes over planar membranes is that, as along as tubes’ 
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ovality is absent (i.e., for geometrically perfect membranes), tensile stresses can be avoided 

by operating with an overpressure at the shell side of the membrane [37].   

 

 
Fig. 4.6 Comparison of the steady-state creep rates of STF at 900 °C with literature data for 

related perovskite-type OTM membrane materials: La0.5Sr0.5CoO3-δ (LSC, 1.2, 1.3, 1.7 μm) 

[13], La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF, 2.2, -, 0.6 μm) [21], SrCo0.8Fe0.2O3-δ (SCF, 1.4, 1.1, 3.4 

μm) [22], Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF, 1.7, 1.7, 4 μm) [33], and Ba0.5Sr0.5 

(Co0.8Fe0.2)0.97Zr0.03O3-δ (BSCF-Z3, 1.5, -, 4 μm) [19], where the numbers between brackets 

indicate the stress exponent, inverse grain-size exponent, and grain size, respectively. Only 

creep rates lower than 3.2 × 10-10 s-1 (indicated by the purple broken line) are projected to give 

a creep deformation of less than 1% per year [17]. 

 

4.4 Conclusions 

The observed activation energies (341 - 477 kJ mol-1) and stress exponents in the 

temperature range 800 - 1000 °C and stress range 10 - 100 MPa indicate that the steady-state 

creep rate in STF ceramics under these conditions is predominantly limited by cation lattice 

diffusion (Nabarro-Herring creep). For STF50 and STF70, the stress exponents are in the 

range 1.1 - 1.5. For STF30, however, they are in the range 2.0 - 2.4, suggesting a contribution 

of dislocation creep to the creep behaviour of this material. The creep rates of the STF 

compositions are compared with those exhibited by related mixed conducting perovskite-type 

oxides considered for use as OTM membrane. 
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Chapter 5 

Structural and functional properties of SrTi1-xFexO3-δ 

(0≤x≤1) for the use as oxygen transport membrane 

 
Abstract 

Perovskite-type oxides are widely investigated as oxygen transport membrane materials for 

the efficient generation of pure oxygen or the use in membrane reactors. However, most of 

high performance perovskites suffer from low stability in operation conditions. Therefore, 

solid solutions of SrTi1-xFexO3-δ (STF) are investigated due to the initial high stability of the 

strontium titanate host lattice. Self-synthesized powders with substitution of Ti by 0%, 25%, 

35%, 50%, 75%, and 100% Fe were studied. Crystal structure, functional properties i.e. 

diffusion coefficient, surface exchange rates, and oxygen permeation rates as well as 

membrane fabrication and operation related material properties i.e. sintering behaviour and 

thermal/chemical expansion were investigated. Substitution of Ti by Fe increases oxygen 

mobility and, hence, oxygen permeation rates, but reduces stability in operation relevant 

atmospheres such as Ar/4%H2 or CO2. At the same time thermal/chemical expansion 

increases. This makes the fabrication of supported thin membranes and their integration into 

membrane modules more challenging. It turned out that 25-35% Fe substituting Ti seems to 

be a good compromise between structural and functional properties. Oxygen permeation rates 

achieved are comparable to that of standard materials such as La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF). 

At the same time stability is higher and thermal expansion coefficients lower compared to 

LSCF, which makes STF with limited Fe-content (max. 35%) a promising oxygen transport 

membrane material. 

 

This chapter has been published in Separ. Purif. Technol 147 (2015) 414-421
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5.1 Introduction 

H2 and CO containing syngas generated from oil, natural gas, coal, or biogas is the 

main feedstock for many chemical processes e.g. gas-to liquid technology, methanol or 

hydrogen production [1,2]. By the integration of oxygen transport membranes (OTM) into an 

autothermal reforming process, capital and energy savings for syngas production are possible 

by the use of a membrane reactor [1,3]. OTMs consist of gastight, mixed ionic-electronic 

conductors (MIEC) and allow oxygen diffusion via oxygen vacancies in the crystal lattice [4]. 

These membranes can be used to provide the oxygen for the syngas production process. One 

promising class of materials are ceramics with a perovskite crystal structure. For application 

in a membrane reactor these materials must possess a high oxygen flux as well as a high 

chemical stability in reducing or corrosive atmospheres. The highest oxygen flux was 

achieved using high performance materials such as La1-xSrxCo1-xFexO3-δ (LSCF) [5,6] or 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) [7,8]. However, the performance is maximized by increasing 

the defect concentration, which naturally leads to limited stability. In practice, Fe and 

particularly Co are chosen because those B-cations can easily be reduced in order to form 

mobile oxygen vacancies. But, in case of applications with very low pO2, e.g. for BSCF 

below 10-14 bar [9], the reduction of the B-cations leads to chemical decomposition of the 

perovskite lattice. In case of membrane reactors in addition to the low pO2 aggressive gases 

such as CO, CH4, CO2 etc. attack the membrane material. In addition, the alkaline earth A-site 

cations are relatively weakly bonded, so that these materials in the presence of acid gases such 

as CO2 and SOx are easily forming carbonates, sulphates etc.[10-12]. Even in clean conditions 

the cubic perovskite phase of BSCF is stable only above 840°C. At lower temperatures 

hexagonal polymorphs are formed drastically decreasing the permeability. Thus, different 

stabilization approaches were started mainly based on additional doping on the B-site by e.g. 

Zr, Nb, or Y [13-18]. However, although these approaches are successful to some extent, 

these materials are still not sufficiently stable against the reducing and corrosive atmospheres 

under membrane reactor conditions [8]. 

Another interesting approach, which recently attracted great interest, is the 

development of dual phase membranes, which consist of a composite of a mainly ionic 

conducting phase and a mainly electronic conducting phase. The main advantage is that one 

can choose two stable materials, which are compatible to each other with regard to thermal 

expansion as well as chemical reactions at the grain boundaries. [19-21]. 
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In this paper we follow a different approach, based on the chemically very stable but 

nearly oxygen impermeable perovskite material SrTiO3-δ. Functionality i.e. mixed ionic and 

electronic conductivity is introduced by substitution of Ti by Fe. Such SrTi1-xFexO3-δ 

(STF100·x) perovskite materials are widely investigated as oxygen sensor material [22-24]. 

Recently, it was also considered as cathode for solid oxide fuel cells [25], but it is hardly 

considered as membrane material yet [26-29]. 

 

  
 

Figure 5.1 Scheme of oxygen transport through a membrane for production of synthesis gas. 

 

In this work compositions of SrTi1-xFexO3-δ with iron contents of x =0, 0.25, 0.35, 0.5, 

0.75, and 1 were synthesized and characterized regarding their functionality and 

manufacturing related properties. The influence of the partial substitution of Ti by Fe on 

sintering properties, thermal and chemical expansion of STF100·x and stability is 

investigated. Oxygen permeation measurements were performed on STF100·x bulk 

membranes. Based on these data a composition was chosen which possesses sufficient 

functional properties and is able to withstand thermochemical stresses exposed during 

manufacturing and operation.  
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5.2 Experimental 

 

5.2.1 Sample preparation 

STF100·x (with x = 0, 0.25, 0.35, 0.5, 0.75, 1) ceramic powders with a perovskite 

structure were prepared by a modified Pechini synthesis. Titanium(IV)isopropoxide 

(Ti[OCH(CH3)2]4) (Sigma Aldrich) was hydrolysed in deionised water. After removal of the 

organic part, the formed TiO2·xH2O was dissolved in nitric acid and stabilized in citric acid. 

The Ti concentration of the formed titanium complex solution was determined by 

thermogravimetry. Sr- and Fe-nitrates were dissolved in water and the Titanium/citric acid 

complex solution was added. Additionally, Citric acid (Merck KGaA) and ethylene glycol 

(Merck KGaA) were added and are used for complexation and polymerisation respectively. 

After polymerisation and evaporation of the water a gel was formed, followed by pyrolysis of 

the organic parts at 600°C in air. The powders were subsequently calcined at different 

temperatures between 800°C and 1100°C in steps of 100°C with a heating and cooling rate of 

5 K/min in air, to determine the optimal calcination temperature to achieve the single phase 

cubic perovskite for each composition.  

All raw powders were ball milled in ethanol for 24 h, using 3 mm ZrO2 balls. A 

monomodal, narrow particle size distribution with an average particle size (d50) of 1-6 µm 

was achieved.  

Samples for the determination of the expansion coefficient, oxygen permeation, and 

for annealing under Ar/4%H2 and under CO2 atmosphere were uniaxially pressed at 50-200 

MPa and subsequently sintered using the parameters shown in Table 5.1. 

 

Table 5.1 Sintering temperature and dwell time for STF100·x 

 

Composition STF0 STF25 STF35 STF50 STF75 STF100 

Tsinter (°C) 1400 1400 1400 1350 1250 1200 

tdwell (h) 10 10 10 10 20 20 
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5.2.2 Characterisation 

Phase purity of the powders and CO2 annealed samples were examined by X-ray 

diffraction (XRD) at room temperature, using a D4 Endeavor (Bruker AXS). Quantitative 

phase analysis and lattice parameter determination was done by TOPAS V4.2 (Bruker AXS) 

[30]. Chemical composition of synthesized powders was verified by inductively coupled 

plasma optical emission spectroscopy (ICP-OES). Specific surface area of the calcined and 

ball milled powders was determined in an AreaMeter (Ströhlein, Germany) by nitrogen 

adsorption and particle size distribution by laser granulometry using a Horiba LA-950V2. 

Additionally the grain morphology was analysed by SEM (Zeiss Ultra 55). 

Dilatometric measurements were performed using a Netzsch 402E for sintering 

behaviour of green, dry pressed pellets and a Netzsch 402C to characterise the expansion 

behaviour of sintered samples. The overall expansion was determined in synthetic air 

Fair = 100 ml/min at a heating and cooling rate of 3 K/min up to 1000 °C. The thermal 

expansion was determined in a flowing argon atmosphere FAr = 100 ml/min using the cooling 

branch. The difference between thermal and overall expansion is regarded as the chemical 

expansion [31-33]. 

Microstructures (Porosity and average grain size) of the sintered bodies were analysed 

on polished cross sections by SEM (Zeiss Ultra 55 and FEI Phenom) and quantitative image 

analysis using the commercial software analySIS. Elemental analysis was carried out by 

energy-dispersive X-ray spectroscopy (EDS; Inca, Oxford). 

Electrical conductivity relaxation (ECR) measurements were used to analyse the 

oxygen transport kinetics of STF. During ECR measurements, the normalized conductivity 

was monitored as a function of time after a step-wise change in the ambient pO2 from 0.21 to 

0.105 atm in the temperature range 700-900 °C. The transient conductivity was fitted to the 

appropriate solution of Fick’s second law of diffusion [34]. 

Oxygen permeation measurements of 1.5mm thick disk shaped membranes were 

conducted in air/Ar gradients at a constant flow rate of 250 ml/min of air as feed gas and 50 

ml/min of Ar as sweep gas. The temperature was varied between 750 and 950 °C. Samples 

were ground with P1200 emery paper, prior to oxygen permeation measurements, to remove 

possible contaminations from sintering and to provide a comparable surface roughness. Gold 

rings with a diameter of 15 mm and a thickness of 1 mm were used to seal the samples to the 

gasket of the quartz glass reactor at 1000°C resulting in an open membrane area of 1.33 mm2. 

The permeated gas was analysed by a mass spectrometer (Omnistar, Pfeiffer Vacuum). 
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Oxygen fluxes were corrected for air ingress into the effluent due to leakage of the sealant. 

Corrections did not exceed 10% of the total measured oxygen flux. Oxygen permeation 

measurements on supported membranes were carried out with the support on the feed/air side. 

 

5.3 Results and discussion 

 

5.3.1 Powder preparation 

The calcination temperature necessary to obtain powder with pure cubic perovskite 

crystal structure depends on the Fe-content of the composition. Whereas for SrTiO3 (STF0) 

calcination temperatures of 800°C are sufficient to form the single phase cubic perovskite, 

temperatures up to 1200 °C are necessary for the Fe-rich compositions. STF25 and STF35 

show orthorhombic and cubic phases at 800°C. Above 800°C tetragonal and cubic perovskite 

phases and at 1000°C and above the desired pure cubic perovskite structure is achieved. 

STF50 shows below 950°C orthorhombic and cubic perovskite reflexes as well as a 

hexagonal SrFe12O19 phase. Above 950°C only the tetragonal and cubic perovskite phases are 

present, which changes at 1100°C to the single cubic perovskite phase. For STF75 the cubic, 

orthorhombic and tetragonal perovskite phases are up to 1100°C present. Above this 

temperature cubic and tetragonal phases are present. At 1200°C STF75 transforms to a purely 

cubic perovskite phase. In case of SrFeO3-δ the pure cubic perovskite structure is not stable 

after calcination at 1200°C. A mixture of orthorhombic, tetragonal, and cubic perovskite was 

detected by XRD at room temperature. 

The dependence of the lattice parameter on the Fe-content for single phase cubic 

perovskite powders, calcined at 1200 °C in air, is shown in Figure 5.2 The lattice parameter at 

room temperature in air is monotonous decreasing with increasing Fe-content. Apparently, the 

ionic radius of the Fe-ions is smaller than the ionic radius of the 6-fold oxygen coordinated 

Ti4+ cation (a=0,605 Å), which is indeed the case for six-fold coordinated Fe4+ ions (0.585 Å) 

and Fe3+ ions in low spin state (0.55 Å) [35]. For comparison the lattice parameters for 

completely oxidized STF100·x (Sr2+Ti4+
(1-x)Fe4+

xO3) were calculated from SrTiO3 and 

literature data about the cubic perovskite SrFeO2.97 [36,37] by Vegard´s rule (solid line in 

Figure 5.2). Accordingly, Vegards plot for Sr2+Ti4+
(1-x)Fe3+

xO3-x/2 was calculated using 

literature data about the cubic perovskite SrTi0.5Fe0.5O2.75 [38] (dashed line in Figure 5.2). The 

measured values are lying well in between these lines indicating a mixed valence of Fe3+/4+ 

[39].  
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Figure 5.2 Lattice constant vs. Fe content of STF100·x powder annealed at 1100°C for 5h in 

air. 

 

All calcined and ball milled powders show a monomodal particle size distribution with 

average particle sizes d50 between 1-6 µm with a specific surface areas of 2-3 m2/g (Table 5.2) 

which is consistent with the morphological investigations by SEM given in Figure 5.3. 

 

Table 5.2 Particle size and specific surface area of the ball milled powders. 
 
 STF0 STF25 STF35 STF50 STF75 STF100 

d10 (µm) 1.1 0.6 0.9 0.8 1.0 0.3 

d50 (µm) 2.4 1.1 2.8 1.5 2.3 0.9 

d90 (µm) 4.8 2.5 5.8 3.3 5.0 2.5 

spec. surface area (m
2
/g) 2.3 2.4 1.9 3.2 3.0 3.1 
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Figure 5.3 SEM picture of calcined and ball milled STF100·x powders.  

 

5.3.2 Sintering and microstructure 

The sintering behaviour of STF100·x was studied at temperatures up to 1400 °C, at a 

heating rate of 5 k/min, on dry pressed samples. The relative density ρrel (ρ/ρth) is plotted 

versus temperature and time in Figure 5.4a. The relative density ρrel was calculated from the 

residual porosity of the samples after sintering and the linear shrinkage. The residual porosity 

was determined by quantitative image analysis of SEM images of the cross sections. Cross 

sections of the microstructures after dilatometric measurements are shown in Figure 5.5. 

The highest relative density is observed for STF0 (x = 0) i.e. 99 % at 1400°C without a 

dwell time. The achieved relative densities for 0 > x ≥ 0.5 are in the range of 96-97 % after a 

dwell time of 3 h at 1400 °C. The green density of the dry pressed STF75 (x = 0.75) and 

STF100 (x = 1) powders was poor, compared to the x ≤ 0.5 materials. The relative density of 

the compositions STF75 and STF100 show a relative density of 95 % and 94 %, respectively.  

After dilatometric measurements, cracks at the surfaces of the sintered x ≥ 0.5 bodies 

occur, which makes the optimization of the sintering program necessary. To identify 

appropriate sintering temperatures, shrinkage rate  (d(ΔL/L0)/dt) was plotted versus the 

sintering temperature in Figure 5.4b. STF100·x with x ≤ 0.35 shows a maximum in shrinkage 

rate  at around 1400°C. With increasing iron content, x > 0.35, the maximum shrinkage 

rate is observed at lower temperatures. According to the maximum shrinkage rate, the 

STF0 STF35 

STF50 

STF25 

STF75 STF100 
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sintering temperatures were lowered in the optimized program. For compensation, the dwell 

time was increased according to the sintering parameters shown in Table 5.1. The STF100 

microstructure shows micro cracks after sintering at 1400 °C with the optimized sintering 

program. These are caused by lattice distortion and a Sr4Fe6O13±δ secondary phase, present 

above 800 °C [40], which affects the Sr : Fe ratio of the bulk. Due to the expected problems 

for gas tightness, STF-100 is not further investigated for application as oxygen separation 

membrane. 

 

(a) (b) 

   
 

Figure 5.4 (a) Relative density of STF100·x in air as function of temperature and time (b) 

Linear shrinkage rate of the STF100·x in air as function of temperature. Both with a heating 

rate of 5 K/min. 
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Figure 5.5 SEM cross sections of the STF100·x materials after dilatometric measurement. 

 

5.3.3 Expansion behaviour 

The expansion behaviour of sintered STF100·x samples was investigated by 

dilatometric measurements up to 1100 °C. The total strain of the mixed ionic- electronic 

conductor (MIEC) material is a combination of thermal and chemical expansion. The thermal 

expansion is caused by the increased distance between atoms with increasing temperature, 

whereas chemical expansion is caused by the release of oxygen from the perovskite phase. 

This is in part associated with the reduction of the six-fold coordinated Fe cations from Fe4+ 

(0.585 Å) to Fe3+ (0.645 Å) causing an increase in the ionic radius during heating and/or 

decreasing oxygen partial pressure [32,41,42]. To distinguish between chemical and thermal 

expansion two gas atmospheres were used. The samples were heated in air (pO2 approx. 0.21 

bar) to 1100°C and cooled after equilibration to determine the total strain. Heating and 

cooling in air leads to a completely reversible combined thermal - chemical expansion as 

exemplarily shown in Figure 5.6 for STF50 as solid, black line. 

After cooling in air, the samples were reheated in a flowing dry Ar-atmosphere with a 

pO2 of approx. 10-5-10-4 bar. During heating more oxygen is released compared to air due to 

the lower pO2, In consequence, the total strain is increased due to enhanced chemical 

expansion. During cooling oxygen vacancies cannot be occupied to the same extent as in air 

due to the lack of oxygen in the Ar-atmosphere. This suppresses the chemical shrinkage 

(compare Figure 5.6- dashed line). Hence, from the cooling branches from 1100°C to room 

STF0 STF25 STF35 

STF50 STF75 STF100 
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temperature in flowing Ar the pure thermal expansion coefficient αargon_cooling(thermal) can be 

determined. 

 

 
 

Figure 5.6 Expansion behaviour of STF50 in air (black line) and Ar (grey, dashed line). 

 

In Table 5.3 the calculated expansion coefficients are shown. The total expansion 

coefficient αair(total) is calculated from the slope of the cooling branch in air, the pure thermal 

expansion coefficient αargon_cooling(thermal) from the slope of the cooling branch in Ar-

atmosphere. The chemical expansion coefficients α(chemical) is calculated from the difference of 

αair(total) and αargon_cooling(thermal).  

The total expansion shows a strong dependence on the Fe content (Table 5.3). In Table 

5.3 the calculated expansion coefficients are shown. The total expansion coefficient αair(total) is 

calculated from the slope of the cooling branch in air, the pure thermal expansion coefficient 

αargon_cooling(thermal) from the slope of the cooling branch in Ar-atmosphere. The chemical 

expansion coefficients α(chemical) is calculated from the difference of αair(total) and 

αargon_cooling(thermal).). The increasing chemical expansion can be found in the formation of 

oxygen vacancies. The increase in thermal expansion is attributed to the lower binding energy 

of Fe3+/4+ compared to Ti4+ as well as the increasing formation of lattice defects [43-45]. XRD 

analysis (not shown here) revealed that all compositions, except STF100, showing the cubic 

perovskite phase, after dilatometric measurement in air or argon at room temperature.  
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The formation of oxygen vacancies is beneficial for the functional properties such as 

oxygen permeation since it directly leads to a higher ionic conductivity according to the 

Nernst-Einstein equation. On the other hand a high chemical expansion is critical from a 

manufacturing and operating point of view. The membrane material should exhibit similar 

expansion behaviour as the adjacent steel components (e.g. housings) to avoid thermally 

induced stresses. Potential materials are ferritic steels with a TEC of 12-14 · 10-6 K-1, 

austenitic stainless steels (16-18 · 10-6 · K-1) or Ni-based alloys (12-16 · 10-6 K-1). STF-x 

compositions with a Fe-content up to x = 0.5 match well with this type of metallic materials. 

 

Table 5.3 Expansion coefficients of STF100·x materials. 

 
 αair(total) (10-6 K-1) α (thermal) (10-6 K-1) α (chemical) (10-6 K-1) 

50-800 °C 50-1000 °C 50-800 °C 50-1000 °C 50-800 °C 50-1000 °C 

STF0 11.3 11.6 11.3 11.6 0 0 

STF25 14.1 14.4 13.1 13.5 1.0 0.9 

STF35 15.5 16.2 14.4 14.8 1.1 1.4 

STF50 17.6 18.5 16.0 16.5 1.6 2.0 

STF75 20.1 22.5 17.5 17.9 2.6 4.6 

STF100 27.4 29.5 - - - - 

 

 

5.3.4 Stability 

STF100·x samples were pressed and sintered for annealing tests in atmospheres at 

different oxygen partial pressures and under pure CO2. Annealing in Ar- (10-5-10-4 bar) and 

Ar/4%H2 (10-20-10-19 bar) atmosphere was performed at 900°C for 12 h in order to identify 

the compositions which are potential candidates for application under reducing environment 

in membrane reactors with e.g. methane based feed stocks. The annealing in pure CO2 was 

conducted at 800°C for 15 h in order to test the chemical stability of compositions against the 

formation of Sr-carbonates in case of flue gas contact of the membrane. The annealed samples 

were cooled down in the corresponding atmosphere with a cooling rate of 300 K/h. Phase 

content and lattice parameters were determined by XRD at room temperature. Please note, 

that these tests are only a very preliminary screening because the stability issues of the real 

applications are much more challenging as addressed in the introduction. Therefore, more 
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dedicated tests according to application conditions must be performed with the “stable” 

materials whereas the “unstable” materials are for sure not suitable for practical application. 

The compositions STF0, STF25 and STF35 are stable under Ar - and 4%H2/Ar - 

atmosphere, i.e. the cubic perovskite structure remains. In case of pure SrTiO3 the lattice 

parameter a is constant. STF25 and STF35 showed an increase in the lattice parameter for 

annealing in Ar due to oxygen release and corresponding chemical expansion. Annealing in 

4% H2/Ar did not further increase the lattice parameter indicating no additional formation of 

oxygen vacancies. STF50 is also stable in Ar, but a secondary phase is formed after annealing 

in 4% H2/Ar. STF75 and STF100 completely decomposed after annealing in 4%H2/Ar. 

Annealing in CO2 again revealed that the stability decreases with increasing Fe-

content, Figure 5.7. STF0 shows no carbonate formation. The 2θ-region of the main SrCO3 

peak is shown in detail as a square root plot in Figure 5.7 in order to enlarge minor reflexes. 

While in STF25, STF35, and STF50 the carbonate phase can hardly be detected, i.e. below 

detection limit of 3 %, it is clearly present as secondary phase in STF75. In x ≥ 35 an 

additional Sr-Fe-oxide (Sr2Fe2O5) is detected. Its content increases from 7% and 11% to 14% 

in STF35, STF50, and STF75, respectively. STF100 completely decomposed to 61% of 

strontium carbonate and 39% of SrFe12O19. 

 

 
 

Figure 5.7 Room temperature XRD after annealing of pressed STFx powders at 800°C for 15 

h in pure CO2. Inlets show SrCO3 reflexes displayed as square root plot. 
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Table 5.4 Phase content and lattice parameter of STF-x determined by XRD at room temperature in air. 

 

 heat treatment in air 

pO2~0.21 bar  

900 °C 12 h 

heat treatment in Ar 

pO2~10
-5 

bar  

900 °C 12 h 

heat treatment in 

4%H2/Ar 

pO2 ~ 10
-19 

bar  

900 °C 12 h 

heat 

treatment in 

CO2 

800 °C 15 h 

Lattice 

parameter 

(Å) 

Crystalline 

phase
*
 

Lattice 

parameter 

(Å) 

Crystalline 

phase
*
 

Lattice 

parameter 

(Å) 

Main 

crystalline 

phase
*
 

Carbonate 

content 

(%) 

STF0 3.906 cP 3.906 cP 3.905 cP - 

STF25 3.903 cP 3.910 cP 3.909 cP 1 

STF35 3.899 cP 3.910 cP 3.910 cP 1 

STF50 3.894 cP 3.912 cP 3.909 
cP + 

(Sr4Fe3O10) 
2 

STF75 3.885 cP 3.913 cP - decomposed 4 

STF100 

a=10.976 

b=7.701 

c=5.470 

oP 

a=5.673 

b=15.594 

c=5.530 

oB - decomposed 61 

* cP: cubic perovskite. oP: orthorhombic perovskite. oB: orthorhombic brownmillerite, () 

secondary phase   

 

5.3.5 Functional properties 

Diffusion coefficients and oxygen exchange rates were investigated using the 

electrical conductivity relaxation (ECR) technique. The results of STF50 are exemplarily 

shown in Figure 5.8 and referenced to standard OTM materials, i.e. La0.6Sr0.4Co0.2Fe0.8O3-δ 

(LSCF) and La0.3Sr0.7CoO3-δ (LSC). It clearly revealed that the diffusion as well as the oxygen 

exchange of STF50 is very comparable to these reference materials, indicating good 

permeability. Detailed results of electrochemical characterization are published elsewhere 

[46]. 
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Figure 5.8 Diffusion coefficient and surface exchange rates of STF50, LSCF, and LSC [34] 

in dependence on temperature. 

 

From the diffusion coefficient D and the surface exchange coefficient k (Figure 5.8) one can 

determine the characteristic thickness Lc , which is defined as [47] 

 

k
DLc =        (5.1) 

 

Since Lc is between 30 and 80 µm in the investigated temperature range oxygen permeation 

measurements were performed using 1.5 mm thick samples. This thickness ensures that 

potential influence of surface exchange reactions is suppressed and due to the relative low 

oxygen flux concentration polarisation in the gas phase is expected to be not significant. 

Figure 5.9 shows that pure STF0 has no observable oxygen permeability due to negligible 

ionic σi and electronic conductivity σe. But, substitution of Ti4+ by Fe3+/4+ is charge 

compensated by both electron holes, introducing electronic conductivity, as well as the 

formation of oxygen vacancies, introducing ionic conductivity [48]. This leads to an increase 

in ambipolar conductivity σamb. 
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and consequently to an enhanced oxygen flux according to [47]. 

 

''
2

'
2

amb22 O
Oln1

16
O

p
pT

LF
Rj σ=       (5.3) 

 

where jO2 is the oxygen permeation rate, R the gas constant, F the Faraday constant, L the 

membrane thickness and '
2Op and ''

2Op  the high and low oxygen partial pressure at both sides 

of the membrane. 

The oxygen permeation rate of 1 mm thick LSCF membrane is given as reference 

because it is a state of the art oxygen transport material [5,32,49-52]. 1.5 mm thick STF35 

shows comparable flux at operation relevant temperatures below 900 °C. For better 

comparison the ambipolar conductivity times temperature is calculated according to (5.3) at 

fixed temperatures for each measurement and plotted in Figure 5.10. The oxygen partial 

pressure on the feed side is 0.21 bar, while the oxygen partial pressure on the permeate side 

varies with the oxygen flux at fixed sweep gas flow rate of 50 ml/min. The oxygen partial 

pressures on the permeate side are given in Table 5.5 for STF100·x. 

 

Table 5.5 Permeate oxygen partial pressure (mbar) 
 

 750 °C 800 °C 850 °C 900 °C 950 °C  1000 °C 

STF25 0.55 1.08 1.68 2.24 2.88 3.69 

STF35 1.30 2.13 3.21 4.25 5.30 6.60 

STF50 1.61 3.13 4.92 6.49 8.01 9.92 

STF75 3.90 7.01 10.38 13.32 16.05 19.18 

 

These values for the ambipolar conductivity are in good agreement with the ambipolar 

conductivity calculated from literature values [25,53]. 
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Figure 5.9 Temperature dependence of oxygen permeation flux through 1.5 mm thick 

STF100·x membranes. Feed gas air, FFeed = 250 ml(STP)·min-1, sweep gas argon, FSweep = 50 

ml(STP)·min-1. 

 
Figure 5.10 Temperature dependence of ambipolar conductivity times temperature 

calculated from oxygen flux. 
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5.4 Conclusions 

SrTi1-xFexO3-δ was investigated for its application as membrane material in membrane 

reactors. The chemical stability is high as long as the Fe-content is kept small enough, i.e. 

<50%. Functional properties, i.e. diffusion coefficient, oxygen exchange rate, as well as 

oxygen permeation and ambipolar conductivity were determined. It revealed that increasing 

Fe-content enhances the functional properties. However, in case of complete substitution of Ti 

by Fe, functional properties drop again due to inherent instability of pure strontium ferrate. 

Considering the trade-off between stability and permeability, an iron content of 25-35% 

seems promising. This composition shows comparable permeability but better stability than 

state-of-the-art membrane material La0.6Sr0.4Fe0.8Co0.2O3-δ (LSCF). 

For a potential application as membrane reactor with very high oxygen partial pressure 

gradient thicknesses of 50 µm, 100 µm, and 180 µm for STF25, STF35, and STF50, 

respectively, are needed to realize a target oxygen flux of 10 ml cm-2 min-1 at 800°C. Since 

supported membranes with a thickness less than 100 µm are state-of-the-art in industrial scale 

[2] and 20 µm in research [54] Thus, STF100·x thin film membranes with sufficient 

performance are technically realistic. However, as mentioned previously, the influence of 

concentration polarisation in the gas phase and inside the pores of the required support as well 

as the influence of surface exchange kinetics is not considered. These effects significantly 

lower the driving force for oxygen transport [55], which makes additional microstructural 

optimisation of the support and the development of active surface layers necessary to meet the 

targeted oxygen flux. Future scale up of such optimized membrane structures might become 

challenging due to sintering issues. STF100·x with low Fe-content shows a relatively narrow 

temperature range, in which sintering occurs. This corresponds with high shrinkage rates 

potentially causing failure particularly in large components. Therefore, the sintering 

behaviour has to be analysed in more detail, which is part of ongoing research. 
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Chapter 6 

 

Student learning in cooperative groups when using a 

research-industrial context 

 
Abstract 

In this work the results of a case study into the effectiveness of cooperative learning in Dutch 

chemistry secondary education are presented. Students in their fourth year of pre-university 

secondary education (VWO) worked on a module (lesson series) that was developed in close 

collaboration with the Inorganic Membranes group (IM group) of the University of Twente, 

the Netherlands. The context of this module is ‘fuel production using membranes’. Our results 

show that it is possible to use a contemporary research context to teach high school students 

specific chemistry concepts. Cooperative learning increases information processing as 

compared to teacher oriented learning (individual learning). In this study it also surfaced that 

students’ communication skills, essential for successful cooperation towards a joint goal, are 

improved as well as the importance of student motivation to study a specific topic. To avoid 

failure, intrinsic and/or extrinsic motivation factors to cooperate in this project need to be 

present. 
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6.1 Introduction 

In 2002 a context-based chemistry curriculum was initiated in the Netherlands. The 

Dutch government composed a commission, chaired by van Koten [1], to explore the way 

chemistry is taught. An initial exploratory study showed that the image of chemistry 

education in the Netherlands is not very positive. Chemistry is most often associated with bad 

smelling substances, accidents and pollution. Regretfully, little collaboration between industry 

and educational institutes exists, making it even harder to change this image [1]. The number 

of students enrolling in a chemistry related study is decreasing. Germany coped with alike 

problems and successfully introduced a framework called “Chemie im Kontext” (ChiK) [2], 

with its first steps in 1997, in which contexts are used to make chemistry more appealing to 

students. A “context” is necessary for students to see the relevance and applicability of what 

they are learning in chemistry. It also results in new ideas to learn more effectively, improves 

the interest in chemistry related subjects and offers a link with what was already learned in the 

past [2]. In the UK this type of education was developed and applied back in the early 1980s, 

with the first courses starting in the mid-1980s [3]. These courses are based on the, so-called, 

“Salters Approach”. In this project, the main issue that needed to be addressed was: Science 

should be more appealing and more relevant to young people’s interests and therefore have a 

more direct link to their daily lives [3].    

In the Dutch context-based chemistry curriculum, as introduced in Dutch chemistry 

secondary education in 2013, concepts are learned starting from a specific context. This 

means that an appealing context is offered to students from which concepts are learned in a 

more natural way [4]. These contexts could come from contemporary scientific research. This 

curriculum change resulted in an adaption of educational goals, pedagogies, and content of 

chemistry courses. Although this new curriculum was implemented in 2013, making these 

changes happen in a successful way means attention for students and teachers. Teachers 

certainly need to be willing and able to teach according to the new curriculum. New learning 

materials for students need to be developed and/or redeveloped and teachers ideally should 

have a role in this.  

  



Student learning in cooperative groups when using a research-industrial context  

The syllabus for the new examination program covers the following domains:  

 

Domain A Skills, both generic and specific for chemistry 

Domain B Materials and substances in chemistry 

Domain C Chemical processes and laws of conservation 

Domain D Development of chemical know-how 

Domain E Innovation and chemical research 

Domain F Industrial (chemical) processes 

Domain G Society, chemistry and technology 

 

Within each of these domains specific goals and objectives have been formulated.   

 

At pre-university level (secondary education level) 440 hours of chemistry education 

are compulsory. Approximately 60% of these hours need to be spend on terms specified in the 

examination program. The underlying idea in the new examination program is to promote a 

concept-context based way of learning. In the current Dutch secondary and high school 

chemistry curricula, little emphasis was given to process engineering and its meaning in real 

life applications. It is however included in the new examination program and we therefore 

explored this topic. In this study cooperative learning through expert groups was used as a 

tool to teach a practical introduction to membrane science to students at a pre-university level 

by using learning material intended to promote the conceptual understanding of this topic. 

The main aim of this research was to establish whether starting from a contemporary 

research-industrial context will lead to sufficient learning. The topic was chosen because it 

offers possibilities to bridge school chemistry with contemporary research and industrial 

processes which are set in domain E and F. Students were provided with instructional material 

(a module) which covers the “birth” of a membrane, its applications and, finally, its “death” 

(cradle-to-grave approach). In the paragraph ‘instructional material’ a more in-depth 

description is given of the chemistry concepts taught.  
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6.2 Theoretical framework 

In the module a constructivist learning theory is used, since it is a key issue that 

students learn to shape and extend their knowledge based on what they learned over the 

previous years of chemistry education. Because of the new examination program a context-

concept approach is employed in the module. To combine these two requirements, 

cooperative learning is used. In this pedagogical approach students work together towards a 

common goal in which all have an active role in reaching this. [5]. When students work in 

groups they use higher levels of reasoning and critical thinking skills to solve problems as 

compared to working individually [6]. A synonym for cooperative learning by using stem and 

expert groups is jig-saw technique. This pedagogical technique was developed in the seventies 

by Aronson, Stephan, Lides & Snapp [7]. Only few instructional techniques have been 

implemented more successfully than cooperative learning [8]. Cooperative learning, in 

general, is used as an educational technique at schools and universities throughout the world 

[8], however it is hardly used in Dutch chemistry education. Bowen (2000) suggested that this 

might be because of teachers’ reluctance towards this educational technique. Teachers have 

the feeling that students do not learn chemistry in an efficient way and therefore do not learn 

everything they are supposed to learn. According to Dinan & Frydrychowski [9], teachers and 

school management fear that class management becomes harder when students are working in 

groups. Another fear is that teachers will lose the overview of what students are working on 

and what they are actually learning [10]. 

When using the jig-saw technique, first of all stem groups are formed. In figure 6.1 

this is illustrated as phase 1. The stem group members then split up to form so called expert 

groups. In the expert groups students develop their own specialism (hereafter referred to as 

‘expertise’). The expert group members cooperatively develop their specific expertise. This is 

illustrated in figure 6.1 as phase 2. When a sufficient level of expertise is reached the students 

return to their stem group to share their knowledge with their group members, which is 

illustrated as phase 3 in figure 6.1. According to Maceirasa, Cancelaa, Urréjolab, & Sáncheza 

[11], cooperative learning can in this way be used to process a rather busy curriculum in an 

efficient way. The authors assert that this also stimulates a positive attitude towards the work 

students have to do, and stress that in all cases curiosity and motivation are essential for the 

success of cooperative learning. Learning as a group is much more than just working together. 

It stimulates social activities (like friendship) among students [12] and promotes 

communication skills [9].  
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Phase 1 – Start in stem group. 

 

 
 

Phase 2 – Work in expert groups.  

 

 
 

Phase 3 – Return to own stem group to transfer knowledge and expertise to group members. 

 

 
 

Figure 6.1 Graphic representation of expert groups  

 

Law [13] described that in traditional learning, students often use a surface approach 

as a learning strategy in which they just “learn” by remembering to pass a test or exam. Mayer 

[14] distinguishes two important educational roles in learning: to promote “retention” and to 

promote “transfer”. Retention is the ability to remember information at a later time, which is 

basically memorization. When there is too much to “just” remember, students really need to 

understand what is important to learn to solve new problems and to answer new questions [13, 

14]. This is what Mayer calls transfer; students should not just remember information, it 

should make sense for them and they should be able to apply what they learned. According to 

Law [13], teacher-guided cooperative learning is an efficient strategy. Whenever students 

work as a group they tend to feel more responsible to motivate team members to be more 

productive in cooperating efficiently. Besides, students feel more accountable for the actions 

of group members and therefore also have their own way of dealing with problems in their 

own group [9]. 
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Dinan & Frydrychowski [9] used students’ questionnaires to show that 97% of the 

students (36), who attended B.Sc. courses in organic chemistry, had the feeling that 

cooperative learning helped them to get connected to their peers more easily than would be 

the case in teacher-guided teaching. However, 84 % of the students pointed out that this 

learning strategy meant working harder than just attending classes. 90 % of the students did 

not only feel responsible for their own work and achievements but also for that of their team 

members. The authors compared the results of written tests between teacher-guided teaching 

and cooperative learning and observed only a slight improvement in the case of cooperative 

learning. However, it should be noted that in cooperative learning 14 % more topics were 

covered. 

 The aim of the instructional material was to provide students with a practical learning 

method, which is relatively new for them, to learn basic chemistry concepts in the context-

concept based curriculum. In this learning method students need to work together towards a 

common goal and get more insight into their own learning and possible applications of 

chemistry in society. The main, overarching, research question was: ‘Do students in expert 

cooperative groups learn the basic concepts in this module?’ Answering this question is not 

straightforward; therefore four research questions were defined to help answering it. These 

questions are: 

 

1. Do students learn what they are supposed to learn in expert groups? 

2. Are students capable to summarize their own expertise to their group members? 

3. Do the students of the group understand the experts’ explanation? 

4. Does the use of expert groups lead to sufficient knowledge and skills to all group 

members? 
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6.3 Instructional material 

In collaboration with the Inorganic Membranes group (IM group) and the institute 

ELAN (Science Education and Communication) of the University of Twente, the Netherlands, 

and the chemistry teacher of the high school involved in this research, a module was 

developed in which students get the opportunity to learn more about state-of-the-art inorganic 

membrane engineering and chemistry. One of the objectives of the module is to give high 

school students insight into this research as well as in possible industrial applications.  

Dense, gas tight, membranes made of materials with a perovskite crystal structure 

(general formula: ABO3) are presented as an alternative for cryogenic distillation to separate 

oxygen from air. The type of membrane used for this application is a mixed ionic and 

electronic conducting dense (gas tight) ceramic membrane. Molecular oxygen is dissociated 

as oxygen atoms at the surface of the membrane. At the same surface the oxygen atoms are 

ionized to oxygen ions by a counter flow of electrons and are transported through the crystal 

lattice via oxygen vacancies in the perovskite structure. At the sweep side of the membrane 

the reverse process occurs. The oxygen molecules, obtained in this way, can be used for the 

partial oxidation of methane. The mixture of gasses resulting from this reaction, called syngas 

(CO + H2), and unreacted methane is fed to a second membrane reactor where a water gas 

shift reaction converts CO to CO2 and H2. In this second reactor a porous inorganic membrane 

is used to separate H2 from CH4 and CO2. Students are taught that syngas is an excellent 

precursor for the reaction between CO and H2 into liquid hydrocarbons (the Fischer-Tropsch 

process). When the water gas shift reaction was added “only” H2 was produced as valuable 

fuel for engines or as reactant in solid oxide fuel cells (SOFC) while obtaining relatively pure 

CO2 ready for storage. 

In the module the students first have to learn what mixed ionic and electronic 

conducting (MIEC) materials are and, secondly, they have to understand the principle of a 

membrane reactor in which air is fed and oxygen is permeating through the membrane. 

 The module starts, in stem groups, with a general introduction on porous and dense 

inorganic membranes in which students learn basic concepts in membrane technology such as 

selectivity of a membrane towards certain gases in mixtures. To improve students’ motivation 

to work with this module the ‘how’ and ‘why’ of these types of membranes were introduced. 

After the general introduction in stem groups, four chapters are offered in which the different 

experts in their respective expert groups find the content to develop their own expertise.   
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The chemical engineering and materials science concepts taught are summarized 

below per expertise. The topics for the four expert groups are:  

 

1. Process design  

In this expertise students have to learn what process design means. How to do 

calculations to estimate the costs of building and operating a chemical plant, how to construct 

a block diagram based on predefined criteria and how to make a sensible decision on what 

type of membrane to use. For this, 5 possible membrane materials, based on the perovskite 

crystal structure, are presented. Students need to decide which of these materials is most 

appropriate for the use as a membrane material in the partial oxidation of methane (POM). 

Results of thermogravimetric analysis (TGA) are presented in which the gas atmosphere of 

these measurements simulate the reactors’ atmosphere. From these results students have to 

decide whether they think the materials are applicable in future POM membrane reactors.  

 

Main concepts: Capacity, costs, process-complexity, plant design, process-conditions, 

membrane materials, block diagram, investment costs. 

 

2. Process engineering: 

An explanation is given of the responsibilities of a process engineer. Students are 

being taught future applications of inorganic membranes in an industrial process. Students are 

challenged to design a relative simple chemical plant in which they learn what parameters 

influence the performance of a membrane reactor, how to construct mass balances based on 

block diagrams and what the influence is of temperature on the total pressure in the system. 

Students learn how to use mass balances to calculate product streams and to explain reaction 

efficiencies based on permeation data. 

 

Main concepts: Chemical reaction, membrane reactor, reactor, porous membrane, ionic 

conductivity, membranes, temperature, dense membranes. 
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3. Materials science:  

Students learn via the ‘materials paradigm’ (in the form of a tetrahedron). In this 

tetrahedron every corner is used to point out an important stage in materials science, the four 

corners represent; 1) structure, 2) performance, 3) properties and 4) processing. All corners 

are connected to form the tetrahedron and thereby clarifying the link between the different 

aspects in materials science. Besides this ‘materials paradigm’ students learn what a 

perovskite crystal structure is, how it is possible for oxygen to go through a dense (and 

therefore gastight) membrane and how to fabricate advanced ceramics starting from an 

inorganic powder. Students also need to know and understand 3 different synthesis routes to 

obtain the desired inorganic/ceramic powders as well as an analysis technique to determine 

the crystal structure (powder X-ray diffraction).  

 

Main concepts: Material properties, complexation reaction, performance, production, 

manufacturing, materials science, crystal structure, solid state reaction, spray-pyrolysis. 

 

4. Materials analysis:  

To characterize the ceramic powders and membranes, techniques for the analysis of 

the materials are taught in the module. Students have to know the difference between analysis 

on a micro and meso-scale. Different techniques to analyse powders need to be learned such 

as dynamic light scattering (DLS: particle size distribution), scanning electron microscopy 

(SEM: analysis of the surface of a ceramic) and X-ray fluorescence (XRF: chemical 

composition of the ceramic powders).  

 

Main concepts: Analysis technique, dynamic light scattering, micro-scale, electron 

microscopy, X-ray fluorescence, meso-scale, electrical conductivity, monochromatic light 

source. 

  

The assignments in the module are designed in such a way that it is highly advisable to 

do these as a group. According to Bowen (2000) this is one of the characteristics of 

cooperative learning.   

 

After the students have become experts in their field they returned to their stem group. 

In their stem group they have to do assignments in which all expertise topics were combined.  
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Students were advised to do the exercises together and, therefore, should use each other’s 

expertise. An example of such an assignment was: 

 

 

1. We want to have a powder, which is of extremely high quality, in other words only 

powder with a perovskite crystal structure should be present.   

 

A What is the most appropriate synthesis route? 

B How can you determine the crystal structure? 

 

 

In this exercise students had to combine the expertise topics ‘materials science’ and ‘materials 

analysis’. 

 

The concepts shown in the previous paragraphs were provided to the students as well. 

These concepts were used to summarize the module: students had to choose two expertise 

topics, excluding their own, and make a concept map per topic. To assist students, an example 

concept map plus explanation was given. A schedule holding important information, such as 

when the written tests would take place, when the concept maps were due, etc., was also 

provided. 
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6.4 Methodology 

 

6.4.1 Research design  

The main aim of this study was to establish whether starting from a contemporary 

research-industrial context could lead to sufficient learning. Therefore, the presented work is a 

quasi-experimental study. One experimental group was used without a control group.   

 

6.4.2 Participants  

In this study 22 pre-university secondary education students of about 15-16 years 

participated, 15 female and 7 male. The teacher divided the students into stem groups. The 

students in the stem groups were free to choose one of the four offered expertise topics they 

would explore in the expert groups. Giving student-groups this choice created a feeling of 

ownership and responsibility towards the project. 

 

6.4.3 Context of the study 

The teacher introduced the module. Students were then instructed to do the exercises 

from the introduction of the module in order to gain basic knowledge on inorganic 

membranes and some of the different applications. After this the students split up in expert 

groups, and explored their topic. After having completed their topic, students returned to their 

stem group to share their expertise with their team members. The role of the teacher was 

mainly coaching; students were their own teachers! 

During the progress of the module an environment was created in which students were 

motivated to work in an orderly and productive way in groups. Therefore, the teacher 

constructed groups that were representative for the diversity in this school class. Grouping 

was based on experience with this class and used, for instance, the level of chemistry 

knowledge of the student as a criterion. In this way, high-achievers and low-achievers worked 

together to achieve a common goal affecting the motivation of the students in a beneficial way 

[6].  
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6.4.4 Instruments 

Six instruments were used to answer the research questions. These instruments are 

linked to the respective questions and shown in Table 6.1. As can be seen from this table, at 

least two instruments were used to answer each question.  

 

Table 6.1 Instruments used per research question 

 

Research   

          question 

 

 

Instrument 

Do students 

learn what they 

are supposed to 

learn in expert 

groups? 

Are students 

capable to 

summarize their 

own expertise to 

their group 

members? 

Do  the students 

of the group 

understand the 

experts’ 

explanation? 

Does the use of 

expert groups 

lead to sufficient 

knowledge and 

skills to all 

group members? 

Written test 

 
X    

Summary  

expertise topic 
X X   

Questionnaire 

explanation of 

the experts 

 X X  

Questionnaire 

module 

perception 

   X 

Concept map 

 
   X 

Final theory 

module test 
X   X 
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1. Written test 

The written test was used to test the expertise level per topic. It is essential that all 

students pass this test, as they need to transfer this knowledge to their stem group peers. In 

this written test students were given 15 minutes to answer 3 open questions related to their 

own expertise. The written test was constructed in such a way that it covered the expertise 

theory necessary to contribute to their group. When students started to work in expert groups, 

a list of concepts they had to learn was given to them. Throughout the text these concepts 

were highlighted in bold to indicate once more its importance. At the end of the chapter, 

exercises were given to practise working with these concepts. Similar exercises were used for 

the written tests. 

 

2. Summary expertise topic 

After the written test each expert group had to prepare a summary. The module 

provided a list of concepts per topic and a guideline of how to make a summary. The expert 

group summaries should contain the concepts of the expertise chapter, necessary for the stem 

group members to understand this content, and should be written in a clear and logical way. 

 

3. Questionnaire experts’ explanation 

The questionnaire on how students judge the explanations of the expert was used to 

determine how well students can summarize and explain their expertise to their stem team 

members. In these questionnaires students were also asked to judge the willingness and 

enthusiasm of experts to explain their expertise. All questions were phrased in such a way that 

they could be answered with predefined answers (multiple choice). 

 

4. Questionnaire module perception 

In a second questionnaire students were asked for their opinion regarding the module. 

Students were asked how they experienced working on this module, and their opinion on the 

motivation of their group members. Additionally, students were asked how they experienced 

working in a group of students they had not chosen themselves. Questions were asked such as 

‘I think I was well prepared for this module’, ‘the questions were at a suitable level’ and ‘I 

liked the topic’. All questions could be answered using a Likert scale: ‘totally agree’, ‘agree’ 

and ‘don’t agree’.  
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The questionnaires described in instrument 3 and 4 were developed by the authors. To 

maintain a high level of validity these questionnaires were checked, discussed and adapted by 

the Institute ELAN (teacher education) of the Faculty of Behavioural Sciences at the 

University of Twente (the Netherlands) and the main chemistry teacher at the host-school 

where the research was conducted. 

 

5. Concept map 

A week before the final test, students had to make concept maps choosing two 

expertise topics (outside their own expertise topic). Concept maps were used to check whether 

students could establish the relationships between concepts. A list of concepts was offered to 

students for each expertise as well as a short description of how to construct a concept map.  

 

6. Final theory module test  

The final theory test was a written test covering all topics taught in the module. 

Students were urged to learn and practise these by making the exercises at the end of the 

module making use of the different experts in their stem groups. The final test contained 11 

essay questions divided over the four expertise topics.  

 

6.4.5 Data analysis 

The written tests, to assess the expertise of the experts and how much was learned in 

the total module, the instruments 1 and 6 above, were graded on a 1-10 scale.  

For each question, in the written tests, a p-score was calculated to judge the difficulty of the 

question. The p-score is defined as the average score of a question divided by the maximum 

score. A good question should have a p-score between 0.27 and 0.79. When the value is 

below 0.27 the question was too hard for the students, when the p-score is higher than 0.79 

the question was either too easy or the students mastered the theory exceptionally well. 

However, it should be prevented using questions with a p-score outside these boundary 

conditions. The r-score is an index that can be used to distinguish the questions, on which 

students either score below or higher than the average total score of the final test. The r-score 

is calculated by using: r-score (x) = p-score (x) * (pg (x) – p) / p, in which p is the average 

score of the final test of all students. Pg (x) is the average score of the final test of those 

students that answered question x correctly. An r-score of 0 means that all students answered 
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this question well. In other words, the question does not distinguish between weak and strong 

students. When the value is below 0, students who scored below the average result scored 

better on this question than students who scored higher than the average result. In case of an 

r-score larger than 0 the opposite is true. An r-score below 0.15 is not desired since a relation 

between individual exercise scores and the total score of the final test is weak. With an r-score 

larger than 0.35 the question discriminates well.  

 

The expert group summaries (instrument 2) were assessed by the teacher as either 

‘sufficient’ or ‘insufficient’. When experts returned to their stem group, the next step in the 

module is that the they have to master the other expertise topics too. Therefore, it is essential 

that a summary contains the concepts mentioned in the ‘list of concepts’ plus a brief 

explanation of these concepts. Besides this, it also needs to include a summary of the 

exercises. If a summary meets these requirements, it is assessed as being sufficient.  Students 

were asked to review the summaries through a questionnaire (experts’ explanation) in which 

questions were based on an ‘excellent’ to ‘insufficient’ scale. Data analysis was done by 

calculating a percentage per given answer 

The questionnaire on the perception of the module, instrument 4, was analysed by 

calculating a percentage per given answer.  

The concept maps, instrument 5, were assessed using model concept maps, and rated 

as ‘sufficient’ or ‘insufficient’. 

The final grade for the module was determined as a weighted average of the written 

test and the final theory test, in which a weighing of 1/3 : 2/3 was used, respectively. When 

the summary and concept maps were sufficient a 0.5 bonus could be earned per exercise, 

leading to 1 bonus point added to the weighted average grade of the written tests. 

 

6.5 Results 

In the next sections the results will be presented for each of the research questions.  

 

Research question 1: Do students learn what they are supposed to learn in expert 

groups? 

Three instruments have been used to answer the first research question, a written test, 

the summary of the expertise topic, and the final theory module test. After three lessons of 
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cooperation in expert groups, a written test was administered to the students to assess their 

level of expertise. Table 6.2 shows the results for (A) ‘process design’, (B) ‘process 

engineering’, (C) ‘materials science’ and (D) ‘materials analysis’, respectively. The level of 

expertise was based on grading from 1 (very poor) to 10 (excellent). In case of the expertise 

‘process design’ the average grade is 6.3 (standard deviation 1.76). The results for ‘process 

engineering’, ‘materials science’ and ‘materials analysis’ are 7.3 (standard deviation 1.52), 

8.0 (standard deviation 1.48) and 8.0 (standard deviation 0.99), respectively. 

The written test with topic ‘process design’ consisted of three questions. The p-scores 

for the first question (0.67) and second question (1.0) were high. In question 3 students 

needed knowledge learned in the previous year, and the p-score was low (0.11). Looking at 

the students the result for the first student is low (3.3), but for the other three good (7.3; 6.7; 

7.8). Student number 2 did the written test later than his/her expert group members, therefore 

a second version of the test was used which was representative for the first one. As a result, 

the final score of this test is 7.3. However, the score per question cannot be used anymore for 

determining the p-score. The results of the written test of the expertise ‘process engineering’ 

consisted of four questions. The first two questions show a p-score of 0.83 and 0.46, 

respectively. Questions number 3 and 4 showed maximum p-scores. The results of the written 

test made by the students from the expertise ‘materials science’ showed p-score’s close to 1 

for questions 1 and 4. Question 2 was a question in which students were asked to explain an 

analysis technique essential for characterizing the property of a material (X-ray diffraction). 

As can be seen from the p-score (0.75) students faced difficulties in explaining this in a 

structured way. Question 3 was a question in which students were challenged to first choose a 

suitable technique to synthesize a ceramic powder before they could answer the question; this 

resulted in a p-score of 0.50. Testing the expertise of students from ‘materials science’ was 

done with a written test consisting of four questions. The first question was a rather easy 

question to test general knowledge (p-score=1.0). The p-scores for the questions number 2, 3 

and 4 were respectively 0.33, 0.6 and 0.47. The p-score does not suggest that anything was 

wrong with these questions. Student number 22 did the written test later than his/her expert 

group members, therefore a second version of the test was used which was representative for 

the first one. As a result, the final score of this test is 7.9 (on a scale 1 – 10). However, the 

score per question cannot be used anymore for determining the p-score. The students number 

17 and 18 did not pass the first test and did a second version of the test, together with student 

number 22. Now both students passed the test with a score of 8.9. 
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Table 6.2 Results written test per expertise topic 

 

 A. Process design 

 

Question Grade 

1 2 3   

Max. score 

Student 

3 3 3  10 

     

1 0 3 0  3.3 

2 - - -  - 

3 3 3 0  6.7 

4 3 3 1  7.8 

p-score 0.67 1.00 0.11   

  

 

 

 

 

 

 

 

 

 

 

  

 B. Process engineering 

Question Grade 

1 2 3 4  

Max. score 

Student 

2 4 2 1 10 

     

5 2 4 2 1 10 

6 2 1 2 1 6.7 

7 1 1 2 1 5.6 

8 2 2 2 1 7.8 

9 1 1 2 1 5.6 

10 2 2 2 1 7.8 

p-score 0.83 0.46 1.00 1.00  
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 C. Materials science 

Question Grade 

1 2 3 4  

Max. score 

Student 

3 2 2 2 10 

     

11 3 2 1 2 8.9 

12 3 2 0 1 6.7 

13 3 2 2 2 10 

14 3 1 2 2 8.9 

15 2 1 0 2 5.6 

16 3 1 1 2 7.8 

p-score 0.94 0.75 0.50 0.92  

 D. Materials analysis 

Question Grade 

1 2 3 4  

Max. score 

Student 

2 3 1 3 10 

     

17 2 0 1 0 3.3 

18 2 0 0 1 3.3 

19 2 3 1 2 8.9 

20 2 0 1 2 5.7 

21 2 2 0 2 6.7 

22 - - - - - 

p-score 1.00 0.33 0.60 0.47  
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The summaries were reviewed and graded by using the criteria ‘sufficient’ and 

‘insufficient’. All summaries were handed in on time and the quality was more than sufficient.  

The final theory module test contained questions having a mix of all expertise topics. 

Table 6.3 shows the results of the final test. The expertise per student is represented by 

highlighting the questions. The topic of questions 1-3 and 7 was ‘materials science’, the topic 

of questions 4-6 was ‘materials analysis’ and question 9-11 were related to ‘process design’ 

and ‘process engineering’. Question number 8 was a general question. Table 6.4 shows a 

comparison of the results of experts and non-experts per question. As can be seen from this 

Table, the students’ results of questions 3 and 7 (both materials science) and 9 and 10 (both 

process design / process engineering) showed that the experts scored less on their own 

expertise. Especially in question 7 and 9 the difference was significant (roughly 24 – 30 %). 

In Table 6.4, questions highlighted in yellow show the comparison in results between experts 

and non-experts. In the section “Research question 4” the results will be explained. In all 

questions the p-score was between 0.29 and 0.71. For the values of the r-scores it can be seen 

that 5 questions have an r-score less than 0.15. The other 6 questions have r-scores between 

0.15 and 0.35. 
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Table 6.3 Results final test subdivided into the expertise per students (yellow marked) 

 

 Question Grade 

1 2 3 4 5 6 7 8 9 10 11  

Max. score 

Student 

2 2 3 2 4 2 2 3 3 2 2  

1 0 0 1 1 0 0 1 0 1 0 0 1.5 
2 0 0 0.5 1 0 0 2 0 1 0 0 1.7 
3 1 0.5 1 2 2 1 0 1 0 1 0 3.5 
4 1 0 3 2 0.5 1 2 3 1 1 2 6.1 
5 2 1.5 3 2 2 0 2 2 0 1 1 6.1 
6 0.5 0 0 1 0 0 1 1 0 1 0 1.7 
7 2 0 1 1 1 1.5 2 1.5 0 1 2 4.8 
8 2 0.5 1.5 2 2 0 1 0 0 1 1 4.4 
9 2 1 3 1 0 1 1 0 1 2 2 5.2 

10 1 0.5 2 0 1 0 1 1 1 1 2 3.9 
11 2 0 2 1 1 1 2 1 0 1 1 4.4 
12 2 0.5 3 1 0 0 0 0 1 1 0 3.1 
13 1 2 2 1 2 1 1 3 0 1 1 5.6 
14 2 1 0 0 1 1 2 0 2 1 0 3.7 
15 - - - - - - - - - - - - 
16 2 1 0 1 0.5 1 0 0 2 1 0 3.1 
17 2 1 3 2 2.5 0 0 1 1 0 0 4.6 
18 2 1 1 2 3.5 2 1.5 1 0 1.5 1 6.1 
19 2 2 3 2 4 2 1 2 2.5 2 2 9.1 
20 2 1 3 2 4 2 2 3 2 1 0 8.1 
21 1 0 3 2 1 1 2 1 2 0 0 4.8 
22 0.5 0.5 1 1 2 2 2 1 1 1 0 4.4 

p-score 0.71 0.33 0.59 0.67 0.36 0.42 0.63 0.36 0.29 0.46 0.36  
r-score 0.10 0.17 0.11 0.19 0.56 0.18 0.06 0.16 0.08 0.22 0.10  
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Table 6.4 Comparison average score per question between expert and non-expert 

 

 Material science Materials analysis Gen. Process design / 

Process engineering 

 1 2 3 7 4 5 6 8 9 10 11 

Score expert (%) 91.7 45.8 55.6 41.7 90.0 72.5 90.0 - 16.7 45.0 50.0 

Score non-expert 

(%) 
63.3 28.3 60.0 71.7 59.4 24.2 26.6 35.7 40.9 47.7 22.7 

 

 

Research question 2: Are students capable to summarize their own expertise to their 

group members? 

To answer this question the summary ‘expertise topic’, and the ‘questionnaire 

explanation of the experts’ were used. 

All summaries were more than sufficient (see also the previous paragraph). The results 

on a questionnaire where students were asked for their opinion on how they assess the expert 

explanation of their fellow team members is shown in table 6.5, the questions 2 and 4. From 

these results it can be seen that more than 90 % of the students had the feeling that experts in 

their stem group were willing to explain their summary.  Besides this, roughly 75 % of 

students had the opinion that the level of explaining by the experts was good to excellent. 
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Table 6.5 Questionnaire explanation of the experts 

 

 

1.     What was the level of expertise of the expert? 

 

A) excellent  

(29.4%) 

B) good  

(51.0%) 

C) sufficient  

(19.6%) 

D) insufficient  

(0%) 

 

2.     Was the expert motivated to explain his/her expertise? 

 

A) always  

(51.0%) 

B) most of the time 

(39.2%) 

C) sometimes  

(9.8%) 

D) never  

(0%) 

 

3.     Did the expert “enjoy” answering questions regarding his/her expertise? 

 

A) always  

(34.7%) 

B) most of the time 

(63.3%) 

C) sometime 

(2.0%) 

D) never  

(0%) 

 

4.     What was the level of explaining? 

 

A) excellent  

(22.4%) 

B) good 

(51.0%) 

C) sufficient 

(26.5%) 

D) insufficient  

(0%) 

 

5.     Was the expert capable of rephrasing his/her explanation? 

 

A) always  

(25.0%) 

B) most of the time 

(65.0%) 

C) sometime  

(10.0%) 

D) never  

(0%) 

 

6.     How well did the collaboration with the expert go? 

 

A) excellent  

(49.0%) 

B) good 

(33.3%) 

C) sufficient 

(17.6%) 

D) insufficient  

(0%) 
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Research question 3: Do the students of the group understand the explanation of the 

expert? 

This research question was answered using a questionnaire on the explanation of the 

expert  

From the results of the questionnaire as shown in table 6.5, the questions 1, 2, 4, 5 and 

6 were used. In these questions students were asked whether they understand the explanation 

of the expert and, when not, whether the expert could explain the content in other words. Most 

of the students did not experience serious difficulties with the summaries as made by the 

experts. From the answers on question 4 it can be seen that only 25% of the students faced 

some minor problems in understanding the explanation of the expert and asked the expert if 

he/she could rephrase it. From the answers on question 5 it can be depicted that 25% of the 

experts did not face any difficulty at all in doing so. 65% of the experts were able to rephrase 

their explanation most of the time to such an extent that the student eventually understood the 

explanation. From the answers on questions 6 it can be seen that the vast majority of the 

students (82.3%) had the feeling there was good to sufficient collaboration between the expert 

and the rest of the stem group members. Students agreed that the collaboration between their 

fellow team members went fine. However, observing the groups led to some doubt on the 

trustworthiness of their answer. Students liked to sit together in groups and to have some 

conversations not related to the module. Collaboration on the exercises did occur but not as 

often as desired by the teacher. According to the opinion of the students, as reflected by the 

answers given by the students on questions 1, experts had enough knowledge and skills on 

their own expertise. From the answers on question 2 it can be depicted that the students 

experienced in 50% of the cases a lack of motivation of the experts to explain difficulties. 

Two out of three students showed some motivation to answer questions from their team 

members; however this did not occur spontaneously. 

 

 

  



Chapter 6 

Table 6.6 Questionnaire module perception 

 

 totally agree (%) agree (%) disagree (%) 

 

1.     My knowledge was sufficient to 

work on this module. 

 

 

0 

 

40.9 

 

59.1 

2.     The learning strategy , as offered 

in this module, works for me. 

 

0 27.3 72.7 

3.     The content of the module was 

interesting. 

 

 

0 45.5 54.5 

4.     The theoretical background was 

fine and suitable exercises were 

available. 

 

0 59.1 40.9 

5.     The difficulty level of the 

exercises was fine. 

 

 

4.5 54.5 40.9 

6.     I like working together on 

exercises as a group. 

 

59.1 27.3 13.6 

7.     Cooperation in the group went 

satisfactory 

 

31.8 54.5 13.6 

8.     How many exercises, offered in the module, did you do (in % students’ answer)?  

0 - 20 % 21 – 40 % 41 – 60 % 61 – 80 % 81 – 100 % 

 

0 0 36.4 40.9 22.7 



Student learning in cooperative groups when using a research-industrial context  

Research question 4: Does the use of expert groups lead to sufficient knowledge and 

skills to all group members? 

This research question was answered using three instruments: a questionnaire module 

perception, concept maps, and the final theory module test. The results of the final test are 

presented in table 6.3 and explained in the results part of research question 1.  

From the results of the questionnaire module perception it can be seen that roughly 

86% of the students liked to work together towards a common goal. Only 14% of the students 

stated that the collaboration between fellow team members was not satisfactory. However, the 

majority of the students (roughly 73%) stated that using this learning strategy (jig-saw) was 

not appealing to them and that they had the idea that their knowledge was insufficient to work 

on this project (roughly 60%). Most of the students (60%) did not face a lot of problems with 

the exercises and agreed that the difficulty level of the exercises was acceptable. 

The third instrument used consisted of the concept maps made by the students. 

Students should have constructed 42 concept maps, however only 34 were received. The 

quality of the concept maps was judged by using a score of either ‘sufficient’ or ‘insufficient’. 

Table 6.7 shows the result of these concepts maps. The topic of 10 of these concept maps was 

‘process design’, 8 concepts maps were in the field of ‘process engineering’, 17 in ‘materials 

science’ and 3 in ‘materials analysis’. 

 

 

Table 6.7 Results of students’ concept maps 

A. Process design  B. Process engineering 

Sufficient (%) Insufficient (%) Sufficient (%) Insufficient (%) 

50 50 62.5 37.5 

 

C. Materials science  D. Materials analysis 

Sufficient (%) Insufficient (%) Sufficient (%) Insufficient (%) 

69.2 30.8 100 0 
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6.6 Discussion and conclusion  

 

6.6.1 Research questions 

Our overarching research question was: ‘How effective is the use of expert groups in 

cooperative learning?’ To substantiate this, four research questions were defined: 

 

1. Do students learn what they are supposed to learn in expert groups? 

2. Are students capable to summarize their own expertise to their group members? 

3. Do the students of the group understand the explanation of the experts? 

4. Does the use of expert groups lead to sufficient knowledge and skills of all group 

members? 

 

In the following sections we will first discuss the individual research questions, then turn 

to the overarching question and finally discuss specific issues: cooperation, motivation and 

contemporary research in class.  

 

1. Do students learn what they are supposed to learn in expert groups? 

Most students did well on the written test per expertise, only one student scored 

insufficient, even after doing a second version of the test. This was hardly a surprise since this 

student answered almost no questions in the module and was reluctant to cooperate with 

fellow team members. The p-scores were relatively high as the questions were rather factual 

and representative for the questions in the module. In the written test on ‘process engineering’ 

question 3 was hard to do for the students. Students had to use knowledge learned in the 

previous year, and faced a lot of difficulties in seeing relations between what was learned in 

the past and what was learned in the module, hence a low p-score was expected. Based on 

these tests it can be concluded that students’ theoretical knowledge is sufficient. However, 

applying this theory in an industrial context, as defined in the instructional material, was quite 

difficult for them. 

A second instrument to answer this sub research question was the summary: each 

group had to summarize what they had studied in their expert group. All four summaries were 

at an acceptable level of expertise.  

The third instrument used to answer this sub research question was the final test at the 

end of the module. In table 6.4 the results for the non-experts and the experts are compared. It 
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is expected that experts have higher scores on their own topic since they studied the topic 

more extensively. This is true for the questions 1, 2, 4, 5, 6, and 11.  However, the non-

experts score better on questions 3, 7, 9 and 10. The minor differences in scores between 

experts and non-experts in questions 3 and 10 can be explained by looking at the character of 

these questions: a surface approach can be used for answering. This means, if the student 

remembered the right concepts it would not be hard to answer these questions correctly. In 

questions 7 and 9 students really needed to know how to work towards an answer and just 

remembering concepts was not enough. Non-experts practised these questions in the general 

part of the module; experts practised these questions in the expert part of the module as well. 

From the p-scores it can be seen that all questions have values between 0.29 and 0.71, 

suggesting that the questions were well-constructed. From the r-scores it can be seen that 5 

questions have an r-score between 0 and 0.15. These r-scores indicate a weak relationship 

between individual exercise scores and the total score of the final test. From the test, 6 

questions have an r-score between 0.15 and 0.35, indicating that the questions discriminate 

reasonably well. These results for p- and r-scores do not indicate that something might be 

wrong with the test. 

Nevertheless, students faced a lot of problems when questions needed to be answered 

where an explanation was requested (e.g. we want to know the particle size distribution of our 

ceramic powder, explain how this can be determined?). In both written tests, questions that 

could be answered through memorization were answered quite well, suggesting that students 

might have used either a surface approach, as indicated by Law [13], or learned and 

understood the theory well. 

To summarise; based on the results of the written test, the summaries, and the final test 

it is fair to state that students gained sufficient knowledge to return to their group as expert in 

their own expertise.  

 

2. Are students capable to summarize their own expertise to their group members? 

The students were able to summarize what they had learned in their expert group. The 

summaries were of an acceptable level. However, it turned out that in all expert groups, one or 

two students actually made the summary. The result was then checked and discussed in the 

groups and improved where necessary. Questionnaires on the explanations of the experts 

support that the students understood the summaries and that experts could explain and/or 

rephrase terms in their own summary if difficulties occurred.  
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3. Do the students of the group understand the explanation of the experts? 

According to the opinion of the students, experts had enough knowledge and skills on 

their own expertise. In most cases students assessed the explanation of the experts positive. 

Experts did not experience a lot of difficulties in rephrasing an explanation in such a way that 

their stem group members understood it. 

In summary; it appears that students did understand the explanation of the expert. 

However, the majority of the students thought that their own knowledge was insufficient to 

work satisfactory on the module and that the learning strategy offered in the module did not 

work for them. Explanations for these results can be that both the way chemistry was offered 

as well as the learning strategy were new to them.  The module the students used is based on 

contemporary research and students had to learn the concepts starting from a context. In their 

chemistry books contexts are hardly used, the concepts are explained and sometimes an 

application is provided. These students were used to a teacher centred educational approach. 

Cooperation to achieve a common goal was new for these students.  

 

4. Does the use of expert groups lead to sufficient knowledge and skills to all group 

members? 

From the questionnaire and the concept maps it can be concluded that the use of expert 

groups leads to sufficient knowledge and skills to all group members. The results of the 

concept maps show that the students understand the concepts in the module. Students did not 

face significant problems constructing concept maps of sufficient quality. Based on these 

results, a certain level of higher order learning was developed during the course. The results 

of the final test are, however, disappointing and do not support this conclusion. Possible 

explanations for these unsatisfactory results are that students did not do all the exercises in the 

module, and that students did not really understand the topic, but had mainly memorized a lot 

of information.  
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6.6.2 Overarching research question 

In this study we show that students do learn what they are supposed to learn. However 

they have significant difficulties in answering questions in which an explanation or opinion 

was asked. Students are capable of summarizing their own expertise to the members of their 

stem group and to the teacher. Students have the feeling that they understand the explanation 

of the expert. However, the results of the final test indicate that not all students have gained 

sufficient knowledge and skills.  

The use of the jig-saw technique in this study showed that students are capable of 

processing and learning a significant amount of theory in a limited time span. In this research 

no control group was used, therefore it is hard to compare this educational approach to more 

teacher-centred teaching. However, when using ‘study-load’ as an indicator for the processing 

and learning of theory it is justified to support that students cover more theory in the limited 

time by using the jig-saw technique. This confirms the findings by Dinan and Frydrychowski 

(1995) who showed that 14% more theory was covered as compared to more teacher oriented 

teaching. The answer to the overarching research question therefore is that use of expert 

groups in cooperative learning can be effective, but in this research not all conditions were 

met. In the following sections we will elaborate on three of these conditions: cooperation, 

motivation and the use of contemporary research at high school level. 

 

6.6.3 Cooperation 

Since cooperative learning, and therefore expert groups, is not common practise in 

Dutch secondary education it is not surprising that offering a new instructional strategy meets 

some reluctance from the side of the students. Developing the module was done taking into 

account the criteria set by Bowen (2000). Students however felt overwhelmed by this new 

way of learning. The first few lessons the teacher forwarded all questions to students in their 

respective stem or expert group. This caused, initially, some discomfort but resulted in more 

cooperation between the students. As shown by Dinan and Frydrychowski [9], students 

developed a better feeling of responsibility towards their peers when cooperating. In this 

study this did not take place. It should however be noted that the students in our study were 

studying chemistry at a secondary school level (15 – 16 year old students) whereas the study 

of Dinan and Frydrychowski [9] concerned university bachelor students.  In our study, student 

groups were carefully composed: a group should reflect the diversity of all students in class. 

Therefore introvert students were placed in groups together with more extrovert students and 
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more gifted students were placed in groups together with weaker students. During the lessons 

the communicational skills between group members was greatly enhanced.  

When students, in our study, had to make a summary per expert group the work was 

divided. One or two students were given the task to do this. The resulting summaries were 

however checked and discussed between all group members.   

As Pendley, Bretz & Novak [15] point out, it is important that students take an active 

role in their learning process. Constructing concepts maps is one of the examples in doing so. 

Although students did not make the concept maps individually they were still cooperating 

towards solving a joint problem (seeing the relation between concepts).  

At the end of the module students felt that they were not prepared to cooperate in stem 

and expert groups. They recognized that it might be of interest and useful at a university level 

but had the feeling not being capable yet to efficiently cooperate as a group. As one of the 

students remarked: “I do not want to work in this way, more classroom teaching would have 

been much better for me”. It would have been appropriate to prepare students on cooperative 

learning first, before engaging them in this endeavour.  

 

6.6.4 Motivation 

Although the results of the group work were acceptable, the results of the final test 

were disappointing. A possible explanation is the lack of motivation of the students due to all 

the nitty-gritty work required. This was something students showed throughout the lessons. 

During teaching it became clear that a number of students in this class lacked the motivation 

to work hard on the module. It seemed that they did not feel affinity to the topic of the module 

and therefore the curiosity to explore this topic was missing. According to Maceirassa et al. 

[11] it is essential that students, working in a group, are motivated to work on a certain topic 

otherwise cooperative learning cannot be successful. Besides the motivational problems also 

panic was observed, caused by this “new” way of learning. So far the teacher explained what 

to do in the lesson and what to prepare for the next lesson, now they had to do all this 

themselves and as the deadlines emerged panic struck. Also here it might have been helpful to 

take time to explain the new way of working, and especially the planning to meet the 

deadlines, before the start of the module. Future research might show how selecting a specific 

context influences motivation. 
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6.6.5 Contemporary research in high school class   

For this research, we developed a module featuring inorganic membranes in the 

context of ‘fuel production using membranes’. Students were presented with state-of-the-art 

research resulting from the Inorganic Membranes group at the University of Twente (the 

Netherlands). During the course of the module it became clear that students did not identify 

with the issue of the topic. During informal meetings students said not to understand the need 

to develop these membranes to produce pure oxygen nor the relation to the four expert group 

assignments. According to Mayer [14], this is essential in the learning process. The presented 

module was not only difficult in the sense that students did not find the topic appealing, also 

the time they were given to work on the module proved to be limited. When time is limited, 

proper planning ahead is a necessity and although a schedule was offered to the students they 

hardly used it. When they were directed to the schedule, when asked by the teacher what to do 

next, they seemed surprised.  

Offering the students in this class the opportunity to learn something very novel did 

not lead to intrinsic interest. For these students the context was apparently not appealing 

enough and also the introduction did not convince them. This research showed that selecting 

an appealing topic for students is not easy. Students really need to get convinced of the 

importance of a specific topic before they are prepared to get involved. Taking more time to 

introduce the topic might also help. 
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7.1 Introduction 

This chapter briefly examines some of the challenges in the area of research of this 

Ph.D. thesis, and provides some recommendations and ideas for further research based upon 

the findings and analyses presented in the previous chapters. 

 

7.2 Oxygen transport membranes in reactive environments 

Integration of membrane technology in a reactor for production of syngas and in 

power plant scenarios for capturing (and storage) of CO2 from the combustion of fossil fuels 

is explored intensively to date [1,2]. In order to realize the potential benefits for use of the 

oxygen transport membranes under reactive environments still many technical challenges 

need to be overcome.   

In an oxygen-fuel power plant process, the oxygen transport membrane is in contact 

with recirculated flue gas, which contains CO2 as a major component [3]. Perovskite oxides 

containing alkaline earth metals, such as barium and strontium, are known to react readily 

with acid gases like CO2. A clear challenge is thus to develop membrane materials that are 

kinetically stable in CO2 atmospheres. Alkaline-earth-free membrane lanthanum nickelates 

constitute a class of alkaline-earth-free materials that are less susceptible to degradation [4]. 

Also, dual-phase membranes consisting of an (alkaline-earth-free) spinel material and an 

oxide electrolyte offer the possibility to tune the stability. Recently, a dual-phase membrane 

consisting of NiFe2O4 and Ce0.8Gd0.2O3-δ (CGO) has been developed showing stable oxygen 

fluxes while using pure CO2 as a sweep gas [5]. It is further recommended to conduct long-

term stability studies under conditions tailored to the conditions of the targeted applications. 

Results of oxygen flux and creep measurements on mixed-conducting SrTi1-xFexO3-δ (STF) 

membranes were presented in Chapters 4, 5 and 6. To evaluate the potential use of STF for 

above applications additional characterization and long-term stability tests are required at low 

values of pO2. 

Even though the structural stability of alkaline-earth-containing perovskites in CO2 

atmospheres is known to be limited, there is still a lack of understanding with regard to the 

underlying factors, and how to improve resistivity of these materials against carbonation. 

Recently, Chen et al. [6] demonstrated that partial substitution of B-site cations in 

SrCo0.8Fe0.2O3-δ by high-valent Ta5+ cations significantly reduces basicity of the material, 

thereby improving its resistivity against carbonation. It seems that such doping reduces SrO 

activity in the oxide, decreasing the tendency of the parent material towards carbonation. 



Recommendations for further research 
 

More research is advocated towards the relationship between earth-alkaline oxide activity in 

the perovskite oxide and its carbonation behavior. 

 

7.3 Chemical diffusion and oxygen surface exchange 

In Chapter 5, the electrical conductivity relaxation (ECR) technique was exploited for 

measurement of the chemical diffusion coefficient (Dchem) and surface exchange coefficient 

(kchem) of STF50. As both parameters reflect the oxide’s ability for oxygen transport, ECR is 

considered an appealing technique for a more systematic study towards understanding the 

detailed mechanism of oxygen transport in the series SrTi1-xFexO3-δ, and to aid selection of the 

optimal composition for use as membrane. These measurements need to cover the range of 

temperatures and oxygen partial pressures encountered in the targeted application. ECR is 

also considered useful to evaluate the effect of gas phase impurities such as CO2, H2O and 

SO2 on oxygen surface exchange, and to study ageing phenomena by conducting long-term 

studies. The ECR method can be complemented by the use of other techniques to achieve 

consistency between data obtained by different techniques but also to support interpretation, 

for example, pulse 18O-16O isotopic exchange can be used to evaluate the surface exchange 

rate, low energy ion scattering (LEIS) to analyse the atomic composition of the outer atomic 

layer of the surface, thermogravimetry to determine oxygen nonstoichiometry changes, and 

high-temperature X-ray and neutron diffraction to determine lattice expansion and phase 

changes. 
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Summary 

The work described in this thesis has been conducted in the framework of the cluster 

‘Catalysts, Membranes and Separations (CMS) of the Dutch research program ‘A green Deal 

in Energy Materials’ (ADEM). Within this cluster, various technologies are investigated to 

mitigate CO2 effects of the ever-growing world economy, which includes the development of 

CO2 capture technologies associated with the burning of fossil fuels. The main focus of the 

research described in this thesis is on the development and fabrication of oxygen transport 

membranes, and characterization of these membranes under conditions of usage. 

 

Chapter 1 provides an introduction of relevant developments in the field of oxygen 

transport membranes, and presents the aims of the work described in this thesis.  

 

In Chapter 2, the development of a versatile one-pot auto-combustion method for the 

synthesis of powders of the perovskite oxide titanium-doped strontium ferrate, SrTi1-xFexO3-δ 

(STF) is described. The synthesis is optimised by the combined use of ethylene diamine tetra-

acetic acid (EDTA) and citric acid as chelating agents, and an appropriate balance between 

fuel (reductive) and oxidising elements in the reaction mixture. The method produces an 

almost phase-pure oxide powder with an ultra-fine crystallite size between 20-40 nm, and 

with a low level of organic residues. Highly sinter-active powders are obtained after 

calcination and ball-milling of the powders.  

 

Chapter 3 presents the results of compressive creep tests on perovskite-type oxides 

Ba0.5Sr0.5(Co0.8Fe0.2)1-xZrxO3-δ (BSCF-Z100 ⋅ x), where x =  0.01, 0.03, 0.05 and 0.1, in air at 

800-950 °C and at nominal stresses of 30 MPa and 63 MPa. Observations from X-ray 

diffraction and microstructural investigations support a solid solubility limit of ZrO2 between 

0.03-0.05. Zirconium substitution of (Co, Fe) in BSCF is found to significantly suppress grain 

growth, which is attributed to a solute and/or a particle drag (Zener pinning) mechanism. 

Observed activation energies and stress exponents point to diffusional creep as the 

predominant mechanism for creep in BSCF-Z100 ⋅ x ceramics at temperatures above 850 °C. 

This is further supported by the fact that the observed grain-size-normalized creep rate varies 

little for the different BSCF-Z100 ⋅ x compositions.  

 

In Chapter 4, the results of compressive creep tests on mixed ionic-electronic 

conducting perovskite-type oxides SrTi1-xFexO3-δ (x = 0.3, 0.5 and 0.7) are presented. 
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Observed activation energies and stress exponents at 800 - 1000 °C in the stress range 10 - 

100 MPa indicate that the steady-state creep rate under the given conditions is predominantly 

limited by cation lattice diffusion (Nabarro-Herring creep). The effective stress exponents 

reflect a contribution of dislocation creep to the mechanism of creep in STF30 (x = 0.3). The 

observed creep rates are compared with those exhibited by related perovskite-type oxides, and 

are discussed in view of the possible application of STF as oxygen transport membrane.   

 

Chapter 5 presents a study on solid solutions of SrTi1-xFexO3-δ (x =0, 0.25, 0.35, 0.50, 

0.75, 1.00), investigating their potential use as oxygen transport membrane. Oxygen transport 

properties such as chemical diffusion, oxygen surface exchange, and oxygen permeability as 

well as structural properties such as sintering, thermal and chemical expansion are 

investigated. Substitution of titanium by iron in SrTi1-xFexO3-δ is found to increase the 

chemical diffusion coefficient and, hence, the oxygen permeation rate. The drawback is that 

the stability under reducing conditions is lowered, and the coefficients of thermal and 

chemical expansion increase with increasing x. The latter makes the fabrication of supported 

membranes and their integration into membrane modules more challenging. The best 

compromise between structural and oxygen transport properties is found for an iron 

substitution level between 25-35%. Oxygen permeation rates achieved for the STF 

compositions in this range are comparable to those exhibited by La0.6Sr0.4Co0.2Fe0.8O3-δ 

(LSCF). However, the structural stability under reducing conditions is higher, and the thermal 

and chemical expansion coefficients are lower compared to those found for LSCF, which 

render the STF compositions promising for use as oxygen transport membrane. 

 

In Chapter 6, the results of a case study into the effectiveness of cooperative learning 

in Dutch chemistry secondary education are presented. Students in their fourth year of the pre-

university secondary education (VWO) worked on a module (lesson series) that was 

developed in close collaboration with the Inorganic Membranes group (IM group) and the 

teacher education department (ELAN) of the University of Twente. The context of this 

module is ‘fuel production using membranes’. The results demonstrate that it is possible to 

use a contemporary research context to teach high school students specific chemistry 

concepts. Cooperative learning increases information processing as compared to teacher-

oriented learning (individual learning). In this study it also surfaced that students’ 

communication skills, essential for successful cooperation towards a joint goal, are improved 
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as well as the importance of student motivation to study a specific topic. To avoid failure, 

students’ intrinsic and/or extrinsic motivation factors to cooperate in this project need to be 

present. 

 

 



 
Samenvatting
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Het onderzoek beschreven in dit proefschrift is uitgevoerd in het kader van het cluster 

‘Catalysts, Membranes and Separations’ (CMS) van het Nederlandse onderzoeksprogramma 

‘A Green deal in Energy Materials’ (ADEM). In dit cluster worden verschillende 

technologieën ontwikkeld om de CO2 effecten van de steeds groeiende wereldeconomie te 

verminderen. Het onderzoek beschreven in dit proefschrift richt zich met name op de 

ontwikkeling en fabricage van zuurstoftransportmembranen, en de karakterisering van deze 

membranen onder omstandigheden van toepassing. 

 

Hoofdstuk 1 beschrijft relevante ontwikkelingen op het gebied van zuurstoftransport-

membranen en geeft de doelstellingen van het onderzoek beschreven in dit proefschrift. 

 

In Hoofdstuk 2 wordt de ontwikkeling van een veelzijdige methode  beschreven voor 

de synthese van poeders van de perovskietverbinding titaan-gedoteerd strontiumferraat, SrTi1-

xFexO3-δ (STF). De synthese wordt geoptimaliseerd door het gecombineerde gebruik van 

ethyleen-diamine-tetra-azijnzuur (EDTA) en citroenzuur als complexvormers, en een 

optimale balans tussen brandstof (reducerende) en oxidatieve componenten in het 

reactiemengsel. Met behulp van de methode wordt een fase-puur poeder verkregen met een 

kristallietgrootte tussen 20-40 nm en met een laag niveau aan organische residuen. Na het 

calcineren en malen worden poeders verkregen die zeer sinter-actief zijn. 

 

Hoofdstuk 3 beschrijft de resultaten van kruipmetingen aan perovskiet-type oxiden 

Ba0.5Sr0.5(Co0.8Fe0.2)1-xZrxO3-δ (BSCF-Z100 ⋅ x), waarin x = 0.01, 0.03, 0.05 en 0.1. De 

kruipmetingen zijn uitgevoerd onder lucht, bij 800-950 °C en nominale compressieve 

spanningen tussen 30 MPa en 63 MPa. Waarnemingen met behulp van röntgendiffractie-

metingen en analyse van de microstructuur geven een oplosbaarheidheidslimiet van ZrO2 

tussen 0.03 - 0.05. Partiële substitutie van (Co, Fe) in BSCF door zirkoon leidt tot een 

significante onderdrukking van de korrelgroei, welke toegeschreven wordt aan een 

meesleepeffect (‘drag’) van het opgeloste ZrO2 en/of van deeltjes (‘Zener pinning’). De 

waargenomen activeringenergieën en stress-exponenten suggereren diffusiekruip als het 

belangrijkste mechanisme van kruip in BSCF-Z100 ⋅ x bij temperaturen hoger dan 850 °C. Dit 

wordt verder ondersteund door het gegeven dat de waargenomen kruip genormeerd op 

korrelgrootte slechts een geringe variatie vertoont voor de verschillende BSCF-Z100 ⋅ x 

samenstellingen.  
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In Hoofdstuk 4 worden de resultaten gepresenteerd van kruipmetingen aan de 

perovskiet-type gemengde geleider SrTi1-xFexO3-δ (x = 0.3, 0.5 en 0.7). De waargenomen 

activeringsenergieën en stressexponenten in het temperatuurregime 800 - 1000 °C en 

stressregime 10 - 100 MPa laten zien dat secondaire kruip bepaald wordt door diffusie van 

kationen (Nabarro-Herring kruip). De effectieve stressexponenten laten zien dat 

dislocatiekruip een additionele bijdrage levert aan de kruip in STF30 (x = 0.3). De 

waargenomen kruipsnelheden worden vergeleken met die van gerelateerde perovskiet-type 

oxiden en worden besproken in het licht van de mogelijke toepassing van STF als zuurstof-

transportmembraan.  

 

Hoofdstuk 5 beschrijft een studie naar vaste oplossingen SrTi1-xFexO3-δ (x = 0, 0.25, 

0.35, 0.50, 0.75, 1.00), en hun mogelijke toepassing als zuurstoftransportmembraan. 

Zuurstoftransporteigenschappen zoals chemische diffusie, oppervlakte-zuurstofuitwisseling, 

en zuurstofpermeabiliteit evenals structurele eigenschappen zoals het sintergedrag en de 

thermische en chemische expansie worden onderzocht. De substitutie van titanium door ijzer 

leidt tot een toename van de chemische diffusiecoëfficiënt en derhalve de 

zuurstofpermeatiesnelheid. Een nadeel is dat de stabiliteit onder reducerende omstandigheden 

afneemt en de thermische en chemische expansiecoëfficiënten toenemen bij een toename van 

x. Dit laatste leidt er toe dat de fabricage van asymmetrische membranen en integratie van de 

membranen in een membraanmodule bemoeilijkt wordt.  Het beste compromis tussen 

structurele en zuurstoftransporteigenschappen wordt verkregen  voor een ijzersubstitutie 

tussen 25 - 35%. Zuurstofpermeatiesnelheden voor STF samenstellingen in deze range zijn 

vergelijkbaar met die gevonden voor La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF). De structurele stabiliteit 

onder reducerende omstandigheden zijn echter hoger en de thermische en chemische expansie 

coëfficiënten lager dan die gevonden voor LSCF. Dit maakt de STF verbindingen  tot 

veelbelovende kandidaten voor toepassing als zuurstoftransportmembraan. 

 

In Hoofdstuk 6 worden de uitkomsten beschreven van een casestudie naar de 

effectiviteit van samenwerkend leren in het Nederlandse scheikundeonderwijs gegeven in het 

voortgezet onderwijs. Leerlingen in het vierde jaar van het voorbereidend wetenschappelijk 

onderwijs (VWO) hebben gedurende enkele weken gewerkt met een module (lessenreeks). 

Deze module is ontwikkeld in samenwerking met de vakgroep ‘Inorganic Membranes’ (IM) 



Samenvatting 

en de lerarenopleiding ELAN, beiden verbonden aan de Universiteit Twente. De context van 

de module was ‘brandstofproductie met behulp van membranen’ De resultaten laten zien dat 

het mogelijk is om een zeer actuele context te gebruiken om leerlingen specifieke 

scheikundige concepten aan te leren via groepsgewijs leren. Samenwerkend leren is 

effectiever bij het verwerken van informatie dan alleen leraar-gericht onderwijs (individueel 

leren, waarbij de docent voor de klas staat en de informatie voorschotelt). In deze studie komt 

ook naar voren dat de communicatievaardigheden van de leerlingen verbeteren. Dit zijn 

essentiële vaardigheden om succesvol te kunnen samenwerken teneinde een gezamenlijk doel 

te bereiken. Wel is het van belang dat leerlingen beschikken over een intrinsieke en/of 

extrinsieke motivatie om samen te willen werken binnen een groep. 



Dankwoord 

Zo aan het einde van mijn promotietraject zit ik op kantoor naar buiten te staren en te 

overdenken wie ik allemaal dankbaar ben of zou moeten zijn voor wat er de afgelopen jaren 

allemaal is gebeurd. Hierbij vind ik het meer dan terecht dat mijn vrouw Riejanne als eerste 

genoemd wordt. Zonder haar liefde, steun en trouw was het promoveren waarschijnlijk veel 

moeizamer gegaan en, om het nog maar iets deprimerende te maken, misschien onhaalbaar. 

Waar we ook maar terecht komen in de wereld en in het leven, we doen het samen!  

 

Ik ben mijn promotor Arian en copromotor Henny zeer dankbaar dat ze het met mij 

aandurfden. Aangezien ik mijn afstuderen in een organisch georiënteerde vakgroep heb 

gedaan was ik misschien niet de meest ideale kandidaat om te starten in een anorganische 

membranen groep. Het enthousiasme van Arian is aanstekelijk! Wanneer er weer eens een 

Ph.D. dip aan zat te komen, dan was een gesprekje samen vaak voldoende om hier in no-time 

weer uit te klimmen. Henny wil ik bedanken voor de begeleiding in de afgelopen jaren! je 

deur stond altijd voor me open en voor zelfs de kleinste en schijnbaar onbelangrijkste zaken 

konden we uren praten, ondanks je altijd overvolle agenda. Het waren aparte jaren voor mij, 

maar ik ben je dankbaar dat we er uiteindelijk iets moois van hebben kunnen maken! 

 

Tijdens mijn promoveren heb ik veel mensen mogen ontmoeten waarmee ik wel of 

niet mee heb samen mogen werken. Hoe dan ook, ik vind het belangrijk om deze mensen te 

bedanken voor hun bijdrage aan mijn Ph.D. leven.  

 

Louis Winnubst heeft een grote bijdrage geleverd aan mijn leven als promovendus. 

Niet alleen was het fijn om zo maar over iets of helemaal niets te praten al waren er bij onze 

vele discussies vaak vaste onderwerpen die iedere keer weer naar boven kwamen, onder 

anderen, poederbereiding en onderwijs. Louis, ook bedankt voor je steun tijdens mijn tweede 

M.Sc. opleiding ‘Science Education & Communication’.  

 

Susanne van Rijn, Mieke Luiten en Cindy Huiskes ben ik dankbaar voor hun rol in de 

ondersteunende en regelende zaken. Het was zeker allemaal moeizamer verlopen zonder jullie 

bijdrage! Natuurlijk wil ik onze technicus Frank Morssinkhof ook bedanken voor zijn 

bijdrage. Aangezien jij ook één van mijn paranimfen bent en veel meer hebt betekent dan 

alleen technicus krijg je zo meteen je eigen “stukje”. ☺  



Om te voorkomen dat ik iemand van mijn vakgroep vergeet te noemen wil ik graag 

iedereen, zonder bij naam te noemen, bedanken voor de fijne samenwerking maar ook 

ontspanning en leuke tijd. Vooral de zeiltocht staat nog steeds hoog in mijn top 10 van leukste 

belevenissen van de afgelopen vier jaar. 

 

Het mooie aan het werk als promovendus is dat je de kans krijgt om je “eigen” 

opstellingen te ontwerpen en te bouwen. Naast onze eigen technicus waren hier ook de 

mensen van het Techno Centrum voor Onderwijs en onderzoek (TCO) bij betrokken. In het 

bijzonder wil ik hierbij Rindert Nauta, Wilfried Raanhuis en Roy Kooijman bedanken voor de 

samenwerking.  

 

I would like to thank all people I worked with during my time at the 

Forschungszentrum Jülich. Especially Willi Muelenberg for giving me the chance to work at 

IEK-1. I am grateful for all the work I did together with Martin Wolf, Falk Schulze-Küppers 

and of course Stefan Baumann. Jürgen Malzbender and Vanessa Stournari from IEK-2 were 

also quite important during my Ph.D. time. In the end we managed to write two nice 

manuscripts (which can be found in this thesis as well). Thank you for the nice collaboration! 

 

From NTNU I would like to thank Kjell Wiik, not only for being a member of my 

Ph.D. graduation committee but also for his hospitality when I worked in his group in 

Trondheim. We had some nice discussions! Ørjan Lohne should also not be forgotten! Ørjan, 

thank you for the collaboration, the Trondheim tour and the party at your place.  

 

I would also like to thank the “Russian guys” from the Ural State University, Ivan 

Ivanov and Vladimir Sereda, for the time we spend together in Yekaterinburg and Enschede. 

We did some nice work together “down in the basement”. Besides working, it was very nice 

to visit the famous Russian ballet and impressive to visit the grave of Tsar Nicolas II and his 

family (at Ganina Jama). Andrey Zuev and Dmitrii Tsvetkov, thank you for everything! You 

made my stay in Yekaterinburg worthwhile and something to remember. 

 

Zoals u heeft kunnen lezen in mijn proefschrift is het laatste hoofdstuk net iets anders 

dan men zou verwachten. In dit hoofdstuk presenteer ik een onderzoek op het gebied van 

onderwijsvernieuwing binnen het scheikunde onderwijs op de middelbare school. Dit had ik 



niet alleen gekund en ik ben Fer Coenders, Wil Gradussen en Louis Winnubst dan ook zeer 

dankbaar voor de vele discussies die uiteindelijk tot dit hoofdstuk en manuscript hebben 

geleidt. Natuurlijk moet ik hierbij Anja Groeneweg niet vergeten te noemen. Zonder haar had 

ik geen schoolklas gehad waarmee ik kon werken. 

 

Op de dag van mijn promoveren zijn Frank en Dave mijn paranimfen. Frank is de 

afgelopen vier jaar belangrijk voor mij geweest. Niet alleen als technicus maar ook als 

rookmaatje, bierdrinkmaatje en later ook als persoon voor de meer heftigere gesprekken en 

discussies. Met recht kan ik daarom zeggen dat Frank een goede vriend is geworden en ik ben 

erg gelukkig dat hij mij op de dag van promoveren bijstaat. Bij mijn tweede paranimf, Dave, 

had ik een beetje meer overredingskracht nodig om hem te overtuigen hoe vreselijk leuk het is 

om mijn paranimf te zijn. Ik ben er blij en gelukkig mee dat je uiteindelijk toch mijn 

“uitnodiging” geaccepteerd hebt. Bedankt en denk aan je tutu, 9 september! 

 

Zonder de juiste vrienden was promoveren vast veel moeilijker geweest! Deze 

ontspanning was zeer zeker nodig om even weer met beide beentjes op de grond te komen om 

hierna weer met een frisse blik verder te kunnen gaan met m’n Ph.D. Dus mocht je jezelf 

beschouwen als één van mijn vrienden….. Bedankt! Om sommige mensen te helpen 

herinneren dat we nog steeds vrienden zijn wil ik deze toch nog even bij naam noemen. De 

volgorde hierbij heeft niets met prioriteit te maken. ☺ Frank, Michel, Richard, Niels & 

Maureen, Dave & Cindy, Martin & Natasja, Nick, Ronald & Anja, nogmaals bedankt! 

 

Last, but certainly not least, wil ik mijn ouders en familie bedanken voor hun steun en 

interesse. Ik kan me voorstellen dat het moeilijk voor te stellen is wat ik de afgelopen jaren 

allemaal heb gedaan. Juist daarom waardeer ik jullie blijvende interesse maar ook begrip voor 

mijn gemoedstoestand, vooral in het afgelopen half jaar. 

  



 



About the author 

Drs.ir. Sebastiaan (Bas) ten Donkelaar was born on the 23th of October 1983 in 

Enschede, the Netherlands. He obtained his Bachelor of Engineering as a process engineer 

from the Saxion University of Applied Sciences in June 2006. As part of the internship and 

graduation project, he worked 6 months at Procede Twente BV (under the guidance of dr.ir. 

Patrcik Huttenhuis) followed by working in the group of prof.dr.ir. Geert Versteeg 

(ontwikkeling en ontwerp van industriële processen (OOIP)) for 6 months (under the 

guidance of dr.-ing. Jens Haubrock). 

 

 After several courses in civil engineering and management at the University of 

Twente, he continued with a Master of Science (M.Sc.) in chemical engineering in the 

direction of material sciences at the University of Twente. His graduation project was done in 

the Materials Science and Technology of Polymers group (MTP), headed by prof.dr. Julius 

Vancso. He worked during his graduation project on biofouling in maritime environments 

under the supervision of dr. Peter Schön. This project was a collaboration between MTP and 

the group of prof.dr. Tony Clare of Newcastle University, therefore the author was given the 

chance to do measurements in Newcastle as well. After his graduation in 2010, his work was 

published in Colloids and Surfaces B: Biointerfaces.  

 

 Starting from 2011, Bas continued his educational career as a Ph.D. student under the 

supervision of prof.dr. Henny Bouwmeester and prof.dr.ir. Arian Nijmeijer. His research was 

in the field of inorganic membranes and was funded by the ADEM Innovation Lab, A green 

Deal in Energy Materials. The ADEM Innovations Lab is an initiative of the Dutch Ministry 

of Economic Affairs, Dutch Research Institutions and industry. 

 

During his time as a Ph.D. student, he got the opportunity to do research at the 

Norwegian University of Science and Technology in Trondheim (prof.dr. Kjell Wiik), Ural 

State University in Russia (prof.dr. Andrey Zuev) and the ‘Forschungszentrum Jülich’ in 

Germany. Bas presented his work on numerous occasions. To name a few, the International 

Conference of Inorganic Membranes in Australia, the Valencia Summer school in Spain and 

the Mesa+ day in the Netherlands. 

 



In his second year as Ph.D student he also started a M.Sc. in Science Education and 

Communication. He graduated in 2014 under the supervision of dr. Fer Coenders and  drs. 

Wil Gradussen. The results of the graduation project are planned to be published in the very 

near future. 

 



 

List of publications 
 

 

Published 
 

1. Schulze-Küppers, F., ten Donkelaar, S.F.P., Baumann, S., Prigorodov, P., Sohn, Y.J., 

Bouwmeester, H.J.M., Meulenberg, W.A., and Guillon, O., Structural and functional 

properties of SrTi1-xFexO3-δ for use as oxygen transport membrane. Sep. Purif. 

Technol., 2015. 147(0): p. 414-421. 

 

2. Stournari, V., ten Donkelaar, S.F.P., Malzbender, J., Beck, T., Singheiser, L., and 

Bouwmeester, H.J.M., Creep behavior of perovskite-type oxides 

Ba0.5Sr0.5(Co0.8Fe0.2)1−xZrxO3−δ. J. Eur. Ceram. Soc., 2015. 35(6): p. 1841-1846. 

 

Accepted for publication 

2. ten Donkelaar, S.F.P., Stournari, V., Malzbender, J., Nijmeijer, A., Bouwmeester, 

H.J.M., High-temperature compressive creep behaviour of perovskite-type oxides 

SrTi1-xFexO3-δ; submitted to J. Eur. Ceram. Soc. 

3. ten Donkelaar, S.F.P., Ruhl, R., Veldhuis, S.A., Nijmeijer, A., Bouwmeester, H.J.M., 

Auto-combustion synthesis of perovskite-type oxides SrTi1-xFexO3-δ; submitted to 

Ceram. Int. 

 

Submitted 
 

1. ten Donkelaar, S.F.P., Gradussen, W.J., Winnubst, L., Nijmeijer, A., Coenders, 

F.G.M., Student learning in cooperative groups when using a research-industrial 

context; submitted to Chem. Educ. Res. Pract. 

 

In preparation 
 

1. ten Donkelaar, S.F.P., Schulze-Küppers, F., Baumann, S., Wolf, M.J., Nijmeijer, A., 

Bouwmeester, H.J.M., Oxygen permeation through asymmetric mixed-conducting 

membranes based on perovskite oxides SrTi1-xFexO3-δ; to be submitted 

  



 

 


