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Functional oxide materials for energy applications

By Professor Mari-Ann Einarsrud, Department of Chemistry, Norwegian University of Science and Technology, Trondheim, Norway.

Ladies and Gentlemen

OH1: The title of my presentation is “Functional oxide materials for energy applications”. Functional materials do in general have a wide range of interesting properties, however for this presentation functional oxide materials which have shown very interesting applications related to energy production and utilization will be emphasized. 

OH2: Functional oxide materials of interest transport either oxide ions or protons and are so-called ionic conductors, while mixed conductors in addition of transporting ions also transport electrons. The principle for these two different types of materials; ionic conductors where an external circuit is necessary and mixed conductors is shown here for the example of oxide ion conduction. 

OH3: 1Traditionally oxide materials with different types of structures have been studied for their high ionic or mixed conductivity, however the most interesting structure is perovskite having the general formula ABO3, where A and B are two different cations. This group of materials has a wide range of interesting properties and high temperature superconductivity is one of them. The ionic or mixed conductivity of these types of materials can be tailored by changing the oxygen non-stoichiometry giving this formula ABO3-d and chemical substitution. 2 The materials of greatest interest for the applications presented in this talk are based on La and alkaline earth on A-site and transition metal on B-site.

OH4: Due to the central role of functional oxide materials in the development of new environmental friendly technologies for energy production and utilization, Norwegian research institutions have during the last decades been heavily involved in the research in these materials. This research has been focussed on i.e. conversion of natural gas by solid oxide fuel cells and other electrochemical cells as well as fundamental problems related to crystal structure, defect chemistry, magnetism, superconductivity, transport properties and synthesis. The main contributors in Norway are The University of Oslo, The Norwegian University of Science and Technology in Trondheim, SINTEF and several industrial companies. With this rather wide research activities through several decades, the Norwegian research institutions were well prepared to take advantage of the future energy related applications of the functional oxide materials and meet the challenges this millenium will give us.

OH5: 1As you already know, Norway has vast resources of natural gas off the long coastline. The huge gas resources are remote to most users and technology to convert the gas to liquid products more susceptible to transport is of great interest. In addition Norwegian oil companies have access to gas fields in West Africa and the Middle East. 2 Norway also has a large degree of energy demanding and oxygen consuming industry in the field of chemistry, refining, metallurgy and pulp and paper. 

OH6: Technology to convert the natural gas to liquid products is therefore of great importance to bring the gas to the markeds in i.e. Europe. This figure shows that several important fuels and chemicals can be prepared from the natural gas. There is also a crucial need for environmental friendly technologies for the natural gas conversion and energy generation requiring low CO2 and nitrous oxide emission. 

OH7: 1 With the background presented, the major activities in Norwegian research institutions and industry are focussed on development of membrane technology for production of liquid energy carriers and chemicals, oxygen generation, low CO2 emission power generation, hydrogen technology and CO2 separation. 2 Also the development of sensors for detection of gas species is an interesting field of research activity. 3 In the field of solid oxide fuels cells the current research activity is low, however, a pilot plant is being built at Kolsnes by Siemens-Westinghouse, Norske Shell and others. The following presentation will be emphasized on the membrane technology.

OH8: Oxide ceramic membranes of interest for energy conversion might be divided into two different categories. Dense oxide ceramic materials can be applied for oxygen or hydrogen transport and can be either electrically driven in the case of an ionic conductor or they can be based on mixed conductors where no external circuit is necessary as can be seen from this illustration. Microporous oxide materials are the other type of membranes. Let us further have a look at the different types of membranes starting with the dense oxygen permeable ones.

OH9: Dense oxygen permeable membranes based on mixed conductors can be of two different types: pressure driven as illustrated here and chemical potential driven as shown here. These membranes which have an infinite oxygen selectivity are operated at temperatures of approximately 800°C.

OH10: 1 These oxygen permeable membranes can be used for the production of synthesis gas from natural gas. This gas mixture is the intermediate for GTL technology. By a combined membrane reactor, air separation and high-temperature synthesis gas generation are integrated in a single reactor. This figure shows the principle for such a membrane where the combined technology both gives partial oxidation of natural gas and steam reforming. 2 By taking advantage of the non-permeate, which is compressed nitrogen at elevated temperature, co-generation of electric power and steam is also possible.

OH11: This figure compares the traditional and new combined technology. The new technology with a combined reactor and not a separate oxygen plant, has the potential for substantially reducing the capital investments for GTL plants. You see that in the traditional technology 30% of the capital investments are in the oxygen plant.

OH12: The impact of the new membrane technology on the environment is illustrated here. The figure shows that considerably lower amounts of emission of the green house gases CH4 and CO2 are possible with the new technology. In addition since the membranes have 100% selectivity for oxygen, no nitrogen is permitted through and hence no emissions of nitrous gases are present.

OH13: 1Further applications of dense oxygen permeable membranes are as shown here. 2 Generation of oxygen gas is important for energy efficient process industry and combustion processes giving less emission of green house gases and nitrous oxides. 3 Oxygen is used for more special applications like for example fish farms, for medical applications and welding. 4 Oxygen is also important for several environmental clean-up processes. The non-permeate can be used for generation of 5 nitrogen gas and 6 co-generation of electric power and steam.

OH14: 1 The material requirements for the dense oxygen permeable membranes are for the first of all a high oxygen flux. The oxygen flux for cobalt substituted strontium ferrate is shown here and the material transports up to 6 sccm/cm2 dependent on stoichiometry and thickness.  2 Further since the membranes are operated at elevated temperatures, it is important to obtain chemical stability over the life time of the membrane and 3 compatibility with sealing and other materials. 4 For synthesis gas production catalysts are necessary and the activity of the catalysts as well as the compatibility with the membrane materials are important. 5 Further the cost has to be considered.

OH15: 1 The process and design requirements for a membrane system are illustrated here. To obtain a high oxygen transport rate it is important that the membrane is sufficiently thin. This requirement implies that the membrane has to be supported by a porous material and a design as shown here is advantageous. 2 The membrane system has to be sealed gas tight to a supporting structure to avoid gas leakages. 3 Due to the pressure gradient over the membrane, it needs to have adequate strength and reliability. 4 In addition, because the oxygen stoichiometry of these materials can be varied, different oxygen stoichiometries of each side of the membrane will be established during the operation. This will generate chemical expansion causing stresses in the membrane which are further illustrated in the next figure.

OH16: If there is an equal partial pressure of oxygen on each side of the membrane, no differences in oxygen content is present. However, if we put the membrane in an oxygen pressure gradient as shown here, the oxygen stoichiometry on each side will be different. The material with the highest oxygen content, will contract relative to the other side and this will cause tensile stresses to be generated. The tensile stresses will cause cracking to occur especially because a material is weakest under tension. 

OH17: The membranes are processed using traditional ceramic technology. A powder synthesis process gives powder with a submicron particle size and homogeneous composition. The powder is further deposited onto the porous substrate formed into tubes and densified through a sintering route. Sealing of the membrane to a support material is also a crucial step to obtain a gas-tight membrane system.

OH18: Now let us proceed to have a look at membranes permeable to hydrogen. These high temperature solid state proton conductors are very important for hydrogen technology. Applications of these membranes are: fuel cells where dehydrogenated products and electrical power are generated. Further dehydrogenation pumps where hydrogen is generated by dehydrogenation of hydrocarbons. These proton conductors can further be used for steam electrolyzers and sensors for hydrogen and moisture. Here the challenge has been to develop materials for the intermediate temperature and materials in the perovskite family as well as phosphates are used.

OH19: Mixed proton-electron conductors are used as hydrogen permeable membranes which has the same principle as the oxygen permeable membranes. They are developed for the application in hydrogen separation technology for instance to separate hydrogen from synthesis gas prepared by the technology already described. This integrated synthesis gas production and hydrogen separation technology is beneficial with respect to both investment costs and environmental impact. These types of membranes are also based on perovskite materials.

OH20: Microporous oxide membranes prepared by the sol-gel synthesis route have a carefully controlled thickness and pore size and can also be used for the separation of hydrogen from synthesis gas. Microporous oxide membranes also have important applications for CO2 separation. This figure shows the microstructure of such a porous membrane with a pore size of approximately 5 Å.

OH21: To summarize, functional oxide materials are crucial in the development of new environmental friendly technologies for energy conversion and utilization. The main areas of applications cover dense oxygen and hydrogen permeable membranes, solid oxide fuel cells, sensors and microporous membranes. The major focus in Norway today is on the development of membranes for environmental friendly conversion of the natural gas to valuable products with low emission of green house gases and nitrous oxides. University of Oslo, Norwegian University of Science and Technology, and SINTEF are central in studying the fundamental material problems related to this technology while industrial companies are developing the technology in international consortia. Further achievements in this field of using functional oxides for energy production and utilization are dependent on new developments in materials science and technology, which calls for further international collaboration.

Thank you for your attention.

