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Summary 

This work addresses fundamental aspects regarding mixed proton electron conductors as 

hydrogen gas separation membranes. The main objectives have been to identify novel mixed 

proton electron conductors, and to improve the fundamental understanding of models 

describing hydrogen flux through ambipolar proton electron transport. The work has been 

carried out by characterization of transport properties in a selection of materials by means of 

electrical conductivity and hydrogen flux measurements.   

Hydrogen transport membranes can be utilized for instance in pre-combustion carbon 

capture, hydrogen purification, and catalytic membrane reactors. Dense ceramic membranes 

have the advantage that they show high selectivity, and chemical and mechanical stability at 

high temperatures in various atmospheres. In dense ceramic membranes, hydrogen is 

transported by ambipolar transport of protons and a charge compensating electronic defect. 

The hydrogen flux thus depends on the ambipolar proton electron conductivity, which is 

lower than desirable in ceramic oxides. In this thesis, I discuss the electrical conductivity 

characteristics of materials of different crystal structure classes, and the hydrogen permeation 

characteristics of two hydrogen membrane candidate materials, La1-xSrxCrO3-δ and 

La27Mo1.5W3.5O55.5.  

In manuscript 1, we characterize the proton conductivity of acceptor doped La2MgTiO6 and 

La2MgZrO6. These materials belong to the double perovskite structure class, and the 

motivation behind the choice of these materials was the hypothesis that they should resemble 

proton conducting perovskite oxide La1-xAxScO3-δ (A = Sr, Ca), as the elements are similar in 

size and electronegativity. The materials showed exothermic hydration, but also fairly high 

enthalpies of mobility, 81 kJ mol-1 for La2-2xCa2xMgTiO6-δ and 75 kJ mol-1 for La2Mg1+xZr1-

xO6-δ, as well as low acceptor dopant solubility. Acceptor doping by varying the B-cation 

ratio resulted in precipitates of the excessive cation. DFT-calculations of La2MgTiO6 showed 

that demixing of the ordered B-cations introduced trapping sites for protons. On these bases I 
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suggest that the mixed B-site occupancy has a negative effect on the proton mobility and 

further may induce a limited solubility of acceptor doping. 

In manuscript 2, we report the electrical conductivity in the CaWO4 system and the solid 

solution 0.7(CaWO4)-0.3(La0.99Ca0.01NbO4-δ). CaWO4 crystallizes in the same tetragonal 

space group as proton conductor t-LaNbO4. The solid solution stabilized the tetragonal 

modification of LaNbO4, and acceptor doped CaW1-xTaxO4-δ showed exothermic hydration. 

The acceptor dopant solubility of CaW1-xTaxO4-δ was low, estimated to < 0.8 mol % from 

Rietveld refinement. Moreover, an enthalpy of proton mobility of 82 kJ mol-1 indicated that 

B-site doping in CaWO4 is unfavorable for the proton mobility. 

In manuscript 3, we investigate the proton conductivity of acceptor doped La2WO6 and 

Nd1.2Lu0.8WO6. La2WO6 is one of the neighboring phases to recently discovered proton 

conductor LaxWO12-δ (x = 5.3-5.7) and is previously unexplored with respect to proton 

conductivity. We report that Sr-doped La2WO6 (nominally La1.96Sr0.04WO6-δ) exhibits 

moderate proton conductivity limited by a fairly high enthalpy of mobility of 70 kJ mol-1. 

Nominal Nd1.16Ca0.04Lu0.8WO6-δ was investigated based on the general observation that more 

symmetric structures promote higher proton mobility. A lower enthalpy of proton mobility of 

approximately 60 kJ mol-1 was observed for this material, however, the acceptor dopant 

solubility was low and the hydration thermodynamics less favorable than for La1.96Sr0.04WO6-

δ.  

In manuscript 4 and 5, we report the hydrogen permeation characteristics of La1-xSrxCrO3-δ. 

This material is well-studied with respect to p-type and oxide ion conductivity, and is also 

patented as a hydrogen membrane material, anticipating a certain proton solubility and 

conductivity. We are, however, the first to report the hydrogen permeation characteristics of 

this material, with a hydrogen permeability of 10-4 ml min-1 cm-1 in a 10 % H2/Ar gradient at 

1000 °C. In manuscript 4, we verify the hydrogen permeation by demonstrating a deuterium 

flux through the membrane, and a semi-quantitative method for separating hydrogen 

permeation from water splitting is introduced. A rather high activation energy of the 

hydrogen flux in this material is ascribed limiting surface kinetics. This is further 

demonstrated in manuscript 5, where Pt-coating of the membrane surfaces significantly alters 

the activation energy of the hydrogen flux. Effects of Pt-coating on the surface reactions are 

also observed from H2 surface dissociation experiments. In manuscript 5, a defect model for 

La0.87Sr0.13CrO3-δ is derived based on pH2- and temperature dependencies of the hydrogen 
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flux. We suggest that the defect situation changes from dry to wet sweep conditions, from 

charge compensating the acceptor with oxygen vacancies under dry sweep conditions and 

with electron holes under wet sweep conditions. This shift is rationalized from the low sweep 

side pO2 under dry sweep conditions compared to the higher sweep side pO2 under wet sweep 

conditions.  

In manuscript 6, we analyze the hydrogen flux of La27Mo1.5W3.5O55.5. This material shows a 

hydrogen permeability of approximately 10-3 ml min-1 cm-1 in a 10 % H2/Ar gradient at 1000 

°C. In this material, protons, oxide ions and electrons all contribute significantly to the 

conductivity, and simple approximations cannot be applied to describe the hydrogen flux 

under wet sweep conditions. A predicted hydrogen flux is therefore based on integration of 

the partial conductivities from literature over the pH2-gradients measured at in this work. 

Here, we show that there is good agreement between the predicted and the measured 

hydrogen flux. Also for La27Mo1.5W3.5O55.5, surface limitations were observed, although the 

sample was significantly thicker than the critical thickness reported in literature for this 

material. 

In the discussion of the thesis, I estimate the critical thickness of La0.87Sr0.13CrO3-δ based on 

the surface exchange coefficient and ambipolar proton electron transport when viewed upon 

from the high and low pH2 side. My findings show that the critical thickness increases 

significantly on the sweep side. 
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1. Introduction 
Over the last decades, there has been increased awareness regarding the negative effects of 

CO2 emission. Combustion of fossil fuels – today’s main energy source – releases significant 

amounts of CO2, and there is consensus within the scientific community that increased CO2-

levels in the atmosphere have significantly increased the global average temperature. This 

can lead to increases in the sea level and more frequent events of extreme weather, which in 

turn will affect terrestrial, marine and freshwater biological systems1. Consequently, cleaner 

energy utilization is desired. The most mature new environment friendly energy technologies 

today, for instance solar energy and hydropower, will, however, not cover the world’s energy 

consumption for the next decades2. Promising routes such as alternative ways of utilizing 

fossil fuels with reduced CO2 emission, combined with a transition towards hydrogen as an 

important energy source, should therefore be pursued in parallel with the development of new 

energy technologies.  

Hydrogen does not only show potential as an energy carrier, but is also an important reactant 

in several industrial processes, for instance fossil fuel refining, ammonia production and 

synthesis of methanol. Today, large-scale production of hydrogen is based on fossil sources. 

Hydrogen is produced through steam reforming of natural gas (reaction 1), a reaction that 

produces syngas, which is a mixture of CO and H2. Steam reforming is followed by water-

gas-shift reactions to increase the yield of hydrogen (reaction 2): 

 

Steam reforming:  CH4 g + H2O g = CO g + 3H2(g)    (1) 

Water gas shift:  CO g + H2O g = CO2 g + H2(g)     (2) 

Both these reactions release COx, and since natural gas is still abundant, the development of a 

cleaner natural gas based hydrogen production chain is an important step towards a more 

sustainable - and still economically feasible - hydrogen production in the next decades. 
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1.1. Ceramic proton conductors in environment friendly energy technologies 

As an energy carrier, hydrogen, or hydrogen containing compounds, can release heat when 

combusted or be used as fuel in several types of fuel cells. In ceramic fuel cells, ions are 

transported through a solid state ceramic electrolyte. The use of ceramics enables operation at 

high temperatures, making integration with other high temperature processes possible. The 

development of fuel cells has been subject to extensive research, and today, state-of-the-art 

ceramic fuel cells utilize oxide ion conductors as the electrolyte. The Proton Ceramic Fuel 

Cell (PCFC) has, however, received increased attention over the last decades. Here, the 

electrolyte is a proton conductor, transporting protons from the reducing side to the oxidizing 

(air) side. In a PCFC exhaust steam is formed at the air side of the electrolyte, in contrast to a 

Solid Oxide Fuel Cell (SOFC), where the exhaust steam is formed at the reducing side. An 

advantage of PCFCs over SOFCs is therefore that dilution of the fuel under operation is 

avoided. Still, while ceramic fuel cells with oxide ion conducting electrolytes are 

commercial3, PCFCs are still at the stage of materials development.  

Ceramic proton conductors can also be used in so-called Proton Ceramic Electrolyzer Cells 

(PCECs) where dry hydrogen can be produced from steam. A PCEC can in principle be 

regarded as a reverse PCFC, and this again gives potential advantages over Solid Oxide 

Electrolyzer Cells (SOECs) where hydrogen is produced on the steam side4.  

 

1.2. Carbon Capture and Storage 

Carbon Capture and Storage (CCS)5 6 7 is one alternative way leading towards cleaner fossil 

fuel utilization. Here, emitted CO2 is captured and further stored, for instance in depleted oil 

and gas reservoirs. The CO2 capture can be carried out through several processes, of which 

the most mature are within post-combustion CO2 capture. Post-combustion capture includes 

for instance chemical reactions between amine absorbents and CO2 in the exhaust gas, or 

extraction of CO2 from the exhaust gas through a microporous CO2-permeable membrane. 

Although post-combustion capture involves the most mature capture technologies, these are 

not the most efficient. A more efficient route for CO2 capture is for instance through oxyfuel 

combustion. Here, the fuel is burned in oxygen rather than air, leaving behind an exhaust gas 

consisting purely of CO2 and H2O, which are easily separated by condensation. One 

advantage of oxyfuel combustion is that energy is not wasted on heating the major N2 

component of air. The third way of CO2 capture is through pre-combustion capture. In pre-
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combustion processes, hydrogen is the desired product, to be further utilized as an energy 

carrier. The hydrogen source can for instance be natural gas or syngas. To obtain pure 

hydrogen, CO2 can either be removed from the gas mixture, for instance by reactions with 

amines, or hydrogen can be extracted from the gas mixture through a hydrogen permeable 

membrane, leaving behind CO2 for storage. The basis of the present thesis is hydrogen 

extraction through dense, ceramic hydrogen permeable membranes. This novel technology 

has potential of high energy efficiency due to the high temperature operation and good 

selectivity offered by this type of membranes. 

 

1.3. Hydrogen permeable membranes 

Utilization of hydrogen permeable membranes presents an alternative to both pre-combustion 

CO2 capture and conventional hydrogen production (reaction 1 and 2). Hydrogen permeable 

membranes can for instance be directly implemented in the Hydrogen Membrane Reformer 

(HMR) gas power cycle developed by Norsk Hydro8, which is a steam reforming pre-

combustion power plant where the reaction is shifted towards the products due to removal of 

hydrogen. A schematic illustration is reprinted from Smith et al.8 in Figure 1.1. 

 

Figure 1.1: Schematic illustration of the hydrogen membrane reformer gas power cycle 

developed by Norsk Hydro8. 

In this power cycle, a hydrogen membrane can be utilized both in the syngas generator stage 

and in the CO2-separation stage. In the syngas generator stage, hydrogen extraction from the 

feed side through the membrane shifts the reaction towards the products. Moreover, steam 
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reforming is an endothermic process, i.e., it requires heat, and by allowing the extracted 

hydrogen to react with air on the sweep side, heat that can sustain the steam reforming is 

developed. The syngas further goes through water gas shift reactions and eventually CO2-

separation. The CO2-separation can occur by extracting hydrogen through the membrane, 

leaving behind the CO2, which can further be lead to a CO2-compressor and captured. 

Another emerging field is the use of a hydrogen membrane reactor converting light alkanes 

such as CH4 directly into refined liquid fuels, as for instance benzene 9: 

 

6CH4 g = 9H2 g + C6H6(l)        (3) 

 

This reaction may be shifted towards the products assisted by catalytic dehydrogenation and 

removal of hydrogen through a hydrogen permeable membrane. The hydrogen can further 

react with air on the sweep side of the membrane, which increases the driving force and 

produces heat to sustain the reaction. Hydrogen membranes may also be used purely for 

hydrogen production or hydrogen purification, in which case the extracted hydrogen will be 

pumped or swept out with an inert gas.  

 

1.4. Membrane materials 

There are several types of membranes that can be used for hydrogen extraction: polymeric 

membranes, membranes based on porous carbon and microporous materials such as zeolites, 

dense metallic membranes where Pd-based membranes represent the state-of-the-art, and 

dense ceramic membranes. These types of membranes operate in different temperature ranges 

and show different stability, selectivity, permeability and cost. The use of hydrogen 

membranes as described in the previous section is aimed for high temperatures. The operating 

temperature of the syngas generator stage in the power cycle of Norsk Hydro is for instance 

set to 1000 °C8, while the membrane reactor of Protia AS aims at a working temperature of 

700 °C10. These applications therefore exclude polymeric and microporous membranes since 

they decompose at high temperatures. Polymeric, porous and microporous membranes, 

moreover, show low selectivity and low stability under the atmospheric conditions in the 

abovementioned processes. Dense metallic membranes on the other hand, show relatively 
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good stability up to ~700 °C, fairly good selectivity and superior hydrogen permeability 

compared to all other membrane materials11 12 13. They are, however, not chemically stable 

under the operating conditions treated here and suffer from embrittlement over time. Dense 

ceramic membranes, on the other hand, show good selectivity and in principle chemical and 

mechanical stability at high temperatures and under oxidizing and reducing conditions, as 

well as in CO2-containing atmospheres. This makes them advantageous over metallic 

membranes although the hydrogen permeability is 2-3 orders of magnitude lower11. 

Hydrogen permeation through dense ceramic membranes takes place through transport of 

protons and electronic defects. This can be achieved either with a material that conducts both 

these species, or with a composite of protonic and electronic ceramic conductors. In this 

thesis the focus is on single phase mixed ionic and electronic conductors. 

 

1.5. Challenges regarding dense ceramic membranes 

The main challenge regarding dense ceramic hydrogen membranes is the relatively low 

hydrogen permeability compared to metal based membranes. To increase the flux we can 

increase the -gradient, decrease the membrane thickness or increase the mixed proton 

electron conductivity. The possibilities for varying the -gradient is, however, to a large 

extent limited by realistic operating conditions of a given process and can therefore not be 

considered a variable than can induce large improvements. Moreover, the membrane 

thickness should not be less than ~10 μm since this would require expensive fabrication 

techniques and loss in mechanical strength. To increase the hydrogen flux we must therefore 

increase the specific mixed proton electron conductivity in materials that are stable under 

operating conditions. It is further, important to develop good sintering techniques that enable 

dense membranes at relatively low sintering temperatures to reduce fabrication costs.  
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1.6. Aim of work 

The aim of this work is to identify novel materials suitable as hydrogen permeable 

membranes, and to improve the fundamental understanding of the mechanisms related to 

hydrogen transport. Different materials classes and characterization of these with respect to 

proton and mixed proton electron conductivity are in focus. In manuscripts 1-3, proton 

conductivity characteristics are presented for materials where this is previously unexplored. 

In manuscript 4, the hydrogen flux in acceptor doped LaCrO3 is presented for the first time, 

and in manuscript 5 a detailed analysis of this material`s hydrogen permeability is presented. 

In manuscript 6, detailed characteristics of hydrogen permeation in Mo-substituted lanthanum 

tungstate is presented, and in both manuscript 5 and 6, the validity of the flux equation for the 

systems is evaluated. 

The work of this thesis has been a part of the BIGCCS Centre for Environment-Friendly 

Energy Research (FME)14. The centre covers the CO2-chain from capture to transport and 

storage, and also includes a value chain evaluating environmental and safety impacts, as well 

as economic and political incentives. This work has been part of the High-temperature 

membranes task in the Capture sub project in BIGCCS.   
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2. Theory 

2.1. Electrical conductivity 

The materials specific electrical conductivity of species i, σi, is a measure of the current 

density, ii, in a material in a given electrical field, E. The electrical conductivity can thus be 

expressed σi = ii/E, related to Ohm`s law, stating that R = U/I. The electrical conductivity of 

species i is a product of number of charges, zi, the elementary charge, e, concentration, ci, and 

mobility, ui: 

 

          (2.1) 

 

The total conductivity of a material equals the sum of all the contributing species: 

 

          (2.2) 

 

The concentration of the charged species depends on the mechanism of incorporation in the 

material. The charged species can for instance form intrinsically, utilizing thermal energy, or 

from aliovalent doping, which is common for high temperature oxides. In the first case the 

concentration of the charged species is temperature-dependent, while in the latter case it is 

regarded as “frozen in” and therefore temperature independent, meaning that the operating 

temperatures are so low that any solubility equilibrium between the acceptor and the solid can 

be disregarded. The concentration of charged species, however, often varies with atmospheric 

partial pressures, and the ratio between competing defects varies with temperature and 

atmospheric conditions. This is further discussed in section 2.2.1. 
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The mobility of the charged species, ui, can be described: 

 

         (2.3) 

 

where R is the gas constant and T is the temperature. The enthalpy of mobility, ΔHmob, 

describes the energy barrier that has to be overcome for the species to jump between two 

sites. The pre-exponential factor, u0,i comprises the vibrational frequency of the species, the 

distance between the two sites, the number of jump directions and the entropy change from 

the initial position to the top of the barrier. The mobility can further be related to the random 

diffusion coefficient of the species, Di, through the Nernst-Einstein relation: 

 

          (2.4) 

 

where F is the Faraday constant. 

 

2.2. Proton conductivity in oxides 

2.2.1. Hydration of oxides 

To display proton conductivity at high temperatures an oxide has to incorporate protons, 

which reside in the electron clouds of the oxide anions – together forming a substitutional 

hydroxide ion defect. The protons can alternatively be described as interstitial protons. The 

proton defects are effectively positive and have to be charge compensated by effectively 

negative defects to maintain charge neutrality. In oxides at high temperatures, protons are 

most commonly incorporated by hydration of oxygen vacancies, which in Kröger-Vink 

notation can be described as: 

 

        (2.5) 
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Oxygen vacancies can form intrinsically, but to obtain a concentration of significance, oxides 

are usually acceptor doped. For instance, in an AIIIBIIIO3 perovskite, a lower valent cation, 

Ml2+, can substitute the A-cation and be charge compensated by oxygen vacancies: 

 

      (2.6) 

 

These oxygen vacancies may further hydrate according to eq. 2.5, and the equilibrium 

constant of the hydration is given: 

 

     (2.7) 

 

where ΔS0
hydr and ΔH0

hydr are the standard entropy and enthalpy of the hydration reaction, 

respectively. When the effective negatively charged acceptor dopant is charge compensated 

by effective positive oxygen vacancies and protons, the electroneutrality condition is 

. Assuming small defect concentrations so that , the 

concentration of protons can be expressed by combining the equilibrium constant Eq. 2.7 

with the electroneutrality condition: 

 

   (2.8) 

 

For oxides that display significant proton concentrations and proton conductivity, the 

hydration enthalpy is necessarily negative, since incorporation of protons involves loss of gas 

and hence a negative hydration entropy. A proton conducting material thus reaches maximum 

hydration at low temperatures, while the proton concentration decreases at higher 
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temperatures. The hydration thermodynamic parameters and whether or not a material 

hydrates depend on the crystal structure and the elements that the compound consists of. 

Kreuer discusses that the hydration can be viewed as two separate processes; filling of an 

oxygen vacancy with a hydroxide ion and protonation of a lattice oxygen15. In the first 

process, the material acts as an acid and in the latter it acts as a base. Kreuer further points 

out that since in perovskite oxides the filling of an oxygen vacancy easily occurs, the 

hydration reaction is determined by the protonation process, which is the reason why 

hydration is usually favored for the more basic compounds in this class of materials. For rare-

earth sesquioxides on the other hand, the formation of oxygen vacancies is suggested to play 

the most important role in the overall hydration16 17. It is further observed that for the fluorite 

related “Ln6WO12”-series, the hydration enthalpy becomes increasingly negative from Ln = 

La to Ln = Er18, and for LaXO4 (X = V, As, P) DFT-calculations predict more negative 

hydration enthalpy with decreasing size of the X-cations19. 

  

2.2.2. Proton transport 

At high temperatures, protons are transported in an oxide through the Grotthuss mechanism. 

Although this mechanism involves hydroxide defects, the net transported species are protons. 

According to the Grotthuss mechanism, protons are transferred between lattice oxide ions. 

The energy barrier of this transfer involves reorientation, making the O-H--O bond linear, 

and the jump from one oxide ion to the other20. The sum of these two contributions equals the 

enthalpy of mobility, ΔHmob from eq. 2.3. The pre-exponential factor of mobility, u0, can 

based on transition state theory be expressed21: 

 

          (2.9) 

 

where n is the number of directions a proton can jump, λ is the jump distance, ν0 is the 

attempt frequency, V is the unit cell volume, and kB is the Boltzmann constant. For protons, 

an additional sticking factor, P, must be included since the ratio between the masses of the 

mobile species and the host atom is very small. The sticking factor reflects the probability for 

the proton to settle in the final state rather than to fall back to the initial state after passing the 
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transition barrier. The attempt frequency, ν0, for protons equals the OH stretching frequency, 

which is around 1014 s-1. This factor is approximately proportional to  , which is one 

of the reasons why the conductivity in a proton conducting material may decrease in 

deuterium containing atmospheres compared to hydrogen containing atmospheres. Also the 

enthalpy of mobility is dependent on the mass of the ion via the zero-level energy, resulting 

in a difference of ~5 kJ/mol between the protons and deuterons21. In general, a high degree of 

crystal symmetry is favorable for high proton mobility. Partly because this is beneficial for 

the lattice dynamics required for the overall proton transfer process. Furthermore, in highly 

symmetric compounds the energetically most favorable proton sites are equivalent and 

symmetrically distributed around an oxygen ion. In a less symmetric compound, the possible 

proton sites increase in number and become energetically unequal, reducing the number of 

most favored proton pathways and thereby the pre-exponential factor of mobility.  

Protons can also be transported through vehicle mechanisms. Here protons diffuse through 

oxides as e.g. hydroxide defects. It is suggested that protons are transported mainly via 

hydroxide ions in mayenite, Ca12Al14O33
22, but this is apparently the only example among 

oxides at high temperatures. 

 

2.3. Hydrogen flux 

2.3.1. The flux equation 

When describing electrical conductivity we only need to consider a gradient in electrical 

potential, dφ/dx. For flux of a species through a membrane, we also need to consider the 

gradient in chemical potential, dμ/dx. The net flux density through a membrane for charged 

species i in an electrochemical potential gradient is in the one-dimensional case described23: 

 

        (2.10) 

 

while the partial current density is: 
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         (2.11) 

 

The sum of all net currents for a membrane with no external circuit is 0: 

 

        (2.12) 

 

The electrical potential gradient can then be expressed:  

 

        (2.13) 

 

where tk is the transport number of species k, so that . 

The flux equation can then generally be described: 

 

       (2.14) 

 

Assuming that the flux density is constant throughout the membrane, so called steady state, 

we obtain: 

 

     (2.15) 

 

To proceed, we need to consider the chemical potentials. Equilibrium in an electrochemical 

reaction: 
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          (2.16) 

 

requires that: 

 

         (2.17) 

 

Substituting from this the chemical potential of the charged species with the chemical 

potential of the neutral species in the flux expression, we obtain: 

 

 

           (2.18) 

 

Since the sum of transport numbers equals 1,  and 

 can be substituted with . The chemical potential gradient can, for an 

ideal gas and at constant temperature, be expressed in terms of activities and partial pressure: 

 

        (2.19) 

 

Eq. 2.18 can then be expressed: 

 

    (2.20) 
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From the equilibrium between water vapor, hydrogen, and oxygen, we have the following 

equilibrium constant: 

 

          (2.21) 

 

From this, the flux equation can alternatively be expressed by partial pressures of H2 and 

H2O: 

 

     (2.22) 

 

The term H+ e-  can also be written H+
e-

total
 and describes the ambipolar proton electron 

conductivity.  

 

2.3.2. Water splitting by oxygen permeation 

If there is a pO2-gradient through the membrane and the membrane conducts oxide ions, H2 

can also form from the sweep side H2O, often referred to as water splitting24. In this process, 

oxide ions from the water in the high pO2-side diffuse by means of ambipolar transport to the 

low pO2-side, and H2 is formed on the sweep side: 

 

      (2.23) 

 

The H2 formation rate from this process can be derived from the general flux equation (eq. 

2.14) and expressed in terms of pO2- and pH2O-gradients: 
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     (2.24) 

 

If sweep side water is present, the H2 concentration measured on the sweep side may then 

include a contribution from water splitting, giving rise to an increased apparent hydrogen 

flux. The acitvation energy of this contribution is, however, usually different from that of 

hydrogen permeation, as water splitting (oxygen permeation) and hydrogen permeation 

depend on oxide ion and proton conducivity, respectively. This is typically reflected from 

different activation energies of the apparent H2 flux under wet and dry sweep conditions.  

 

2.2.3. Gradients through a membrane 

The driving force for the hydrogen flux through a membrane is the partial pressure gradient 

that the membrane is exposed to. Figure 2.1 presents two cases for a mixed proton, oxide ion 

and electron conductor under the limiting condition te- ~ 1. In both cases, the membrane is 

exposed to wet, reducing gas on the feed side, while the sweep side gas is dry or wet inert 

gas: 

 

Figure 2.1: Gradients through a membrane under dry and wet sweep conditions. 
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Under dry sweep conditions, there are initial gradients in pH2, pH2O and pO2. The gradient in 

pH2O gives rise to a transport of H2O, and since pO2 is determined by the pH2O/pH2 ratio, we 

can expect that the pO2-gradient becomes close to zero. Since te- ~ 1, hydrogen permeation 

then becomes the dominating process at play under dry sweep conditions. From eq. 2.20 it is 

clear that the proton flux depends on the proton conductivity, and since there is a gradient in 

pH2O, there is also a gradient in the proton concentration and thereby the proton conductivity. 

Here the proton-conductivity follows a pH2O1/2-dependency (based on the hydration reaction 

given in eq. 2.5), which can be expressed as a pH2
1/2-dependency when the pO2-gradient is 

zero. Since we assume that te- ~ 1, the flux equation becomes: 

 

   

           (2.25) 

 

where  is the proton conductivity at 1 atm H2. 

Under wet sweep conditions, gradients are present both in pH2 and pO2, while the gradient in 

pH2O is zero. In this case the material is equally saturated with protons at feed and sweep 

side, and there is no gradient in the proton conductivity. The proton flux is then expressed: 

 

   (2.26) 

 

where  is the proton conductivity under the measurement conditions. 

Since there is a gradient in pO2, one must also take the hydrogen production by oxygen 

permeation and water splitting into consideration. With no gradient in proton conductivity, 

also the oxide ion conductivity is constant through the membrane, and the total H2 production 

can be expressed: 
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 (2.27) 

 

Utilizing the equilibrium between H2O, H2 and O2 when the gradient in H2O is zero we 

obtain: 

 

  

            (2.28) 

 

Similar as for ,  is the oxide ion conductivity under the measurement conditions. 

In this thesis,  is consequently referred to as “the apparent hydrogen flux”, describing the 

formation rate of sweep side H2 from both permeation and water splitting. Moreover, flux is 

described by the unit ml min-1 cm-2, which can be converted to mol s-1 m-2 utilizing the ideal 

gas law. 

In manuscript 5, the apparent hydrogen flux is measured under dry and wet sweep conditions 

for La0.87Sr0.13CrO3-δ. This material is known as a p-type conductor, and flux-measurements 

enable extraction of proton mobility parameters from the proton conductivity via the above 

equations. 

 

2.3.4. Effects of surface kinetics on hydrogen flux 

For a sufficiently thick membrane, the hydrogen flux is limited by the partial conductivities 

of the contributing species making up the ambipolar conductivity. Dissociative H2 adsorption 

is, however, a prerequisite for the hydrogen flux by protons and electrons to occur. From eq. 

2.22, it is clear that the flux is inversely proportional to the membrane thickness. As the flux 

increases with decreasing thickness, it will eventually be of similar magnitude as the 

dissociative adsorption rate, and further reduction of the thickness will not increase the flux 
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significantly. The critical thickness, Lc, denotes the thickness where this transition of rate-

limiting processes occurs25. It can be regarded as a measure of how fast the adsorption 

process is relative to the bulk transport and can be expressed in terms of ambipolar 

conductivity: 

 

         (2.29) 

 

where σambipolar is the ambipolar proton electron conductivity and Rs is the H2 surface 

exchange coefficient.  

Turning to the adsorption mechanism, hydrogen is dissociatively adsorbed on the surface, and 

Hadidi et al.26 have by means of DFT-calculations found that adsorption of neutral hydrogen 

is unfavorable on stable surfaces in LaNbO4. Hancke et al.27 further suggested for a selection 

of known proton conductors that dissociative H2 adsorption occurs in two steps where H2 is 

adsorbed and partially oxidized (charge transfer) prior to dissociation and full oxidation. It 

was moreover, demonstrated that the pH2-dependency of the surface adsorption depends on 

whether charge transfer or dissociation is the rate limiting step of the reaction. For LaxWO12-δ 

(x = 5.3-5.7), it was suggested that adsorption/charge transfer was the limiting step in the H2 

adsorption, while dissociation was the limiting step for La27Mo1.5W3.5O55.5. 

In manuscript 5 and 6 we show that slow surface kinetics limits the flux in relatively thick 

membranes, and in manuscript 5 we measure the H2 dissociation rate of La0.87Sr0.13CrO3-δ 

powders and a pellet coated with Pt. 

 

2.4. Materials classes  

Several oxides display proton conductivity, but the high conductivities are only observed 

within few classes of materials. Three factors are of major importance. Firstly, for the 

materials that hydrate according to reaction 2.5 (which comprise most of the known proton 

conductors) the materials must display sufficient solubility of acceptor dopants that are 

charge compensated by oxygen vacancies. Secondly and thirdly, the thermodynamics have to 

favor hydration and the proton mobility should be high. The solubility of acceptor dopants is 
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often structure dependent. There is for instance a significant difference in the solubility limit 

of acceptor dopants between oxides of the perovskite structure and the scheelite structure. 

Whether the thermodynamics favor hydration or not seems for some materials classes to 

depend on the acid-base properties of the oxides. For the mobility, lattice parameters and 

sublattice structures are of importance. For instance, small lattice parameters and edge-

sharing polyhedra are generally unfavorable for the lattice dynamics, whereas corner-sharing 

BOx-polyhedra are usually beneficial for obtaining high flexibility of the lattice. Furthermore, 

the number of directions that a proton can jump is determined by the structure and usually 

increases with an increasing number of neighboring oxygen ions. The proton mobility can 

also be affected by defect-acceptor association. Since the acceptor dopant is effective 

negatively charged, effective positively charged defects can associate with the acceptor 

dopant and form defect-acceptor clusters. Cluster formation increases the enthalpy of 

mobility, but the degree of cluster formation can be reduced by restricting the use of dopants 

to elements that deviate in valence by no more than one from the host cation. It is also 

frequently observed that B-site doped materials are more prone to defect association than A-

site doped materials, and A-site doping is therefore preferred. I will here briefly mention 

some of the most important materials classes among proton and mixed proton electron 

conducting oxides. 

 

2.4.1. Proton conducting oxides 

The best proton conducting oxides today are of the perovskite structure, such as BaZrO3, 

BaCeO3 and SrCeO3
28

 
29. Perovskite oxides have the general formula ABO3, where A is a 12-

coordinated cation with similar size as the oxygen ion, and B is a smaller 6-coordinated 

cation situated in the octahedral holes between the closed pack AO-layers. The “idealness” of 

a perovskite structure can be described by the Goldschmidt tolerance factor: 

 

          (2.30) 

 

where ri denotes the ionic radius of the different elements. The perovskite structure has been 

observed for compounds with a tolerance factor ranging from approximately 0.75-1.05. When 
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tG = 1, a perfect closed pack perovskite structure is obtained and compounds with tolerance 

factors close to 1 usually crystallize in the cubic space group, Pm3m (no. 221). With lower 

tolerance factors, compounds often display orthorhombic and monoclinic symmetries. For 

instance BaCeO3 and LaScO3 are compounds that crystallize in the orthorhombic Pnma space 

group (no.62). Perovskite structured compounds with tG > 1 usually crystallize with 

hexagonal symmetry, but are not commonly encountered among oxides. The perovskite 

oxides that display the highest proton conductivity usually crystallize with cubic or near-

cubic (orthorhombic, rhombohedral) symmetries. Since perovskite oxides can tolerate large 

deviations from the ideal structure, they commonly incorporate acceptor dopant 

concentrations as high as 10-20 mol % 30 15. Moreover, the thermodynamics often favor 

hydration, and they display relatively high proton mobility. Detailed characteristics of the 

proton conductivity are known for several oxides of the perovskite structure, and Norby et al. 

have proposed that the hydration enthalpy becomes increasingly negative with decreasing 

difference in the Allred-Rochow electronegativities between the A- and B-cations, ΔXB-A
31. 

The basicity of the oxides is assumed to relate to this difference in electronegativity , where a 

small electronegativity difference reflects a higher electron density on the oxygen ions. This 

trend also applies for the absolute value of the electronegativity difference32, i.e. also when 

the B-cation is the more electronegative ion. Moreover, the electronegativity difference 

generally coincides with the crystal symmetry of the compounds, so that less symmetric 

compounds have more negative hydration enthalpy. This is illustrated in Figure 2.2, 

reproduced from the data set of Bjørheim et al.32 
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Figure 2.2: Hydration enthalpy as a function of |ΔXB-A| (left) and Goldschmidt tolerance 

factor (right), reproduced from the data set of Bjørheim et al.32 

 

In combination with the high levels of hydration obtainable for perovskite oxides, some also 

show relatively low enthalpies of proton mobility. BaCeO3, for instance, displays an enthalpy 

of mobility of ~45-50 kJ mol-1 20 33. The pre-exponential factor of mobility for perovskite 

structured compounds is, furthermore, high due to the 8 neighbors surrounding all of the 

oxygen ions. For highly symmetric compounds, such as BaZrO3, the most stable proton sites 

are symmetrically distributed around an oxygen ion, and all the neighboring oxygen ions then 

becomes available for proton transport34. The main drawback with the perovskite oxides is 

that the alkaline-based cerates are unstable towards CO2. One exception is BaZrO3, but for 

this compound high grain boundary resistance and poor sinterability represent major 

challenges. These problems are, however, now moving towards a solution, as recent studies 

have shown that solid state reaction sintering with NiO as sintering aid improves the sintering 

properties35. Since larger grains are obtained, this also reduces the total grain boundary 

resistance.  BaZrO3-based compounds are thus among the most promising candidate material 

for use in ceramic proton conducting fuel cell. The electronic conductivity is, however, low, 
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which is a disadvantage for hydrogen membrane applications. As shown in manuscript 4 and 

5, the perovskite oxide LaCrO3 displays both significant proton and electron hole 

conductivity, making this compound an interesting material regarding hydrogen permeation 

membranes. 

There have also been attempts to search for proton conductivity in perovskite derived 

structures. Substitution with one or more cation has been successful for oxide ion conductors, 

where compounds such as La0.2Sr0.8Fe0.8Ga0.2O3-δ show high oxide ion conductivity36. Liang 

et al. reported appreciable proton conductivity in the double perovskite SrSc0.5Nb0.5O3, 

acceptor doped by increasing the Sc/Nb ratio, and the perovskite related Ba3CaNb2O9
37. It 

was later suggested that structural cation disorder was favorable for proton conductivity38 39. 

In manuscript 1 we have investigated the characteristics of proton conductivity in acceptor 

doped double perovskite oxides La2MgTiO6 and La2MgZrO6. 

High proton conductivity is also observed among materials of scheelite related structures, 

with formula ABO4. The best proton conductor in this class of material is LaNbO4 with 

proton conductivity approaching 10-3 S cm-1 at 800 °C. The tetragonal modification of the 

material shows favorable hydration enthalpy (-115 kJ mol-1 40) and low enthalpy of proton 

mobility (40 kJ mol-1 41). A major problem with this compound is a low solubility of acceptor 

dopants, less than 1 mol % 42. Moreover, a phase transition to monoclinic temperature around 

520 °C may impose negative effects on the mechanical stability and compatibility with other 

fuel cell components. Other compounds with related structures that display appreciable 

proton conductivity are LnNbO4, LaAsO4, LaPO4 and LaVO4. Common for these materials is 

that condensation of BO4-tetrahedra tends to accompany formation of oxygen vacancies, and 

it is speculated whether this reflects a less favorable formation of oxygen vacancies43. 

Especially for the larger Nb, a high possible coordination number results in condensation of 

three BO4-tetrahedra, instead of two as observed for the compounds with smaller B-cations44 
45 46 19. The arsenate, phosphate and vanadate all crystallize in the monoclinic monazite 

structure, and display higher enthalpy of mobility than the more symmetric LnNbO4-

compounds19 40. In manuscript 2, the potential proton conductivity in Scheelite, CaWO4, and 

a solid solution 0.7(CaWO4)-0.3(LaNbO4), is investigated. 

Recently, fluorite structured tungstates have received increased attention as proton 

conductors, starting with the discovery of proton conductivity in the order of 5 10-3 S/cm in 

“La6WO12” by Shimura et al.47. Further studies of this material and others in the “Ln6WO12”-
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series showed that for Ln = La and Nd, the proton conductivity decreased when acceptor 

doped48. This behavior can be related to the crystal structure, which for “La6WO12”, in recent 

studies is reported to be rather complex49 50. The structure has inherent oxygen vacancies, and 

an inherent substitution of W on La-site shifts the La/W ratio for a stable compound to 5.3-

5.7 and is accompanied by a partial filling of the oxygen vacancies. Outside the solubility 

range of the La/W ratio, secondary phases that can potentially hinder proton conductivity 

precipitate. In manuscript 3, the conductivity characteristics of La2WO6 are investigated, as 

this is a neighboring phase of “La6WO12” in the La-W-O phase diagram. Moreover, the Nd- 

and Lu-substituted compound, Nd1.2Lu0.8WO6 is characterized since this is reported to 

crystallize with higher symmetry than La2WO6.  

Also other structure types show evidence of moderate proton conductivity. For instance in the 

pyrochlore structure, a fluorite-related structure with the general formula A2B2O7, 

lanthanoide-based compounds display proton conductivity51 52. The B-site often consists of 

mixed cations, for instance Zr and Y, and a high degree of B-site disorder is favorable for 

proton conductivity. Proton conductivity is also observed in binary rare earth oxides like 

Gd2O3 and Er2O3, but this is limited by a rather low solubility of acceptor dopants combined 

with fairly high enthalpies of mobility. Materials of the brownmillerite structure belong to 

another class of potential proton conductors. For instance, Ba2In2O5 incorporate protons on 

inherent oxygen vacancies53 54 55. The hydration increases with cation substitution that 

promotes cubic symmetry, usually donor doping. These compounds, however, hydrate at 

fairly low temperatures (full hydration < 200 °C for Ba2In2-2xTi2xO5+δ) and thus exhibit lower 

proton concentrations at higher temperatures than for instance proton conducting perovskite 

oxides, making the brownmillerite compounds less relevant for hydrogen membrane 

applications.  

 

2.4.2. Mixed proton electron conducting oxides 

Among the proton conducting materials, only a few are known to also be electronic 

conductors. There are, however, several defect situations where mixed proton electron 

conductivity can occur. Materials can for instance charge compensate protons with electrons 

according to: 
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        (2.31) 

 

This hydrogenation reaction is reported for ZnO56, but is not commonly encountered among 

oxides. Moreover, no known compounds that hydrate according to this reaction display as 

high proton conductivities as the state-of-the-art proton conductors. For the materials that 

charge compensate an acceptor with oxygen vacancies and protons, minority electrons or 

electron holes can provide n- or p-type conductivity. A challenge when seeking to maximize 

mixed proton electron conductivity is that acceptor doping usually suppresses the 

concentration of effective negatively charged defects. If we for instance have the full 

electroneutrality condition: 

 

      (2.32) 

 

an increase in [Acc/] is usually accompanied by a decrease in [e/]. Moreover, the electronic 

defects are formed from reduction of lattice oxide ions and oxidation of oxygen vacancies, 

resulting in a pO2-dependent formation of the species: 

 

        (2.33) 

        (2.34) 

 

Since the pO2 is usually not constant through a hydrogen permeable membrane under 

operating conditions, the mixed conductivity can be significantly lower on one of the 

membrane sides, decreasing the overall hydrogen flux. This is demonstrated for 

SrCe0.95Yb0.05O3-δ by simulation studies57. For instance, when the material was exposed to 

large pH2-gradients, an internal region of low electronic conductivity arose due to the 

electron-electron hole transition under these conditions.  
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Some materials also compensate the effective negatively charged acceptor dopant with 

effective positively charged electron holes. Protons will then dissolve at the expense of 

electron holes, but due to a higher mobility, electron holes can still dominate the total 

conductivity. Of the materials where electron holes are the majority defects, few hydrate 

significantly. In manuscript 4 and 5, however, we show that Sr-doped LaCrO3 hydrates under 

wet, reducing conditions. This material experiences a shift in the defect situation when 

changing from oxidizing to reducing atmospheres, from electron holes being the majority 

defects, to oxygen vacancies that hydrate under reducing conditions. This gives rise to high 

ambipolar proton electron hole conductivity.  

In LaxWO12-δ (x = 5.3-5.7), inherent oxygen vacancies are hydrated exothermically. The 

electronic conductivity is, however, modest and pO2-dependent. One approach to increase the 

mixed conductivity is to substitute with Mo on W-site. This increases the electronic 

conductivity without decreasing the proton conductivity significantly58 59. The hydrogen 

permeation characteristics of Mo-substituted lanthanum tungstate are presented in manuscript 

6.  

One should keep in mind that under real operating conditions the pH2O can be of such 

magnitude (for instance 4 bars in the gas power cycle of Hydro, section 1.3) that the material 

is saturated with protons even at high temperatures. To ensure high hydrogen flux under these 

conditions, the electronic conductivity in a mixed conductor should be of similar magnitude 

as the proton conductivity in a fully saturated material. 
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3. Methodology 

3.1. Controlling the atmosphere for electrical conductivity and hydrogen flux measurements 

In the electrical conductivity and hydrogen flux measurements, the atmosphere is controlled 

using the gas mixer setup described by Norby60. The schematics of this setup is presented in 

Figure 3.1. 

 

 

Figure 3.1: Gas mixer setup for controlled atmospheres of pO2, pH2 and pH2O (or pD2O).  

In this setup, the atmosphere is controlled by mixing O2- or H2-containing gases with inert 

carrier gases such as Ar and He. The gas flows are controlled with variable area flow meters 

(Brooks) with floaters of glass and Tantalum. Partial pressures are calculated using the 

GasMix software (NorECs, Norway). The water leakage into the system is assumed to mainly 



28 
 

originate from diffusion of water through the outer tube and set to 30 ppm, as estimated by 

Norby and Kofstad for an alumina outer tube61. The gas mixtures can be dried over a powder 

bed of P2O5 or wetted with H2O/D2O by passing the gas first over H2O/D2O and then leading 

it through a saturated solution of KBr in H2O/D2O. The wetting yields a water vapor pressure 

of 0.025 atm at 25 °C. In oxidizing atmospheres, different pH2O are obtained by mixing wet 

and dry gases. In reducing atmospheres the pH2O is controlled by the equilibrium between 

H2O, H2 and O2 according to: 

 

          (2.21)  

 

By mixing wet H2 with Ar in such manners that the pO2 is kept constant, the pH2O can be 

determined. The system is kept at a slight overpressure by bubbling output gas mixtures 

through dibutylphtalate or mineral oil columns. 

 

3.2. Electrical conductivity measurements and impedance spectroscopy 

3.2.1. Instrumentation 

Electrical conductivity measurements are performed using a Solartron 1260 impedance 

analyzer. The instrument has an input impedance of 1 GΩ. A 2-point 4-wire setup is 

employed. This setup has limited accuracy for measuring low resistances, but is suitable for 

the materials in this thesis, with the exception of LaCrO3. The samples have been mounted in 

a ProboStat sample holder (NorECs, Norway). Both constant frequency measurements at 10 

kHz and impedance measurements were performed as a function of temperature and 

atmospheric conditions.  

 

3.2.2. Impedance measurements 

Impedance spectra were collected in the frequency range 0.5-106 Hz, and deconvoluted using 

the EqC program62. A Nyquist plot, where the real and imaginary part of the impedance are 
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plotted in the measured frequency range, yields one or two semicircles, depending on 

whether bulk or grain boundary has the highest impedance and if their response characteristic 

frequencies are sufficiently different. A third semicircle at the lowest frequencies is ascribed 

the electrode process, which is not treated in this work. Parallel circuits of a resistor and a 

capacitive constant phase element, (RQ), connected in series, (R1Q2)(R2Q2)…, can be fitted 

to the impedance spectra. Fitting of the constant phase elements yields the parameters Y0 and 

n. n is related to the ideality of the capacitance and hence the degree of depression in the 

semicircle. It is close to 1 for the bulk geometric capacitance (n = 1 for a perfect semicircle) 

and lower for grain boundary capacitances as each boundary comprises a non-homogeneous 

space charge layer, and the different boundaries have different geometries. Y0 equals the 

conductance when n = 1. The effective average capacitance related to each semicircle in the 

impedance spectrum can be calculated: 

 

         (3.1) 

 

In the case where two semicircles are observed, the semicircle at the highest frequency 

corresponds to bulk and parallel grain boundaries, while the second semicircle corresponds to 

serial grain boundaries. For instance, in this work two semicircles were often observed at low 

temperatures, where the capacitance of the high-frequency semicircle was usually in the order 

of 10-12 F and the lower frequency semicircle capacitance was 1-2 orders of magnitude larger. 

A capacitance of 10-12 F fits well with typical permittivities for insulating ceramic materials63 
64 65. The higher values for the grain boundary capacitance are due to the differences in 

geometric factor between the thin grain boundaries and the grain interior (bulk), assuming 

that εbulk ~ εgrain boundary. At higher temperatures, the two semicircles usually became 

indistinguishable, with capacitance similar to the high-frequency semicircle. This semicircle 

was therefore ascribed to the bulk impedance, assuming that at these temperatures, the bulk 

resistance exceeded the grain boundary resistance. 

The equivalent circuits in this work are fitted with basis on the Brick Layer Model66 67. This 

model is commonly used for polycrystalline ceramics, and is based on the assumption that all 

grains are uniform and cube shaped, and separated by grain boundaries. The Brick Layer 

Model can provide reliable estimates of the grain boundary conductivity based on 



30 
 

assumptions regarding microstructure68. In this thesis, fitting of impedance spectra according 

to this model is used to evaluate whether the constant frequency measurements reflected bulk 

or grain boundary conductivity. The semicircles are assigned to bulk or grain boundaries 

based on the values of the capacitance and the temperature dependencies of their resistances.  

 

3.2.3. Effect of porosity 

For relatively dense samples, the electrical conductivity can be corrected for porosity. In this 

thesis, the empirical formula  is used69, where  is the relative density 

of the sample. Some of the samples characterized in this work are rather porous and on the 

limit of the validity of typical porosity correction models70. However, the porosity has a 

stronger influence on the low frequency semicircle, and when applying the Brick Layer 

Model to impedance data generated from porous samples, mainly the interpretation of the 

grain boundary impedance is affected71 72. A high degree of porosity will, however, affect the 

true geometric factor of the measured sample73, and the bulk conductivity may be 

underestimated. Still, the bulk temperature- and partial pressure dependencies are unaffected, 

and the bulk conductivities of the porous samples are therefore assumed to represent the 

qualitative behavior of the conductivity. 
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3.3. Hydrogen flux measurements 

Hydrogen flux measurements are performed using the setup illustrated in Figure 3.2: 

 

 

Figure 3.2: Setup for flux measurements 

 

Figure 3.2 illustrates a pellet sample sealed to a Probostat sample holder with a gold gasket. 

The sample is sealed by heating up to a few degrees below the melting point of gold (1064 

°C). This setup allows for different atmospheres on each side of the sample. The topmost side 

is in this case the feed side while the bottom side is the sweep side. The feed side is here the 

high pH2 side. In this thesis, pure or diluted wet H2 (2.5 % H2O) or a dry 10 % CO (balance 

CO2) gas mixture is used. The diluted H2 feed gas is balanced with He, and under the 

assumption that the leakage rates of H2 and He are equal, the concentration of He is used to 

monitor the leakage of H2. The sweep gas is wet and dry Ar, and the Ar-, H2-, He, O2- and 

N2-concentrations in the sweep exhaust gas, the permeate, is monitored with either a Gas 

Chromatograph (GC, Agilent 2000 μ-GC) or a Quadropole Mass Spectrometer (QMS, 

Pfeiffer PrismaPlus QMG 220). A uniform gas flow from the gas inlet of the ProboStat to the 
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gas inlet of the GC is assumed, and measured with a handheld Flowmeter (Agilent ADM 

2000). With known thickness and diameter of the sample, the hydrogen flux can be calculated 

based on the area of the H2-peak. The area of He is multiplied with the H2/He ratio of the feed 

gas and directly subtracted to give the leakage corrected hydrogen flux. 

In manuscript 4, flux measurements are performed using D2O-wetted D2 (2.2 % D2O) as the 

feed gas, and dry and H2O-wetted Ar as the sweep gas. The permeate is monitored with a 

QMS. The QMS measures the ion current of the contributing species in the permeate, and we 

assume that the normalized ion currents are proportional to the partial pressures of the 

species. Under wet sweep conditions, two processes occur; deuterium permeates through the 

membrane, and H2 is formed on the sweep side due to water splitting. The permeated 

deuterium will equilibrate with the sweep side H2O and H2, thereby increasing the D2O-, 

HDO- and HD-concentrations and decreasing the H2O- and H2-concentrations in the 

permeate gas. Since there are no pH2O-gradient, there are no net H2O-flux, and the final 

change in water content is due to formation of H2 from water splitting. This H2-concentration 

is then approximated by subtracting the normalized ΔpHDO and ΔpD2O from ΔpH2O. Under wet 

sweep conditions, we obtain from the weighted ion currents: 

 

       (3.2) 

       (3.3) 

 

To monitor deuterium permeation and formation of H2 from water splitting, the sweep gas is 

kept constant at wet or dry Ar and the feed side gas is changed from D2O-wetted He to D2O-

wetted D2. The constant sweep gas composition is necessary to avoid misinterpretations from 

the change in background levels that would arise if the sweep gas changed from dry to wet 

Ar. Since hydrogen and deuterium have different signal strength in the mass spectrometer, 

the ratio between the signal strengths of H2, D2 and HD can be approximated by monitoring a 

1:1 H2-D2 gas mixture at high temperatures. As this mixture should statistically equilibrate to 

a 25 % H2, 25 % D2 and 50 % HD gas mixture, the H2, D2 and HD signals is normalized 

according to this ratio. On this basis, the relative signal strengths from the flux measurements 

are approximated. The same procedure can be performed for wet conditions with 50 % D2O-
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wetted D2 and 50 % H2O-wetted H2. One should note that, in this case, more signal overlaps 

are present, for instance between H2O and OD-. The results are therefore mainly used 

qualitatively, however, in manuscript 4 we attempt to give the ratio between hydrogen flux 

and water splitting.  

 

3.4. Thermogravimetry 

Thermogravimetric measurements are performed using a NETSZCH STA449 thermobalance. 

Powder samples in an alumina crucible are measured as a function of temperature in wet air 

(2 % H2O). The powder samples are heated to 1100 °C and cooled down to 700 °C in steps of 

100 °C, from which they are cooled further to 300 °C in steps of 50 °C. The samples are 

equilibrated at each temperatures. Buoyancy and drift are corrected for by subtracting a blank 

measurement of an empty crucible using the same measurement procedure, i.e., temperature 

program, gas composition and gas flows. The accumulated weight change that is ascribed to 

proton uptake can then be converted to proton concentration. Hydration thermodynamics can 

be extracted by fitting the proton concentration and equilibrium constant to the measured data 

(eq. 2.8 and 2.9). 

 

3.5. Surface exchange measurements 

One way of measuring surface kinetics characteristics is by letting a mixture of two isotopes 

of a diatomic molecule equilibrate in the presence of the sample. The general molecule X2 

and Y2, where X and Y denote isotopes of the same atom, will dissociate and re-associate, 

forming 25 % X2, 50 % XY and 25 % Y2 in a 1:1 mixture of X2 and Y2. This is under the 

assumption that the molecules are not consumed by the sample. The time dependency of the 

concentration of a diatomic molecule when surface dissociation takes place can be described 

as74: 

 

        (3.4) 
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which further gives the general expression for the concentrations: 

 

      (3.5) 

 

Here, Rs is the surface adsorption rate, S, is the surface area, t is the time and n is the amount 

of molecules. A plot of  as a function of t yields –RsS/n as the 

slope. 

Surface exchange measurements are performed by equilibrating samples in a quartz tube (the 

reaction chamber) where a 1:1 H2-D2 mixture with a total pressure of 20 mbar is let into the 

reaction chamber at elevated temperatures. The gas mixture is analyzed with a QMS (Balzers 

Prisma 200). Background measurements are performed on the tube and a quartz boat sample 

holder used for powders prior and post to the measurements. The relative signal strengths of 

H2, D2 and HD are estimated based on their final equilibrium ratios, and their partial ion 

currents are plotted as a function of time (Figure 3.3). 

 

Figure 3.3: MS analysis showing the evolution of H2, D2 and HD concentrations with time. 
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Under the assumption that the partial ion currents are proportional to the partial pressures, 

these can be fitted to eq. 3.5, enabling extraction of the surface adsorption rate. 

  

3.6. X-ray diffraction and Rietveld Refinement 

X-ray diffraction measurements are performed using a Siemens D 500 and a Bruker D8 

Discover X-ray diffractometer, both in Bragg Brentano geometry and with Cu Kα radiation. 

Profile matching is performed by comparison with ICSD reference patterns as available in the 

EVA software. For this purpose, a step size of 0.021 ° and count time from 0.1-0.5 s/step is 

used. A longer count time of 1 s/step is used for LeBail fitting and Rietveld refinement. For 

LeBail fitting, the FullProof  program is used. The LeBail method is based on Bragg`s law 

and calculates lattice parameters and peak broadening based on XRD-spectra. The Rietveld 

refinement method additionally describes the atomic occupancies as well as displacement and 

thermal factors. The intensity of the peaks depends on the structure factor, F, which describes 

the scattering intensity from an hkl plane for the atoms, n, in position (u, v, w): 

 

      (3.6) 

 

Here fn is the atomic scattering factor, which increases with increasing atomic number75 76 77. 

Accordingly, elements with similar atomic number are hard to separate from each other. For 

the Rietveld refinement performed in this thesis, the GSAS suite is used78 79. The profile 

function of Finger et al.80 is used to correct for asymmetry at low 2θ-values. The quality of a 

Rietveld refinement can be described by several parameters81. In this thesis, we have used 

either the R-factors, Rw and Rexp, or the “goodness-of-fit” parameter (GOF), χ2. All these 

parameters should be as small as possible as long as χ2 is always larger than 1, and the 

relation between these parameters is . Since Rexp is based on the highest 

obtainable resolution from the XRD-spectra and Rw is based on the fitted spectrum, the 

quality-parameters can actually become worse with a better spectrum, since e.g. instrumental 

parameters get more influential. Visual inspection of the calculated vs. the experimental 

spectra is therefore crucial to determine the validity of the structure model. 
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3.7. Scanning Electron Microscopy and Electron Probe Micro Analysis 

In a Scanning Electron Microscope (SEM), an electron beam is accelerated in a high vacuum 

column (p ~ 10-8 Pa) and focused on the sample by electromagnetic lenses and apertures. The 

electron beam is rastered over the sample and interactions give rise to secondary electrons, 

backscattered electrons and x-rays. Auger electrons and cathode luminescence are not treated 

in this thesis. The backscattered electrons give contrast primarily based on variations in 

elemental composition, while the secondary electrons give contrast primarily based on 

sample topography. X-rays are analyzed with Energy Dispersive Spectroscopy (EDS). When 

quantifying by means of EDS, one must be aware that overlapping peaks can influence the 

results. In this work an SEM (Quanta 200 FEI) with a field emission gun (FEG) and an 

integrated EDS (EDAX Pegasus 2200) is used. The field emission gun provides a high 

current density, allowing for a high signal yield and resolution, and the EDS has a resolution 

of 0.5 wt. %. The SEM can operate in a high vacuum mode (chamber pressure ~10-3 Pa) and 

a low vacuum mode (chamber pressure 30-2000 Pa) for insulating and/or vacuum sensitive 

samples.  

The Electron Probe Micro Analyzer (EPMA) operates in a similar manner as the SEM, 

however, it is also equipped with a Wavelength Dispersive Spectrometer (WDS). Here the X-

rays are analyzed in crystals with known planes, calculating the incoming radiation energy 

with basis on Bragg’s law. This method allows for a quantitative interpretation of the 

elemental analysis. The instrument used in this thesis is a Cameca SX100. 

 

3.8. Computational methods 

Density Functional Theory (DFT) is a first principles quantum-mechanical modeling method 

that enables approximations of the Schrödinger equation for a many-body system. The Born-

Oppenheimer approximation is a critical assumption, which treats the nucleus as stationary 

relative to the electrons. DFT is mainly based on two theorems formulated by Hohenberg and 

Kohn82. The first theorem states that the ground state energy for a many-body system can be 

described as the ground state electron density. For a system of N electrons with 3N spatial 

variables, the Hohenberg and Kohn theorem reduces the number of spatial variables to 3. The 

second theorem states that the ground state energy is obtained from the electron density. 

Kohn and Sham83 derived a method to calculate a major part of the electrons` kinetic energy. 
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Among the remaining parts of the total energy are the electron exchange and correlation. 

These are approximated by the use of exchange-correlation (XC) functionals. The first 

approximation to the XC functional was Local Density Approximation (LDA). Here, the 

electrons are treated as a homogeneous electron gas. The Generalized Gradient 

Approximation (GGA) also takes the variation of local density into account. In hybrid 

functionals, XC-functionals are mixed with Hartree-Fock theory84 85. This method increases 

the accuracy of the approximated band gap. 

The Gibbs formation energy of point defects can be calculated from the total energies of the 

perfect and the defective cells and a set of chemical potentials86: 

 

     (3.7) 

 

where ni is the number of atoms, i, with chemical potential μi, q is the charge state of the 

defect and μe is the chemical potential of electrons, i.e. the fermi level. To obtain the energy 

difference between the defective and the perfect system, supercells are constructed. Here, the 

total energy of a defective and a perfect system is calculated within a boundary of unit cells. 

Since DFT is a ground state method, the calculations correspond to systems at 0 K. 

Temperature can, however, be included from experimental data or by calculating vibrational 

properties. 

Proton transport pathways can be calculated from Transition State Theory (TST). Here, the 

Minimum Energy Pathway (MEP) along a potential energy surface is identified between the 

initial and final state. One approach to identify the MEP is through connecting points on a 

Potential Energy Surface (PES) with harmonic springs between the end points, using the 

Nudged Elastic Band (NEB) method87. In this method the transported species is relaxed only 

according to the potential energy component perpendicular to its pathway. This hinders the 

species from relaxing back to the initial or final ground state position, and as such, the 

potential energy along a complete migration pathway may be obtained, including the saddle 

point. 
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The electrical conductivity of acceptor doped La2WO6 and Nd1.2Lu0.8WO6 has been characterized as a function of temperature and
atmospheric composition. In this work we report proton thermodynamics and transport parameters of nominal La1.96Sr0.04WO6-δ.
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displays lower enthalpy of proton mobility, it does not hydrate significantly, and is therefore not suitable as a proton conductor.
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Materials based on lanthanum tungsten oxides with a La/W-ratio
of 5.3–5.7 (LWO) have received increased attention over the recent
years as they display appreciable proton and mixed proton-electron
conductivity.1–5 These materials may find applications as electrolytes
in proton ceramic fuel cells (PCFC) if they are pure proton con-
ductors, or as electrodes or hydrogen gas separation membranes if
they also display electronic conductivity. Despite that the maximum
proton conductivity (∼5 mS/cm)1,2 is lower than state-of-the-art per-
ovskite oxides (∼50 mS/cm),6,7 superior chemical stability in various
acidic gaseous environments8 makes these tungstates interesting for
technological applications.9 Lanthanum tungstate based materials are
particularly interesting as hydrogen membranes, since few other ce-
ramic oxides show both significant proton and electron conductivity.
The materials are, however, relatively vulnerable to variations in the
composition, and neighboring phases in the La-W-O phase diagram
should thus be investigated with respect to their transport properties.
La2WO6 is one of these compounds and therefore the focus of the
present contribution.

La2WO6 was reported by Chambrier et al. to crystallize in the
orthorhombic space group P212121.10 The structure mainly con-
sists of [WO6]6−-octahedra, condensed into [W2O11]10−-units, and
[OLa4]10−-tetrahedra. Allix et al.11 observed by means of in situ high
temperature powder X-ray diffraction, powder neutron diffraction and
differential scanning calorimetry that the structure transforms to the
more symmetric Pm21n space group at temperatures > 1450◦C. They
further reported that the electrical conductivity increases after quench-
ing the sample from temperatures above this phase transition, but
with no further analysis of the influence on different charge car-
riers. A compound of similar A2BO6 composition that crystallizes
with tetragonal symmetry is Nd1.2Lu0.8WO6.12 Since it is generally
observed that higher symmetry is beneficial for ionic transport, the
ionic conductivity is expected to be higher in Nd1.2Lu0.8WO6 than in
La2WO6.

Detailed analyzes of the electrical conductivity for these materials
have so far not been reported, and is on this basis the objective of this
study: The conductivity and point defect characteristics of two mate-
rials in the Ln2WO6 series with both the tetragonal and orthorhom-
bic structure have been investigated as a function of conditions by
means of a.c. impedance measurements and thermogravimetry. On
bases of the results and a suggested point defect model, thermo-
dynamic and transport parameters that rationalize the observations
are extracted. These parameters are compared with those reported
for LWO and proton conductors of the perovskite- and scheelite
structures.

zE-mail: reidar.haugsrud@smn.uio.no

Experimental

Samples of La1.96Sr0.04WO6-δ (LSWO) were synthesized through
solid state reactions and through a wet chemical route using EDTA
as the complexing agent. Samples prepared from the wet chemi-
cal route were used for electrical and thermogravimetric analyzes.
Nd1.16Ca0.04Lu0.8WO6-δ (NCLuWO) was synthesized following the
wet chemical method. The acceptor dopants, Sr and Ca, were chosen
based on the size of the A-cations in the materials. Powders of La2O3,
Nd2O3 and Lu2O3 were annealed at 1000◦C prior to the syntheses. For
the solid state synthesis of LSWO, stoichiometric amounts of powders
of La2O3 (99.99%, Sigma Aldrich), SrCO3 (99.9%, Sigma Aldrich)
and WO3 (99.8%, Alfa Aesar) were mixed in a planetary ball-mill
(RETSCH PM 100) and calcined at 1000◦C with intermediate milling.
The single phase powders were further sintered at 1400◦C. For the
samples synthesized through the wet chemical method, stoichiometric
amounts of La2O3, SrCO3, CaCO3 (99.95%, Sigma Aldrich), Nd2O3

(99.9%, Molycorp) and Lu2O3 (99.8%, CNMC) were dissolved in an
aqueous solution of HNO3, while WO3 was dissolved in an aqueous
solution of NH3. EDTA was added and, after the pH-value of the
solutions was adjusted to 7–8, they were mixed without any sign of
precipitation. The solutions were evaporated on a hot-plate until a
solid crust was formed, which was grinded and annealed for 4 hours
at 600◦C. Thereafter, the powders were pressed uniaxially into disk-
shaped pellets and sintered at 1200◦C and 1350◦C for LSWO and
NCLuWO, respectively. The pellets were characterized with powder
X-ray Diffraction (XRD) using a Bruker D8 Discover diffractometer
with Cu Kα radiation and Scanning Electron Microscopy (SEM) with
integrated Energy Dispersive X-ray Spectroscopy (EDS), using a FEI
Quanta 200F Scanning Electron Microscope and an EDAX Pegasus
2200 Energy Dispersive Spectroscope. For the XRD-measurements
later used for Rietveld refinement, the step size was 0.021◦ with count
time 1s/step. Rietveld refinements were performed using the General
Structure Analysis System (GSAS) suite of programs.13,14

Pt-electrodes were painted on each side of the sintered samples
with a Pt-net of ∼1 cm2, and annealed at 1100◦C for 1 hour. A.c. con-
ductivity measurements were performed as a function of temperature
and atmosphere using a ProboStat sample holder (NORECS) con-
nected to a Solartron FRA 1260 Impedance Analyzer. The oscillation
voltage was 0.5 V. Constant frequency measurements were performed
at 10 kHz and impedance spectra were recorded at frequencies from
0.5 Hz to 1 MHz. The various atmospheric conditions were established
using a gas mixer following procedures as described elsewhere.15

Thermogravimetric analyzes (TGA) were carried out using a NET-
ZSCH STA 449 F1 Jupiter in wet air with pH2O = 0.02 atm, measuring
weight change of powder samples in alumina crucibles as a function
of temperature. Powder samples were heated to 1100◦C, after which
the temperature was decreased stepwise down to 300◦C. The sam-
ples were equilibrated at each temperature. Buoyancy and signal drift
were corrected for by subtracting the TG-curve obtained for an empty
crucible.
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Table I. Lattice parameters obtained from Rietveld refinement.

Material Space group a (Å) b (Å) c (Å) Rexp Rwp

Nd1.2Lu0.8WO6
12 P-421 5.2760 5.2760 8.6580 - -

Nd1.16Ca0.04Lu0.8WO6-δ P-421 5.2856 5.2856 8.6734 0.0519 0.0838
La2WO6

10 P212121 7.5196 10.3476 12.7944 - -
La1.96Sr0.04WO6-δ P212121 7.5376 10.3441 12.8032 0.0773 0.1011

Figure 1. Rietveld refinement of LSWO (left) and NCLuWO (right). The deviation from the structure model is due to asymmetric peaks.

Results

Structural and compositional characterization.— Rietveld refine-
ment of the XRD-spectra confirmed that the orthorhombic P212121

structure and the tetragonal P-421 structure were obtained for LSWO
and NCLuWO, respectively, in agreement with Chambrier et al.10 and
Tyulin et al.12 Lattice parameters and R-factors are presented in Table
I, and the results are displayed graphically in Figure 1. For LSWO,
additional unindexed peaks were present in the XRD pattern. The in-
tensity was, however, low, and due to the large number of peaks from
the main phase, identification of a potential secondary phase or a more
structurally complex main phase was considered uncertain. Moreover,
no area with different contrast than the matrix except for the porosity
was observed in SEM, and it was therefore assumed that the concen-
tration of secondary phases was so low that it would not affect the
conductivity measurements. EDS-analysis indicated a doping level of
5–6 mol%, slightly higher than the nominal 4 mol%. For NCLuWO,
XRD- and SEM-analyzes showed that single phase was obtained.
Figure 2 presents the backscattered electron SEM-images of grinded
surfaces for both materials. EDS-analysis of NCLuWO showed that
the cation ratio is in agreement with nominal Nd1.16Ca0.04Lu0.8WO6.
Accordingly, SEM analyzes and XRD are in agreement and show

Figure 2. SEM-images of LSWO (left) and NCLuWO (right) obtained from
backscattered electrons.

that both materials are of single phase within the accuracy of the
techniques.

The grain size was in the range 1–10 μm for all samples. Relative
densities, ρr, of 90% (solid state reactions) and 85–90% (wet chemical
route) were obtained for LSWO, while for NCLuWO we obtained a
relative density of only 50%.

Thermogravimetric analysis (TGA).— Under the assumptions that
the acceptor dopant is completely compensated by oxygen vacan-
cies and that all the vacancies become hydrated at low temperatures,
the expected water uptake for the amount of NCLuWO inserted is
0.71 mg. From TGA of NCLuWO in wet air, however, no water uptake
was observed. Consequently, the water uptake is below the practical
detection limit of the instrument. LSWO, on the other hand, showed
significant water uptake. Figure 3 presents TGA of LSWO, and shows
that the material is essentially saturated with protons at 400◦C. Inter-
estingly, the total water uptake is 1.32 mg, which is higher (121%)
than the uptake expected based on the nominal stoichiometry and cor-
responds to an acceptor dopant concentration of 4.9 mol%. To rule
out oxygen uptake, TGA was performed where the atmosphere was
changed between dry O2 and N2 at 400 and 600◦C showing virtu-
ally no weight change. Since quantitative EDS analyzes show that the
doping level is also slightly higher than expected we conclude that
the high level of water uptake actually corresponds to the acceptor
concentration.

Electrical impedance measurements.— The impedance spectra
were fitted using the EqC software to the equivalent model circuits
C((RQ)(RQ)) and C((RQ)(RQ)(RQ)), depending on temperature. The
impedance spectra of LSWO and NCLuWO showed that the constant
frequency measurements at 10 kHz were representative for the bulk
properties of the materials. Due to the large difference in densities be-
tween the samples, the electrical conductivity was corrected for poros-
ity with the empirical factor 1/ρr

2.16 It should be noted that the low
density of NCLuWO is on the limit of the validity of typical empirical-
based corrections,17 and the conductivity may still be underestimated.
Modeling studies of impedance in highly porous materials,18 how-
ever, show that the main effect of porosity on the bulk conductivity
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Figure 3. Proton uptake in LSWO as a function of inverse temperature in air
+ 2% H2O. Dashed line is included as a guide to the eye.

is an increase in the dc resistance, and it does principally not affect
the pressure- and temperature dependencies. The measurements on
NCLuWO are thus used to qualitatively interpret the conductivity
with respect to the defect situation of the material.

Figure 4 presents the total a.c. conductivity of LSWO and
NCLuWO as a function of pO2 at temperatures ranging from 600
to 1000◦C in wet atmospheres (2.5% H2O). At high temperatures,
the conductivity of both materials follows essentially a pO2

−1/4-
dependency under reducing conditions, and increases slightly with
increasing pO2 under oxidizing conditions. This pO2-dependency
decreases with decreasing temperature for both materials, and for
NCLuWO, the dependency is slightly weaker than for LSWO un-
der oxidizing conditions and slightly stronger under reducing con-
ditions. The observed pO2-dependency reflects dominating n-type
conductivity from minority electrons under reducing conditions, and
emerging p-type conductivity from minority electron holes under ox-

Figure 4. Total a.c. conductivity of LSWO (left) and NCLuWO (right) as a
function of pO2 in wet atmospheres (2.5% H2O).

Figure 5. Total a.c. conductivity of LSWO (left) and NCLuWO (right) as a
function of pH2O.

idizing conditions, both of which the dependencies will be further
discussed.

Figure 5 presents the total a.c. conductivity of LSWO and
NCLuWO as a function of pH2O at temperatures ranging from 500 to
1000◦C in oxidizing atmosphere (pO2 = 0.975 atm). For LSWO, the
conductivity approaches a pH2O1/2-dependency at the lowest tempera-
tures. This dependency decreases with increasing temperature and de-
creasing pH2O. Furthermore, the pH2O-dependency decreases at the
lowest temperature and highest pH2O. The conductivity of NCLuWO
follows a similar pH2O-dependency as LSWO, but the functional de-
pendency does not decrease at the lowest temperatures and high pH2O
and is, moreover, slightly stronger than for LSWO.

Figure 6 presents the total a.c. conductivity as a function of inverse
temperature for dry, 2.5% H2O- and 2.2% D2O-wetted O2, and 2.5%
H2O-wetted Ar. The conductivity of both materials increases when
changing from dry to wet O2, and further decreases when changing
from H2O- to D2O-wetted O2. The difference in conductivity between
wet and dry atmosphere is larger for NCLuWO than for LSWO, con-
sistent with the stronger pH2O-dependency observed for NCLuWO
(Figure 5). The conductivity of LSWO is similar in wetted Ar and O2

at temperatures below 500◦C, while it is lower in wet Ar at higher
temperatures. This behavior is in agreement with the conductivity`s
pO2-dependency (Fig. 4).

Figure 6. Total a.c. conductivity of LSWO (left) and NCLuWO (right) as a
function of inverse temperature in different atmospheres.
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Discussion

Defect situation.— The conductivity of both materials is pO2-
independent at low temperatures and intermediate pO2, typically re-
flecting that the predominating charge carriers are ionic defects; oxy-
gen vacancies and protons. Concentration-wise, these defects com-
pensate the acceptor dopant with constant concentration. Formation
of oxygen vacancies can e.g. for LSWO be described by Kröger-Vink
notation as:

2SrO + WO3 = 2Sr/La + Wx
W + 5Ox

O + v••
O [1]

In the presence of water vapor these oxygen vacancies can be
hydrated according to:

v••
O + Ox

O + H2O = 2OH•
O [2]

In reducing atmospheres, a minor concentration of electrons is
formed from the equilibrium between the material and atmosphere:

Ox
O = v••

O + 2e/ + 1

2
O2(g) [3]

whereas oxygen vacancies are filled with atmospheric oxygen, form-
ing electron holes under oxidizing conditions:

v••
O + 1

2
O2 = Ox

O + 2h• [4]

When protons and oxygen vacancies are the majority effectively pos-
itive defects, the simplified electroneutrality condition is:

2[v••
O ] + [OH•

O] = [Acc/] [5]

The concentration of electrons and electron holes then follows,
respectively, pO2

−1/4- and pO2
1/4-dependencies:

n = [Ox
O]1/2[Acc/]−1/2 pO−1/4

2 [6]

p = [
Ox

O

]−1/2 [
Acc/

]1/2
pO1/4

2 [7]

Even though the electronic defects are in minority concentration-
wise, they dominate the total conductivity at high temperatures due
to higher mobility than for oxygen vacancies and protons. The pres-
ence of protons is confirmed by the observed pH2O-dependencies and
the isotope effect on the conductivities. From reaction 2, the proton
concentration can be expressed:[

OH•
O

] = K 1/2
hydr

[
v••

O

]1/2 [
Ox

O

]1/2
pH2O1/2 [8]

showing that the proton concentration follows a pH2O1/2-dependency,
as observed for both materials.

From eqs. 5 and 8, and Figure 3 (left), it is clear that as the ma-
terial become saturated with protons at lower temperatures and high
pH2O, the proton concentration approaches the dopant concentra-
tion and the pH2O-dependency diminishes. At high temperatures and
low pH2O the material becomes dehydrated and the oxygen vacan-
cies charge compensate the acceptor dopant. Also in this case the
pH2O-dependency diminishes. Combining eq. 5 and eq. 8, the proton
concentration is expressed:

[
OH•

O

] = 1

4
Khydr pH2O

[
Ox

O

] (
−1 +

√
1 + 8

[
Acc/

]
Khydr pH2O

[
Ox

O

]
)

[9]
The pH2O-dependency of the total conductivity of LSWO reflects

a defect situation where protons and oxygen vacancies are major-
ity defects at low and high temperatures and high and low pH2O,
respectively (Fig. 5). This analysis is further supported by TGA
(Fig. 3), where LSWO is almost saturated with protons at 500◦C.
For NCLuWO, however, the total conductivity follows a pH2O1/2-
dependency also at low temperatures and high pH2O, indicating that
the material does not reach saturation with protons within the present

Figure 7. Total a.c. conductivity as a function of pH2O (left) with the corre-
sponding van`t Hoff plot (right). Symbols represent experimentally obtained
data while lines represent fitted curves.

measurement window. Hydration of NCLuWO is accordingly less
favorable than for LSWO. This is also in agreement with the water
uptake of NCLuWO being below the detection limit of the TGA.

Thermodynamics and transport parameters.— The relation be-
tween conductivity, concentration and mobility is given by:

σi = zi eci ui [10]

where σi, zi, ci and ui are the electrical conductivity, number of
charges, concentration and mobility of species i, and e are the ele-
mentary charge. The decrease in conductivity for D2O-wetted atmo-
sphere compared to H2O-wetted atmosphere (Fig. 6) reflects a lower
mobility for deuterons than protons due to a higher mass. Since this
effect is significant for both materials at temperatures below ∼650◦C,
it is evident that protons contribute to the total conductivity. The
conductivity curves as a function of conditions for NCLuWO, how-
ever, display weaker characteristic features representing changes be-
tween major charge carriers. Therefore, only the conductivity data of
LSWO are fitted to eq. 10. The proton concentration is estimated from
eq. 9, and its temperature dependency is determined by the hydration
equilibrium:

K 0
hydr = exp

(
�S0

hydr

R

)
exp

(
−�H 0

hydr

RT

)
[11]

The proton mobility is expressed:

uOH = u0,OH
1

T
exp

(
−�Hmob

RT

)
[12]

Conductivity curves of LSWO were fitted based on the electroneu-
trality condition eq. 5 and the defect concentration and mobility rela-
tions in eqs. 6, 9–12. As the material becomes saturated with protons
at low temperatures and protons become the dominating charge carri-
ers, the activation energy of the total conductivity is dominated by the
enthalpy of proton mobility. Assuming that the conductivity follows
an Arrhenius type behavior, the activation energy of the conductivity
in O2 + H2O from 450 to 300◦C was 75 kJ/mol. Values ranging from
65 to 75 kJ/mol were then used as a starting point for the enthalpy of
proton mobility when extracting thermodynamic and transport param-
eters from the conductivity curves vs. conditions. Figure 7 presents
measured data and the fitted curves for the pH2O-dependencies, as
well as, a van`t Hoff plot of the extracted hydration equilibrium con-
stant. The thermodynamic parameters extracted from conductivity
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Table II. Average values from fitting of the conductivity curves.
The listed uncertainties are based on the deviations between all the
curve fittings.

�S0
hydr �H0

hydr μ0,OH �Hmob,OH μ0,vo �Hmob,vo

(J/molK) (kJ/mol) (Vs/Kcm2) (kJ/mol) (Vs/Kcm2) (kJ/mol)

−134 ± 7 −114 ± 4 10 ± 4 70 ± 4 13 ± 3 82 ± 3

measurements were in reasonable agreement with the behavior of
the weight uptake as a function of temperature from TGA. Transport
parameters for protons and oxygen vacancies were further extracted
from temperature dependencies in wet and dry O2. The dopant con-
centration was set corresponding to the maximum water uptake from
TGA (cf. Fig. 3). The results of the fitting process are presented in
Table II.

Evaluation of La2WO6 and Nd1.2Lu0.8WO6 as proton conductors.—
The proton conductivity of LSWO approaches ∼0.05 mS cm−1 in wet
atmospheres at 700◦C, approximately two orders of magnitude lower
than reported for LWO, and the electronic conductivity is, moreover,
low. Consequently, secondary phases of La2WO6 will degrade the
overall functional behavior in a membrane of LWO-based materials.

The hydration of LSWO is more exothermic than for LWO, with
enthalpies of −114 kJ/mol and −83 kJ/mol, respectively,19 while
the hydration entropy is similar, with −134 J/molK for LSWO and
−125 J/molK for LWO. It should be noted that while the concentration
of protons in LSWO is determined by the acceptor dopant concentra-
tion, LWO incorporates protons by filling inherent disordered oxygen
vacancies.2,19 The more exothermic hydration of LSWO than LWO
is in line with the more negative hydration enthalpy observed for the
acceptor doped compounds in the Ln6WO12-series.20 For perovskite
oxides it is observed that the hydration enthalpy becomes more nega-
tive for less symmetric compounds.21,22 Accordingly, the difference in
hydration enthalpy between these tungstates can be an effect of either
hydration mechanism or symmetry.

Turning to the enthalpy of proton mobility, it is higher in LSWO,
with 70 kJ/mol, than in LWO, with 60 kJ/mol.19 This difference may
be rationalized based on the fact that LWO is cubic and more sym-
metrical than the orthorhombic LSWO - a behavior corresponding
to other systems such as perovskite oxides7,23 and scheelite-related
LnXO4 ,24 where the enthalpy of mobility increases for less symmet-
ric compounds. The pre-exponential factor of the mobility is similar to
what is typically reported for perovskite oxides of similar symmetry.23

Eventually, La2WO6 fails to match the proton conductivity of state-of-
the-art proton conductors. Even with higher doping levels, the proton
conductivity would be hampered by the enthalpy of mobility, and the
material is thus overall a rather mediocre proton conductor.

The conductivity of LSWO is one order of magnitude higher than
for NCLuWO at high temperatures, and almost two orders of mag-
nitude higher at temperatures below 600◦C. Even though the bulk
conductivity of NCLuWO may be underestimated due to low density,
the difference in temperature dependency between the conductivities
of the two materials is significant. Since below 600◦C, the conductiv-
ity of both materials is dominated by protons due to higher mobility
for protons than for oxygen ions, this means that the relative proton
conductivity is higher in LSWO than in NCLuWO. For LnXO4, it
is previously reported that the proton conductivity decreases approxi-
mately one order of magnitude when varying the A-site cation through
the Lanthanide-series.25 This decrease may at least partly be ascribed
to an increased enthalpy of proton mobility and related to the reduc-
tion in symmetry. In this work, NCLuWO possesses higher symmetry
than LSWO, and the main reason for the difference in proton con-
ductivity is the low proton uptake rather than the mobility. Indeed, a
plot of ln(σT) as a function of 1/T for NCLuWO at temperatures from
450◦C to 300◦C yields an activation energy of 60 kJ/mol, which is
considerably lower than the activation energy of 75 kJ/mol found for
LSWO. The reader should, in this respect, be aware that if maximum

hydration is not reached, the assumption that Eact ∼ �Hmob may un-
derestimate �Hmob. The conductivity of NCLuWO, however, display
a near constant isotope effect under 450◦C (Figure 6), meaning that
the proton concentration is close to being constant. Our measurements
therefore show that NCLuWO displays a lower �Hmob than LSWO.
The low water uptake of NCLuWO can be both due to low solubility
of acceptor dopant, or that hydration is not thermodynamically favor-
able. In La2WO6, [W2O11]10−-polyhedra stabilize the five-coordinated
tungsten-ions.10 When oxygen vacancies are formed, one may specu-
late whether these polyhedra decondensate to [2WO5]••

W2O11
, and upon

hydration form [H2W2O11]••
W2O11

. Condensation of BOx-polyhedra is
observed for other ternary oxides with high-valent B-site cations, such
as LaNbO4 and LaPO4

26,27 However, no clear trend is observed with
respect to hydration.24 To determine whether it is the formation of
oxygen vacancies or hydration that limits the proton concentration in
Nd1.2Lu0.8WO6, calls for quantum-mechanical calculations of the sta-
bility of oxygen vacancies, polyhedra-clustering and hydrated oxygen
vacancies.

Conclusions

Electrical conductivity measurements give evidence that both
acceptor doped La2WO6 and Nd1.2Lu0.8WO6 transport protons.
A higher enthalpy of proton mobility was found for nomi-
nal La1.96Sr0.04WO6-δ, than for Nd1.16Ca0.04Lu0.8WO6-δ, with 70
compared with 60 kJ/mol, respectively. The proton conductiv-
ity in La1.96Sr0.04WO6-δ is, however, significantly higher than in
Nd1.16Ca0.04Lu0.8WO6-δ due to a more favorable proton uptake. The
hydration enthalpy and entropy of nominal La1.96Sr0.04WO6-δ are
−114 kJ/mol and −134 J/molK, respectively. The hydration en-
thalpy is more exothermic for La1.96Sr0.04WO6-δ than for LaxWO12-δ

(x = 5.3–5.7), while the hydration entropies are similar. The pro-
ton conductivity of La1.96Sr0.04WO6-δ approaches ∼0.05 mS/cm in
wet atmospheres at 700◦C, two orders of magnitude lower than for
LaxWO12-δ (x = 5.3–5.7).
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8. S. Escolástico, V. B. Vert, and J. M. Serra, Chemistry of Materials, 21, 3079 (2009).
9. C. Kjølseth and P. C. Vestre, PROTON CONDUCTING MEMBRANE, in European

Patent, EP 2534721, Germany (2012).
10. M. Chambrier, S. Kodjikian, R. Ibberson, and F. Goutenoire, Journal of Solid State

Chemistry, 182, 209 (2009).
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Abstract: Various inorganic membranes have demonstrated good capability to separate 
hydrogen from other gases at elevated temperatures. Hydrogen-permeable, dense, mixed 
proton-electron conducting ceramic oxides offer superior selectivity and thermal stability, 
but chemically robust candidates with higher ambipolar protonic and electronic 
conductivity are needed. In this work, we present for the first time the results of various 
investigations of La1−xSrxCrO3−∂ membranes for hydrogen production. We aim in particular 
to elucidate the material’s complex transport properties, involving co-ionic transport of 
oxide ions and protons, in addition to electron holes. This opens some new possibilities for 
efficient heat and mass transfer management in the production of hydrogen. Conductivity 
measurements as a function of pH2 at constant pO2 exhibit changes that reveal a significant 
hydration and presence of protons. The flux and production of hydrogen have been 
measured under different chemical gradients. In particular, the effect of water vapor in the 
feed and permeate gas stream sides was investigated with the aim of quantifying the ratio 
of hydrogen production by hydrogen flux from feed to permeate and oxygen flux the 
opposite way (“water splitting”). Deuterium labeling was used to unambiguously prove 
flux of hydrogen species.  
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1. Introduction 

Current concern about climate change has generated large efforts to reduce CO2 emissions. 
Hydrogen selective membranes are envisaged as a key enabling technology in various processes to 
lower energy consumption and for capturing CO2. Notably, inorganic hydrogen separation membranes 
have been studied for a long time for applications in so-called pre-combustion decarburization (PCDC) 
processes in power generation with CO2 capture. Since the various types of hydrogen separation 
membranes cover an operation window from ambient to ~1000 °C, tailor-making of process schemes, 
conditions and membrane properties are both a challenge and a great possibility for improving energy 
efficiency and creating sustainable operation. One may currently find various conceptual integration 
possibilities aiming to bridge the gap between process operation window and membrane properties [1,2].
An important aspect of this integration is to ensure sufficient driving force for the flux. For dense 
metallic or porous hydrogen separation membranes, the driving force for flux is proportional to 

where f and p refer respectively to the feed and permeate side, and n is typically between 
0.5 and 1 for dense metal membranes and 1 for porous membranes. For these, the driving force is the 
magnitude in the difference between the two pressures, dominated by the largest one, at the feed side. 
For dense ceramic membranes, however, the flux can be various functions of the hydrogen partial 

pressures over the membrane, commonly proportional to , and in this case, it is beneficial to 

generate the highest possible ratio of the partial pressures of hydrogen over the membrane. Surface 
limiting effects may change these relationships and decrease the flux. In the concept of Norsk Hydro 
(now merged with Statoil), see Figure 1, a ceramic mixed conductor membrane for hydrogen 
separation is integrated at high temperature (900–1000 °C) in the reforming reaction, where a high 
driving force is sustained by keeping the permeate side at a very low partial pressure of hydrogen by 
reaction with oxygen in air [3]. The purpose of the membrane is three-fold: (i) The membrane 
separates the two gas streams of natural gas (feed side) and air (permeate side). Hydrogen is 
transported from the feed side to the permeate side where it reacts with oxygen to generate heat to 
sustain the endothermic reforming process. The oxidation of hydrogen keeps the hydrogen partial 
pressure very low at the permeate side, which, as mentioned above, is particularly beneficial for the 
driving force for flux. (ii) Only the required amount of air required for heat generation is used, thus the 
permeate stream leaving the reactor is rich in N2. Hence, the membrane process enables N2 co-production 
that is required to dilute the hydrogen fuel for the subsequent gas turbine combustion process.  
(iii) Finally, the thin membrane acts as a heat exchanger material. 
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Figure 1. PCDC process suggested by Statoil with integrated ceramic mixed conductor membrane [3]. 

In dense ceramic hydrogen transport membranes (HTMs), one utilizes the mixed conductivity by 
electrons and protons to make the material permeable to hydrogen gas. The main difficulty for industrial 
deployment of HTMs lies in the identification of materials combining high proton concentrations and 
mobility at high temperature, high electron conductivity, and stability towards CO2 [4,5]. To tackle these 
criteria, one may look for materials with mixed valence and modest band gaps in order to have 
electronic defects. But, first and foremost, one must look at proton concentration in terms of hydration 
thermodynamics. Nowadays, computational chemistry can predict hydration enthalpies quite reliably [6]. 
Moreover, there are some empirical correlations for classes of oxides. Hence, perovskites are shown to 
exhibit more favorable hydration thermodynamics the lower their structural tolerance factors and the 
more similar the electronegativities are of the A and B site cations [7–10]. In other words: the more 
stable the perovskite structure, the fewer the protons at high temperature; the material prefers oxygen 
vacancies as positive charge carriers charge compensating acceptor dopants, and exhibits essentially 
oxide ion transport.  

The prime candidates for HTMs early on were based on SrCeO3 [11] and related perovskites. Their 
composites with metals, such as Pt (for higher electronic transport) have also been investigated. As 
SrCeO3 and related perovskites show poor thermodynamic stability and high reactivity with CO2, there 
has been a long search for new and more stable materials, preferably without Sr or Ba as main 
components, in order to have sufficient stability towards acidic gases like CO2 [5]. At present, a few 
new materials have emerged as promising candidates, such as La6WO12, with stable compositions in 
the range La6−xWO12−3x/2 (6−x = 5.3−5.7) [12]. 

In the search of potential materials for their PCDC process, Statoil patented a range of alternative, 
stable perovskites as HTMs [13] and suggested how they could be used in natural gas-fired power 
plants with carbon capture [14]. One of the materials was based on LaCrO3. The choice may be 
surprising because this perovskite should contain few protons according to the aforementioned 
correlations, which predict LaCrO3 to have an endothermic hydration enthalpy of 12 kJ/mol. The 

  HTM
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argument in favor of this oxide was that the three d-electrons in Cr3+ make this ion particularly stable 
in an octahedral crystal field, favoring a filled oxygen lattice with protons (as OH− ions) over oxygen 
vacancies to a larger extent than expected from the general trend. Statoil optimized the composition for 
sinterability, developed porous tubular supports with dense thin layers of the material, and tested their 
use for hydrogen extraction. The hydration and hydrogen transport were investigated in collaborative 
projects with the University of Oslo and SINTEF over a number of years. During the work, it has 
become clear that the transport properties utilized in the PCDC process are more complex than 
anticipated. The ionic transport in the material appears to have contributions both from oxide ions and 
protons. This feature adds an interesting side effect of the membrane related to the operation condition 
in Figure 1; namely that the membrane also contributes to partial oxidation and steam generation at the 
feed side by transporting oxygen from the permeate side, creating heat on the reforming side as well. 
The significance of this effect has not yet been fully explored, and should be a subject of a separate 
study; but it is interesting to note that the effect could reduce the need for the addition of steam to the 
feed stream since it is internally generated.  

In this study, the transport properties, including hydrogen species of ceramic membranes of  
Sr-substituted LaCrO3 (LSC), are reported for the first time. We summarize the work done with LSC 
membranes—including hydrogen permeation as well as concentration and mobility of protons—based 
on formerly undisclosed results and new measurements. We shall see that LSC does indeed dissolve 
modest amounts of protons and exhibits proton conductivity mixed with p-type electronic and oxide 
ion conductivities, all depending on temperature, pO2, and pH2O. Production of hydrogen using such a 
material as a membrane towards a hydrogen-rich mixture stems partly from mixed protonic-electronic 
conduction, but may have a contribution from splitting of any water vapor in the permeate sweep gas, 
based on mixed oxide ion-electron conduction, and the two phenomena may be difficult to distinguish.  

2. Brief Review of Undoped and Acceptor-Substituted LaCrO3 

2.1. Properties and Applications 

Lanthanum chromite, LaCrO3, is a refractory oxide with melting point of 2430 °C, taking on a 
perovskite-related structure with orthorhombic symmetry (Pnma, space group 62) [15]. It exhibits a 
small range of cation non-stoichiometry, as indicated in the phase diagram [16], and it can be 
substituted with a number of homo- and heterovalent cations on both the A (La) and B (Cr) sites.  
Of greatest interest is the effect of acceptor substitution by alkaline earth cations—notably Ca2+ or 
Sr2+—for La3+ [17,18], causing charge compensation by oxygen vacancies at low pO2 and electron holes 
at high pO2 [19–21]. For this reason, Ca- and Sr-substituted LaCrO3—hereafter LCC and LSC, 
respectively—exhibit high p-type electronic conductivity under oxidizing and moderately reducing 
conditions, falling off under more reducing conditions, but still with dominating p-type electronic 
conductivity well above 1 S/cm [19,22,23]. This, along with its great stability towards oxidation as 
well as reduction, has made it of interest as an interconnect material in SOFCs, where it must exhibit 
electronic conductivity, be gas tight in order to separate the fuel and oxidant, and preferably not 
conduct oxide ions [19,24]. 
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It was pointed out early on that the presence of oxygen vacancies would give considerable oxide ion 
conductivity and permeability of oxygen in LCC and LSC [22], but it appeared that the thickness of 
the interconnect and the rather slow surface kinetics of LaCrO3-based materials made this a minor 
problem [30]. 

It is very difficult to sinter LaCrO3-based ceramics to high density, and a lot of research has been 
invested into overcoming this bottleneck, using, for instance, sintering aids [25]. Interconnects of these 
materials also suffer from Cr evaporation, notably by hexavalent chromium oxohydroxides [26], which 
poisons SOFC cathodes by the deposition of Cr oxides at the electrocatalytic triple-phase boundary 
sites between strontium-substituted LaMnO3 (LSM) cathodes and YSZ electrolytes [27]. Additional 
weaknesses comprise moderate mechanical properties, chemical expansion by reduction, limited 
thermal conductivity, and high costs of machining. For these reasons, LaCrO3-based interconnects are 
now for the most part being replaced by metallic interconnects—enabled by the reduced temperatures 
of operation of modern SOFCs [27–29].  

2.2. Defect Structure 

LaCrO3 compensates acceptor-dopants with electron holes under oxidizing conditions and oxygen 
vacancies under reducing conditions, accompanied by corresponding increases the oxygen ion and p-type 
electronic conductivities. Studies, where oxygen non-stoichiometry has been measured as a function of 
oxygen partial pressure (pO2) by means of thermogravimetry, have been conducted for LaCrO3 with 
various dopants, doping levels and temperatures [20,21]. Mizusaki et al. [20] reported that the oxygen 
non-stoichiometry δ for La1−xSrxCrO3−δ (x = 0.1–0.3) was close to zero for pO2 > 10−5 and eventually 
reached x/2 with decreasing pO2. These pO2 regimes represent two limiting conditions where the 
acceptor is predominately charge-compensated by electron holes (i.e., ) and oxygen 
vacancies (i.e., ), respectively. Moreover, the limiting pO2, at which oxygen vacancies 
and electron holes are equally dominant, shifts to higher pO2 with increasing doping levels and 
temperatures. The formation of oxygen vacancies at the cost of electron holes can, in Kröger-Vink 
notation, be written: 

(1) 

The equilibrium constant for this reaction is given by: 

(2)

and Mizusaki et al. estimated the standard formation enthalpy of oxygen vacancies according to this 
reaction to 303 kJ/mol for x = 0.1. A similar behavior was observed for LaCr(1−x)MgxO3−δ [21], where the 
corresponding enthalpy was seemingly independent of dopant concentration and estimated at 272 kJ/mol 
for x = 0.02–0.1.

From the limiting electroneutrality condition, the concentration of electron holes will be 
independent of pO2 when the acceptor is charge-compensated by electron holes, since it follows from 
Equation (2) that it exhibits a pO2

1/4-dependecy when the acceptor is charge-compensated by oxygen 
vacancies. The defect concentrations as a function of pO2 are illustrated in Figure 2. Due to higher 
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mobility of electron holes in general compared to ionic defects, the total conductivity will also exhibit 
the pO2-dependencies of the electron holes [22,23]. 

Figure 2. Example of defect concentrations for LSC with 1 mol% acceptor substitution as
a function of pO2 at constant pH2O. 

2.3. A Theoretical Evaluation of Protons in LSC 

Hydration of oxygen vacancies in oxides occurs according to: 

(3)

with the corresponding equilibrium constant: 

(4)

When protons are included, the overall electroneutrality condition of LSC can be approximated by: 

(5)

As can be deduced from Equations (1) and (3) and seen in Figure 2, the concentration of protons 
increases with decreasing pO2. From Equation (4), it follows that the concentration of protonic defects 
as a function of water vapor partial pressure (pH2O) is proportional to pH2O1/2 if electron holes or 
oxygen vacancies are the dominating charge compensating defects (and thus independent of pH2O). If 
protons become the dominating charge compensator, the minor concentration of oxygen vacancies 
becomes proportional to pH2O−1, while the concentration of electron holes, via Equation 2, becomes 
proportional to pH2O−1/2.

To the best of our knowledge, there have been no significant reports of protons in LSC until this 
study, and, as mentioned above, the correlation between the enthalpy of the hydration of oxygen 
vacancies and the stability of the perovskite does not predict that hydration is favorable at all, while the 
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three d-electrons of Cr3+ suggests that LSC may be an exception. The defect concentrations as a 
function of water vapor partial pressure are illustrated in Figure 3, based on a moderately favorable 
hydration enthalpy. One may note that at high pH2O, hydration and the presence of protons should be 
detectable as a decrease in the p-type electronic conductivity as a function of pH2O.

Figure 3. Example of defect concentrations for LSC with 1 mol% acceptor substitution as
a function of pH2O at constant pO2. 

2.4. Transport Properties 

The electron holes in LaCrO3 appear to behave as small polarons localized to the Cr-site, and the 
hole mobility exhibits a small activation energy. Consequently, the p-type conductivity is also 
activated ( ), and in the region where the holes are dominating and their 
concentration given by the constant concentration of acceptors, Ea, is given only by that of the mobility. 
Karim and Aldred [31] reported that the electrical conductivity of La1-xSrxCrO3 increased from the 
order of 10−2 S/cm at temperatures above 1000 °C and pO2 = 1 atm for x = 0, to values two orders of 
magnitude higher for high values of x up to the maximum level (x = 0.4). The electron hole activation 
energy was estimated at 0.192 eV for the undoped chromite (x = 0), and decreased with increasing 
acceptor-concentrations to 0.113 eV for x = 0.4. 

LaCrO3 is also an oxide ion conductor when acceptor doped. Oxygen vacancy diffusion coefficients 
in the order of 10−6–10−5 cm2/s were calculated from electrical measurements of LaCrO3 with varying 
dopants and doping levels (0.1–0.35 mol%) at temperatures 900–1100 °C [22]. Based on 
electrochemical methods, Yokokawa et al. [32] estimated a lower vacancy diffusion coefficient in the 
order of 10−7 cm2/s at 1000 °C, in agreement with calculations by Van Hassel et al., based on oxygen 
permeation [33]. Later on, Kawada et al. [34] revisited this method and estimated an oxygen vacancy 
diffusion coefficient in the order of 10−5 cm2/s. The lower values of the oxygen vacancy diffusion 
coefficients reported earlier were mainly explained by an underestimation of the oxygen  
non-stoichiometry in the high pO2 region. 
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3. Results and Discussion

3.1. Conductivity vs. pH2O 

Figure 4 presents the total a.c. conductivity of La0.9Sr0.1CrO3−δ as a function of pH2O in reducing 
atmospheres at temperatures from 300 to 800 °C. Each isotherm is made by diluting a mixture with 
fixed pH2/pH2O ratio with dry Ar, thus keeping pO2 essentially constant, while changing pH2O (and 
pH2). The values of pO2 vary from 3 × 10−17 and 4 × 10−21 atm (depending of pH2/pH2O ratio) at 800 °C 
to 2 × 10−42 atm at 300 °C, and under these conditions we may assume that the acceptor dopant is, to a 
first approximation, charge-compensated by oxygen vacancies. This assumption is in agreement with 
the higher p-type electronic conductivity observed at pO2 = 3 × 10−17 than at pO2 = 4 × 10−21 atm at 
800 °C, as the concentration of electron holes will increase with increasing pO2 when in the minority. 
Still, electron holes dominate the total conductivity, due to higher mobility than for ionic defects. 

Figure 4. Total a.c. conductivity as a function of water vapor partial pressure for 
La0.9Sr0.1CrO3−δ in reducing atmospheres. 

Below approximately 600 °C, the conductivity decreases with increasing pH2O, reflecting a 
decrease in the concentration of electron holes as protonic defects are introduced in significant 
numbers compared to the dominating oxygen vacancies. 

By assuming that oxygen vacancies and protons are the dominating charge compensators 
(2 vo

•• + OHo
• = ), the equilibrium constant of Equation (3), Khydr, was extracted from the fit of 

the conductivity curves for each temperature. The results are presented in a van 't Hoff plot (Figure 5),
and linear regression of lnKhydr as a function of 1/T yields standard enthalpy and entropy changes of the 
hydration reaction of −70 kJ/mol and −90 KJ/mol, respectively. The equilibrium constant extracted 
from conductivity measurements at 300 °C was excluded in this fitting, due to significant deviation 
from the values obtained at higher temperatures, likely a consequence of slow kinetics. The exothermic 
hydration enthalpy of −70 kJ/mol for La0.9Sr0.1CrO3−δ is far from the endothermic expected, based on 
the already mentioned empirical correlation [7–10], and the aforementioned crystal field stabilization 
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of the d-electrons in fully vs. only partially occupied octahedra of the perovskites is an interesting input 
to understanding this and the many other variations from the correlation.  

Figure 5. Van 't Hoff plot of hydration equilibrium constant Khydr for La0.9Sr0.1CrO3−δ

corresponding to conductivity data of Figure 4.

3.2. Estimated Defect Concentrations and Partial Conductivities

With the parameters obtained by curve-fitting of the hydration equilibrium constant, we have estimated 
the concentrations of the defects in La0.9Sr0.1CrO3−δ in wet reducing atmospheres (i.e., pH2O = 0.025 atm, 
pH2 = 1 atm). All charge carriers were assumed to follow an activated transport process, i.e.,
σi = zieciu0, i

1
T

e-∆Hmob /RT. For oxygen vacancies, the pre-exponential factor of mobility, u0,vo, and the 

enthalpy of mobility, ΔHmob,vo, were set to 200 cm2 K/Vs and 90 kJ/mol, respectively, in accordance 
with oxygen vacancy diffusion coefficients obtained at temperatures from 950–1100 °C for 
La0.8Sr0.2Cr0.95Ni0.05O3−δ [30]. For protons, the pre-exponential factor of mobility, u0,OH, was set to 
13 cm2K/Vs, in accordance with values obtained for similar perovskite oxides from [9] and the data set 
of [8], and the enthalpy of mobility, ΔHmob,OH, was set to 60 kJ/mol, from the empirical 2/3 of the value 
for oxygen vacancies [8]. The pre-exponential factor of hole mobility, u0,h, and the enthalpy of hole 
mobility, ΔHmob,h, were set in accordance with Weber et al. [35] to 200 cm2K/Vs and 12.5 kJ/mol, 
respectively. Furthermore, it was assumed that the nominal Sr acceptor level was effective.  

The estimated defect concentrations and partial conductivities are presented as a function of inverse
temperature in Figures 6 and 7, respectively.  

The estimated proton conductivity reaches approximately 5 × 10−4 S/cm at 800 °C, while the 
oxygen vacancies reach a conductivity in the order of 10−3 S/cm. Figure 7 also illustrates that the 
electron hole conductivity dominates the total conductivity, even when electron holes are minority 
defects under reducing conditions. The bends in the conductivity curves are the result of the 
changeover to a proton-dominated defect structure at lower temperatures. 
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Figure 6. Estimated defect concentrations as a function of inverse temperature for 
La0.9Sr0.1CrO3−δ in wet, reducing atmospheres (pH2 = 1 atm, pH2O = 0.025 atm). 

Figure 7. Estimated total and partial conductivities as a function of inverse temperature for 
La0.9Sr0.1CrO3−δ in wet reducing atmospheres (pH2 = 1 atm, pH2O = 0.025 atm). 

Based on the estimated partial conductivities, we may estimate the ambipolar proton-hole 
conductivity of La0.9Sr0.1CrO3−δ from  

(6)
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and it is limited by the lower of the two partial conductivities. In LSC, proton conductivity is orders of 
magnitude lower than that of electron holes, thereby limiting this ambipolar conductivity. 

3.3. Measurements of Hydrogen Production with Disk-Shaped Membranes 

Hydrogen production measurements—interpreted as apparent hydrogen flux—were performed on 
disk-shaped LSC membranes of approximately 0.5 mm thickness, prepared with various sintering 
agents (see Table 1). They showed an initial apparent flux of 0.04–0.02 mL min−1cm−2, which 
decreased over some 50–200 h at 1000 °C to final values of 0.02–0.01 mL min−1cm−2 at 1000 °C in 50% 
humidified H2 on the feed side and humidified argon at the permeate side (see Figure 8). The initially 
high apparent flux may be related to an initially high concentration of intrinsic defects created under 
the very high sintering temperature. The decrease in apparent flux may alternatively be related to the 
relaxation and decrease in surface catalytic activity of the polished surfaces during initial operation at 
elevated temperatures. 

Figure 8. Hydrogen production plotted as apparent hydrogen (H2) flux (leakage corrected) 
as a function of time at 1000 °C using 50% wet H2 as feed gas for different LSC samples of
thickness around 0.5 mm (see Table 1). Wet permeate gas is used for most of the 
experiment, except for a short period with dry permeate (DP), with a steep decrease in the 
hydrogen production rate.

The effect of different types of gradients was further investigated in order to separate situations with 
only hydrogen (proton-hole) transport and cases where oxygen transport, and hence water splitting, 
contribute to the hydrogen production. Four different gradients are shown in Figure 9, where all have 
50% or 10% hydrogen on the feed side and argon on the permeate side. The only difference is that the 
gases are either wet or dry. Accordingly, the following effects can be seen: 

Dry feed/Wet permeate (DF/WP) gives the highest hydrogen production. This can be attributed to a 
high level of water splitting on the permeate side, combined with a high driving force for transport of 
oxygen from permeate to feed. Wet feed/wet permeate (WF/WP) gives a slightly lower hydrogen 
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production. One can expect the driving force for water splitting to be lower, since the difference in 
p(O2) is less. Wet feed/dry permeate (WF/DP) gives yet lower hydrogen production. In this case we 
have no possibility of water splitting and the hydrogen must come from ambipolar proton transport. 
Dry feed/dry permeate (DF/DP) gives the lowest hydrogen production when comparing cases with 
equally amounts of hydrogen on the feed side. Here, we are probably additionally limited by the 
hydration and concentration of protons in the oxide. 

It is noteworthy that what we believe is water splitting from ambipolar oxygen transport and what 
we believe is ambipolar hydrogen transport both appear to have similar and rather high activation 
energies. As we shall see later, this is possibly related to both being limited by surface kinetics of the 
polished disk samples used. 

Figure 9. Hydrogen production plotted in terms of an apparent hydrogen (H2) flux as a 
function of inverse temperature for sample 4SA5_#2 in 4 different gradients using dry (D) 
or Wet (W) Feed (F) and Permeate (P) gas.

3.4. Measurements of Hydrogen Production with Disk-Shaped Membranes under Pressurized Conditions 

Hydrogen production measurements were performed up to 5 bars on both feed and permeate sides,
using high steam contents on both sides, in order to increase the proton concentration and reduce the 
vacancy concentration in LSC by water incorporation, according to Equation (3). Results for 1000 °C 
are plotted on Figure 10. The apparent hydrogen flux is largely independent of total pressure and of 
steam content, see Figure 10a, c, and instead the amount of hydrogen in the feed plays a somewhat 
larger role—see Figure 10b. These observations do not immediately lend support to either proton or 
oxygen transport; the hydrogen production can well come from both hydrogen flux and water splitting. 
We note, however, that the values of apparent flux are qualitatively similar to those done at 
atmospheric pressure and normal wet gases above. 
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Figure 10. Measured apparent H2 flux, and the same corrected for leakage using the measured 
He flux, for sample 4B_#3 at 1000 C, plotted as a function of (a) total feed pressure using 
H2/He/N2/steam = 20:10:50:20 on the feed side and Ar/steam = 80:20 on the permeate side, 
(b) feed hydrogen content x with H2/He/N2/steam = x:10:70 − x:20 on the feed side at 5 bar and 
Ar/steam = 80:20 on the permeate side at 4.9 bar, and (c) feed steam content y with 
H2/He/N2/steam = 20:10:50 − y:y on the feed side at 5 bar and Ar/steam = 80:20 on the 
permeate side at 4.9 bars. 

3.5. Measurements of Hydrogen Production with Monolith Module under Pressurized Conditions 

The hydrogen production of an LSC monolith module was also tested at 1000–800 °C and 20 bars 
pressure in moist hydrogen. The monolith had 37 active channels: 21 for feed gas and 16 for permeate 
sweep gas. The dense membrane was applied on the porous walls in the monolith on the sweep channel 
side and had a thickness of 50 μm. The concentration of hydrogen in the permeate gas was 19%–22%.
Figure 11 shows the area specific hydrogen leakage and apparent hydrogen flux.

Accordingly, there is a considerable apparent flux through the membrane, and the leakage is low 
compared to the calculated apparent hydrogen flux. The measurements were performed with co-current 
flow of feed and sweep gas, rapidly decreasing the driving force for hydrogen permeation, and the gas 
feeding rate (1000 mL/min) was also low compared to the high apparent flux and membrane area  
(86 cm2). Besides, the performance of the module was not tested with air on the sweep side, which 
would have served to maintain a high driving force throughout the monolith and increase the 
permeation of hydrogen, as mentioned in the introduction for the selected PCDC process. It is therefore 
expected that the module would perform even better under realistic conditions, e.g., counter-current flow 
regime with air at the sweep side. There is also room for decreasing the thickness of the membrane 
well below 50 μm. A hydrogen production rate of the order of 10 mL cm−2 min−1 under real operating 
conditions seems therefore to be within reach with this material.  
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Figure 11. Apparent hydrogen flux and leakage of the monolith module at 20 bars pressure. 

It may still be added that this experiment may also have had a large portion of the hydrogen 
produced coming from water splitting. The leakages were large enough to prevent a detailed analysis 
of the mass balances that could have answered this question. 

We note that the apparent flux densities are now some two orders of magnitude larger than in the 
case of the polished disk samples and that the temperature dependency, i.e., activation energy, is now 
small. We speculate that the surface of the membrane applied inside the monolith channels is 
catalytically active compared to the polished disk surfaces, and that the results of the monolith reflect 
bulk limited diffusion, while those of the disk samples reflect surface kinetics limitations. 

3.6. Flux Measurements Using D2 and D2O

In order to unambiguously prove diffusion of hydrogen and perhaps quantify the possible 
contribution from water splitting on the permeate side of the membrane to the produced hydrogen,
permeation measurements were carried out using D2 and D2O on the feed side of the membranes. Mass
spectrometry was used to analyze the permeate gas exiting the cell. Results are plotted in Figure 12.

With dry permeate gas, the presence of only D2O on the feed side gives rise to very little D-containing 
species in the permeate, showing that there is little D2O flux from ambipolar proton (here deuteron) 
and oxide ion transport, see Figure 12 (first hour). Introduction of D2 on the feed side gives a driving 
force for ambipolar deuteron-electron hole transport, and a large and dominating increase in the D2

content on the permeate side results. This proves unambiguously the presence of hydrogen flux due to 
ambipolar proton (here deuteron) and electron hole transport. 

Experiments were also made with H2O-wetted permeate gas. In this case, D2 in the permeate, 
originated from flux, will isotopically mix with H2O, resulting in an increase in the concentration of 
species HD, HDO, H2 and D2O, and a decrease in the concentration of H2O, see Figure 13.  
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Figure 12. Mass spectrometer signal from various masses vs. time, indicative of deuterium 
flux through LSC disk membrane at 1040 °C when changing the feed gas from He + 2.5% 
D2O to D2 + 2.5% D2O after approximately 1 hour. 

Figure 13. Mass spectrometer signal from various masses vs. time, indicative of deuterium 
flux through LSC disk membrane at 1040 °C when changing the feed gas from He + 2.5% 
D2O to D2 + 2.5% D2O after approximately 2 hours. Permeate gas is Ar + 2.5% H2O.  

A mass balance analysis of the permeate flue gas for this experiment at 1040 °C results in around 
80% of the hydrogen (here hydrogen and deuterium) produced comes from hydrogen (here deuterium) 
flux and that 20% comes from water splitting.  
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It may be noted that the sample used here was again a polished disk membrane. The high level of 
hydrogen flux compared to water splitting suggests that although both processes may be surface 
kinetics limited, the water splitting is more limited by surface kinetics than the hydrogen flux is.  

3.7. Comparison of Data from Different Techniques 

Figure 14 presents the ambipolar proton-electron hole and oxygen vacancy-electron hole 
conductivities as a function of inverse temperature estimated from electrical measurements, the 
ambipolar proton-electron hole conductivity extracted from the measurements of hydrogen production 
with the disk membrane (wet and dry permeate gas), and the ambipolar proton-electron hole 
conductivity extracted from the measurements of hydrogen production with the monolith module (wet 
permeate gas).  

Figure 14. Ambipolar proton-electron hole and oxygen vacancy-electron hole conductivity 
as a function of inverse temperature for La0.9Sr0.1CrO3−δ, estimated from conductivity 
measurements, compared with conductivities extracted from measurements of hydrogen 
production with disk membrane in two different gradients and with the monolith module. 
All proton conductivities are extrapolated to 0.025 atm H2O.  

Two different models were used to describe the hydrogen flux and relate it to ambipolar 
conductivity for wet and dry permeate gas. Both assume that the transport number for electron holes is 
unity, so that ambipolar conductivity equals proton conductivity. For wet permeate gas (and wet feed 
gas) we assume that the hydration level and thus proton concentration is constant throughout the 
membrane. The difference in pH2 is the only driving force for hydrogen (proton) flux, and the 
following model is applied: 

-
- (7)
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Here, the proton conductivity is the one valid for the pH2O used in the measurement, L is the 
membrane thickness, and the other symbols have their usual meanings. 

From the dry permeate case, we assume that the pH2/pH2O ratio is constant throughout the 
membrane, which is attained to a first approximation through ambipolar water flux accompanying the 
hydrogen flux. The proton conductivity is thus not constant throughout the membrane, and the 
following model is applied: 

-
- (8)

Here at the pH2/pH2O used. It may be noted that both models yield proton 
conductivities that are valid for a given water vapor content, which may be recalculated for another 
one assuming that the protons are minority defects and their concentration proportional to pH2O1/2, and 
this has been applied in plotting Figure 14.  

While the models are uncertain, the choice of model does not dramatically alter the resulting  
proton conductivity. 

Based on the knowledge of the defect structure and transport properties of LSC, the conductivity 
measurements, the D2 flux measurements and isotope exchange data, and the hydrogen production 
measurements from disk and monolith membranes, we may now tentatively conclude the following 
from our studies so far: 

From the changes in p-type electronic conductivity with pH2O, we know that LSC hydrates 
significantly and contains considerable concentrations of protons. The thermodynamics of hydration 
can be extracted, and we can make a first guess of the proton conductivity in LSC in wet atmospheres 
as a function of temperature and compare this with an estimate of the oxide ion conductivity which is 
based on more solid data (Figure 14). From this and the dominating p-type electronic conductivity we can 
predict that LSC will be permeable to hydrogen, oxygen, and water in gradients of pH2, pO2, and pH2O. 
The two first can be used respectively for hydrogen production by hydrogen flux and water splitting.  

The D2 flux measurements prove unambiguously that there is in fact hydrogen flux in the material. 
Moreover, they suggest that hydrogen flux and water splitting contribute within the same order of 
magnitude to the hydrogen production (80% and 20%, respectively, for a disk sample at 1040 °C in 
wet gases).  

Hydrogen production measurements using a monolithic membrane module with large area at high 
pressures and high steam contents yield a high output, one order of magnitude higher than estimated 
from the guessed proton conductivity, and with a small temperature dependency as predicted for 
hydrogen flux limited by bulk transport, see Figure 14. All in all, we suggest that this is to a large 
extent hydrogen flux, and that the protons therefore may have a higher mobility than guessed. 

Hydrogen production measurements using polished disk samples show variations with atmosphere 
composition that support the simultaneous presence of hydrogen flux and water splitting. The 
activation energies are, however, consistently higher and the apparent flux lower than expected from 
the ambipolar conductivities (see Figure 14). This suggests that these samples are severely limited by 
surface kinetics. Based on this, the activation energy for surface kinetics is similar for both hydrogen 
flux and water splitting, although details in the results from the various experiments can be interpreted 
to reflect that water splitting is more limited by surface kinetics than hydrogen permeation. 
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The monolith module demonstrated promising flux densities and hydrogen production rates, and 
appears to have been produced with relatively active surfaces. 

Future studies of LSC membranes for hydrogen production must focus on the kinetics and 
engineering of its surfaces. 

4. Experimental Section 

4.1. Samples Preparation 

The LSC powders were prepared by spray pyrolysis at 750 °C of an aqueous nitrate solution with 
chromium, strontium and lanthanum concentrations according to the perovskite stoichiometry. The 
solution contained 1 mole metal ions per liter, corresponding to approximately 115 g perovskite per
liter. To retain maximum sintering activity and suppress the concentration and evaporation of 
carcinogenic Cr(VI), the powder was calcined in vacuum (1 mbar) at 850 °C. The powder was finally 
milled in a steel attrition mill for 120 min at 300 rpm with 3 kg distilled water to 2 kg LSC. To 
increase sinterability, small additions (2–4 mol%) of various partly-proprietary sintering aids were 
added during milling. Dilatometer studies of a powder batch with 2 mol% CaMnO3 demonstrated 
densities of >95% by sintering in air at 1700 °C or in 4% H2 in N2 at 1600 °C. The latter condition was 
used for sample preparation, where the LSC powder with various sintering aids (Table 1) was pressed 
into green bodies and sintered to dense pellets. 

Table 1. Overview of samples.

Short name Composition Sintering aid mol% Thickness [mm] Diameter [mm]
2A_#1 La0.87Sr0.13CrO3 2 ("A") 0.435 20
4B_#3

4SA5_#2
La0.87Sr0.13CrO3

La0.87Sr0.13CrO3

4 ("B")
4 (CaMnO3)

0.445
0.550

20
20

LSC powder with 2 mol% CaMnO3 was also used for fabrication of the small asymmetric 
monolithic membrane module. The support structure was a circular porous monolith, extruded from a 
mixture of LSC and pore former (20 wt % cellulose fiber) with binder (methyl cellulose), plasticizer 
(polyethylene glycol) and water. The extruded monoliths were dried at 40 °C, while a fan maintained 
air circulation through the channels. To remove the organic components, the dry monoliths were 
heated to 500 °C at a low rate of 0.1°/min to avoid overheating and cracking. After a final  
pre-sintering of the support monolith at 1200 °C, the LSC membrane was applied by dip coating with 
access to each second monolith channel in a chess pattern. After sintering in dilute hydrogen at 1700 °C,
the dense membrane layer was 50 μm thick, and proved gas impervious at room temperature, while the 
channel width and wall thickness were 1.7 and 0.4 mm, respectively.  

Pictures of the membranes and the monolith have been published elsewhere [3]. The monolith had 
37 active channels: 21 for feed gas and 16 for sweep gas. The membrane was applied in the sweep 
channels. The module was made from a 90 mm long monolith with 86 cm2 membrane area. To 
distribute feed and sweep gas in the appropriate channels, manifolds were sealed to the monolith at 
each end. Each manifold was made from a dense choke plate and gas distributor in LSC and a hat in 
yttrium stabilized zirconia. The components were sealed to each other by a glass ceramic with thermal 
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expansion profile matching LSC. The module also had 2 gas baffles in platinum around the monolith, 
matching the inner diameter of the test reactor. During testing, the hats were sealed to Al2O3 support 
tubes by gold rings. Thus, the feed side of the membrane module was available from the inside of the 
supply tubes, while the sweep channels were available from the outside through the side holes of the 
gas distributor.  

4.2. Electrical Conductivity and Measurements of Hydrogen Production 

Electrical conductivity measurements in controlled atmospheres were performed on a 
La0.9Sr0.1CrO3-sample in a ProboStatTM cell (NorECs AS, Norway). The sample was rather porous—only 
82% dense—in order to get a fast response with changes of atmosphere. An alternating current (a.c.),
van der Pauw four point method, was used to measure the conductivity as a function of temperature 
and concentration of water vapor. The measurements were performed using a Solartron SI 1260 
Frequency Response Analyzer operating at 1590 Hz and 1 V amplitude. The conductivity was not 
corrected for porosity, as this is a minor effect, and has no consequence for the interpretations used 
here. Different hydrogen-argon mixtures were used and the gas composition was controlled by gas 
mixing and wetting stages. The conductivity measurements were done under atmospheric pressure. 

Measurements of hydrogen production of disk-shaped membranes were performed in a ProboStatTM

cell, using planar polished samples and gold rings as seals. The support tubes were also polished, in 
order to improve the sealing process. Helium was used to verify successful sealing, indicated by 
<0.01 mol% detection of He using a gas chromatograph. Measurements were performed by using a 
humidified He:H2 mixture (50:50 and 90:10) on the feed side (with a total of 50 mL/min gas flow) and 
humidified Ar on the permeate side (with a gas flow of 25 mL/min). For pressurized measurements to 
5 bars, the normal flow was multiplied by the pressure. Both He and H2 concentrations were measured 
with a calibrated Varian 4900 μ-GC. The apparent fluxes were calculated from the measured permeate 
H2 concentration and the calibrated flow of Ar sweep gas after correcting for He leak using a Knudsen 
ratio. For the pressurized flux measurements, a metal mantel was used on the ProboStatTM cell, which 
allowed measurement up to 30 bars at 900 °C or 10 bars at 1000 °C. For mass spectrometry 
measurements, the permeate gas was analyzed with a Pfeiffer PrismaPlus QMG 220, and the 
spectrometer ion current converted to relative concentrations of species in the gas, based on several 
background and calibration runs of known gas mixtures.  

Measurements of hydrogen production of the module were carried out in a different rig. The module 
was made from a 9 cm-long monolith, which gave a total of 86 cm2 membrane area. It was installed in 
a reactor of Paralloy CR39W steel alloy, which is suited for test conditions involving high pressure, 
temperature and hydrogen activity. The feed gas was a mixture of 70% H2, 20% steam, and 10% N2,
while the sweep gas was 80% Ar and 20% steam. At each side, the total flow rate was 1000 mL/min. 
After sealing the monolith module to the test reactor at 1000 °C, only 0.5% nitrogen was detected in 
the sweep side flue gas in the entire temperature range. 

5. Conclusions 

In this study, we have evaluated the theoretical and empirical background for the potential use of 
acceptor-doped LaCrO3 as a hydrogen permeable membrane for hydrogen production, based on mixed 
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proton and electron hole conductivity. We have also taken into account the possibility of oxygen 
permeation producing hydrogen from water splitting as a competing mechanism. We have reported on 
experimental studies of hydrogen production rates of LSC membranes prepared as dense polished discs 
and advanced monolithic geometry in various atmospheres, including pressurized conditions. Both gas 
chromatography and mass spectrometry using deuterium were carried out. The results confirm 
unambiguously that there is hydrogen flux by ambipolar proton and electron hole transport and show 
that oxygen transport and water splitting contribute. For the monolith module, the hydrogen fluxes are 
higher than predicted from estimates of proton conductivity, and have potential for further 
improvement (thinner membrane and better flow patterns), making LSC-based membranes promising 
for hydrogen production. Our studies indicate that surface kinetics easily become limiting for LSC for 
hydrogen permeation and probably even more so for water splitting, and studies of this and 
engineering of surfaces stand out as crucial in future developments.  
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5. Summarizing discussion 

The presented manuscripts focus on various aspects related to mixed proton electron 

conducting oxides. I will in this chapter discuss the findings of manuscripts 1-6 in a broader 

context. Since few of the measured materials show high mixed proton electron conductivity, 

the proton conductivity of the materials in manuscripts 1-5 will first be treated separately. 

Further, the mixed conductivity and hydrogen permeation characteristics of the materials in 

manuscripts 4-6 will be discussed. Finally, I will discuss strategies for identifying novel 

mixed proton electron conducting membrane materials. 

 

5.1. Proton conductivity  

All the materials of this work, except donor doped CaWO4, displayed proton conductivity, 

ranging from rather modest levels in acceptor doped CaWO4 (CaW1-xTaxO4-δ) and 

Nd1.2-xCaxLu0.8WO6-δ, to appreciable levels of proton conductivity in La1-xSrxCrO3-δ and 

La27Mo1.5W3.5O55.5. As described in eq. 2.1, the proton conductivity of an oxide is 

proportional to the proton concentration and its mobility. The following discussion aims to 

elaborate on the impact of these parameters on the level of proton conductivity in different 

classes of proton conductors.  

 

5.1.1. Structure and dopant solubility 

Rietveld refinement has been performed to evaluate whether structure models from the 

literature fit the XRD-spectra obtained for the materials under investigation. In manuscript 1, 

B-site ordering was taken into account, and in manuscript 2, dopant concentrations were 

estimated based on cation occupancy and quantification of a dopant-rich secondary phase 

relative to the main phase. To fit the cation occupancy, it is essential that the x-ray scattering 
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factor is significantly different for the atoms sharing the same site, which was the reason for 

the two different approaches in manuscript 2.  

Dopant concentrations for the compounds in manuscript 1 and 3 were estimated based on the 

maximum level of hydration observed by thermogravimetric analyses (TGA). Except for Sr-

doped La2WO6, the samples in manuscripts 1-3 showed signs of lower dopant concentrations 

than the nominal compositions. For instance, the lack of water uptake for Ca-doped 

Nd1.2Lu0.8WO6 may point towards a low dopant concentration. For Ta-doped CaWO4, a low 

dopant solubility is in agreement with the low solubility observed for LaNbO4, which is a 

material of similar structure42 88. For the A- and B-site doped double perovskite oxides, the 

low dopant concentrations were unexpected, as most perovskite based oxides exhibit high 

dopant solubilities, such as BaZr1-xYxO3-δ
15, La1-xSrxScO3-δ

30 and SrSc0.5+xNb0.5-xO3-δ 39. For 

Ca-doped La2MgTiO6, Rietveld refinement indicated that Ca had dissolved in the structure. 

However, TGA and electrical measurements indicated a low acceptor dopant concentration. 

One may speculate whether forming a solid solution with CaTiO3, followed by MgO-

precipitation, is energetically favored relative to compensating  with oxygen vacancies. 

This is in line with literature, reporting of solid solutions of La2MgTiO6 with BaTiO3 and 

SrTiO3, that also promote cation disorder89 90. Furthermore, Xing et al. have suggested for a 

cation disordered model oxide, AB2O7, that acceptor doping with a lower valent cation, Ml, 

can be compensated by precipitation of AO2 and cation anti site defects, , rather than 

formation of oxygen vacancies91. Applied to La2MgTiO6, compensating  with  

accompanied by MgO-precipitation is then energetically favored over formation of oxygen 

vacancies. In La2MgZrO6, acceptor doping was attempted by increasing the Mg/Zr ratio, an 

approach that was also attempted for La2MgTiO6. These dopant solubilities were, however, 

low. Again, these results are in line with the defect model proposed by Xing et al., but not 

with the results of Nowick et al., where the disordered double perovskite oxide 

SrSc0.5Nb0.5O6 was reported to dissolve excess Sc corresponding to the formula 

SrSc0.55Nb0.45O3- δ
39. These results demonstrate the variations in the relative ease of oxygen 

vacancy formation within the double perovskite structure as compared to competing ways to 

accommodate and charge compensate dopants – especially on the covalently bonded B-site. 
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5.1.2. Hydration 

All the proton conducting materials in this work necessarily hydrate, even though the proton 

concentration in some cases is too low to be detected by TGA. Based on the parameters 

extracted from electrical conductivity characterizations in manuscripts 1-4, Figure 5.1 and 5.2 

show how the proton concentration of the acceptor doped materials varies with pH2O at 

different temperatures and with temperature at different pH2O, respectively. Table 5.1 

presents the corresponding hydration parameters and acceptor concentrations. All compounds 

become fully saturated with protons at sufficiently low temperature and high pH2O. The 

different saturation levels in Figure 5.1 and 5.2 reflect the acceptor doping levels of the 

materials.   

 

 

Figure 5.1: Proton concentration in the acceptor doped materials from manuscripts 1-5 as a 

function of pH2O at different temperatures. The concentrations are based on parameters 

extracted from electrical conductivity measurements where the acceptor dopant 

concentrations are set to the estimated values from Table 5.1. The maximum pH2O of 0.025 

atm measured at in this work is marked with a dashed line. 
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Figure 5.2: Proton concentration of the acceptor doped materials from manuscripts 1-5 as a 

function of inverse temperature at different water vapor partial pressures. The concentrations 

are based on parameters extracted from electrical conductivity measurements where the 

acceptor dopant concentrations are set to the estimated values from Table 5.1. 

 

Table 5.1: Hydration parameters and acceptor concentrations for the materials in manuscripts 

1-5.  

Compound ΔH0
hydr  

(kJ mol-1) 

ΔS0
hydr  

(J mol-1 K-1) 

Estimated [Acc/] 

(mol fraction) 

Nominal [Acc/] 

(mol fraction) 

Ca:La2MgTiO6 -125 -160 0.008 0.2 

Mg:La2MgZrO6 -110 -155 0.003 0.14 

Ta:CaWO4 -82 -120 0.008 0.01 

Sr:La2WO6 -114 -134 0.049 0.04 

Sr:LaCrO3 -70 -90 - 0.13 
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The reader should note that the hydration enthalpy and entropy include the thermodynamics 

for defect association to the acceptor when this occurs. Defect association changes the site 

degeneracy, which is taken into account in the equilibrium constant expression by Bjørheim 

et al.19: 

 

     (5.1) 

 

The acceptor-oxygen bond provides a more stable proton site compared to the host cation-

oxygen bond when protons are trapped, and this results in a more exothermic hydration 

enthalpy. The hydration entropy comprises a factor , where Ni describes the site 

degeneracy of species i. The site degeneracy decreases for less symmetric compounds, so that 

the extracted hydration entropy becomes more negative. More negative hydration parameters 

result in a stronger temperature-dependency of the hydration, and from Figure 5.2 and Table 

5.1, the most negative hydration enthalpy and entropy are found for La2MgTiO6, which is in 

agreement with the suggested strong proton-acceptor association in manuscript 1.  

Among the perovskite-structured compounds, La2MgTiO6 and La2MgZrO6 show similar 

hydration thermodynamics, as expected from their similar crystal structure and cation 

electronegativities. Moreover, LaCrO3 shows less favorable hydration than La2MgTiO6 and 

La2MgZrO6, which is reasonable due to the more acidic Cr-ion. The tungstates, La2WO6 and 

CaWO4, are similar electronegativity-wise, but La2WO6 displays the more favorable 

hydration. Both these compounds are prone to polyhedra condensation. In La2WO6, the 

[WO6]6--octahedra are condensed to [W2O11]10--units compensated by [OLa4]10+, while in 

CaWO4, [WO4]2- condensate to [W3O11]4- upon formation of oxygen vacancies19. In CaWO4, 

hydration can be expected to be followed by splitting into HWO4
• defects, similar as for e.g. 

LaNbO4
46. The detailed nature of oxygen vacancies and protonated groups upon hydration in 

La2WO6 is not known. Since the tungsten polyhedra are already condensed in the undoped 

state, it is possible that they split into -units upon formation of oxygen 

vacancies and condensate back upon hydration: 
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    (5.2) 

    (5.3) 

 

The condensation behavior of these types of compounds may thus play an important role 

regarding the relative stability between oxygen vacancies and protonic defects. 

The exothermic hydration of acceptor doped LaCrO3 (manuscript 4) was unexpected based 

on the empirical trend observed for perovskite oxides, which suggests that a small 

electronegativity difference between the cations corresponds to a more exothermic 

hydration31 (section 2.4.1). This trend predicts that LaCrO3 should display endothermic 

hydration (ΔH0
hydr = +12 kJ mol-1), while electrical conductivity and hydrogen flux 

measurements point towards an exothermic hydration with ΔH0
hydr = -70 kJ mol-1. The initial 

idea behind choosing LaCrO3 as a candidate for hydrogen permeable membrane material92 8 

was that the hydroxide defects should stabilize the crystal structure of acceptor doped 

LaCrO3. In LaCrO3, Cr3+ has three 3d-electrons, and in an octahedral field the five 3d orbitals 

split into three bonding (t2g) and two non-bonding (eg) orbitals. The three 3d-electrons of Cr3+ 

are then all in the bonding orbitals, making octahedrally coordinated Cr3+ especially stable. 

Since formation of oxygen vacancies result in five-coordinated Cr3+, the 3d3 electron 

configuration that is retained by the filling of an oxygen vacancy during hydration may be 

energetically favored. This stabilization by electron configuration also explains why 

hydration is not observed for instance for LaFeO3, LaMnO3 and LaCoO3, which are 

otherwise relatively similar to LaCrO3 with respect to structure and electronegativity. The 

hydration of acceptor doped LaCrO3 clearly demonstrates that although basicity of an oxide 

may predict whether several perovskite oxides will hydrate, this does not explain the full 

picture regarding hydration of perovskite oxides. 

  

5.1.3. Proton Mobility 

Table 5.2 summarizes various parameters relevant for the proton mobility in the compounds 

included in this thesis. In manuscript 3, we provide an example of a system where the proton 
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mobility increases with increasing degree of symmetry in the structure; the enthalpy of 

mobility decreases when the crystal symmetry changes from orthorhombic for La2WO6 to 

tetragonal for Nd1.2Lu0.8WO6. This is in agreement with general observations regarding 

proton mobility and crystal symmetry93 94. For CaW1-xTaxO4-δ, however, the enthalpy of 

mobility is rather high, 82 kJ mol-1, even though this compound crystallizes in the same 

tetragonal space group as t-LaNbO4. Also La2-xSrxWO6-δ and La1-xSrxCrO3-δ exhibit lower 

enthalpies of proton mobility than CaW1-xTaxO4-δ, although they crystallize with lower 

symmetry. The reduced proton mobility for the B-site doped CaW1-xTaxO4-δ is attributed 

proton-acceptor association. This is in agreement with literature, indicating that for LaNbO4, 

proton-acceptor association is stronger when the material is acceptor doped on B-site than on 

A-site88 95. 

Table 5.2: Enthalpy of mobility and space group for the acceptor doped materials in this 

thesis. 

Compound Dopant site ΔHmob (kJ mol-1) Space group 

Ca:La2MgTiO6  La (A) 81 P 21/n (no. 14) 

Mg:La2MgZrO6 Mg (B) 75 P 21/n (no. 14) 

Ta:CaWO4 W (B) 82 I 41/a (no. 88) 

Sr:La2WO6 La (A) 70 P 212121 (no. 19) 

Ca:Nd1.2Lu0.8WO6 Nd (A) 60* P -421 m (no. 113) 

Sr:LaCrO3 La (A) 65 Pbnm/R3c (no. 62/161) 

*based on total conductivity activation energy < 500 °C 

 

DFT-calculations of La2MgTiO6 (manuscript 1), show that the non-degenerate proton sites 

have a negative effect on the proton mobility. With almost no equivalent proton sites around 

the oxygen ion, the three-dimensional proton transport pathways are not equal, which reduces 

the degeneracy of the most favorable pathway. Although the material is A-site doped, and the 

tolerance factor (tG = 0.95) is higher than that of LaScO3 (tG = 0.91), La2MgTiO6 also shows 

signs of proton-acceptor association; the enthalpy of proton mobility for “La1.8Ca0.2MgTiO6-
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δ” is 81 kJ mol-1, whereas it is approximately 55 kJ mol-1 for La0.9Sr0.1ScO3-δ
96. Based on 

binding energies obtained from DFT-calculations, we suggest that B-site ordering does not 

only reduce the number of proton pathways from reduced symmetry, but also facilitates 

strong association of protons to the inherent anti site defect, .  

The pre-exponential factors of proton mobility for several of the materials in this work are 

lower than typical values for proton conductors, based on the data set of ref 93. Due to 

reduced defect site degeneracy, the number of directions a proton can jump decreases for less 

symmetric compounds, and we can expect such behavior at least for the double perovskite 

oxides and La2WO6. A reduction from 3D to 1D transport can for instance reduce the pre-

exponential factor of mobility by a factor 4 for the perovskite structure (cf. eq. 2.9). However, 

since proton-acceptor association reflects a stronger O-H bond, this also increases the O-H 

stretch frequency, and thereby the attempt frequency for proton jumps.  

 

5.1.4. Extracting hydration and proton transport parameters from experimental data sets 

From electrical conductivity measurements the following parameters are determined 

indirectly: hydration enthalpy, ΔH0
hydr, hydration entropy, ΔS0

hydr, enthalpy of proton 

mobility, ΔHmob,H+ and the pre-exponential factor of proton mobility, u0,H+. Also the enthalpy 

of oxide ion mobility, ΔHmob,vo, and pre-exponential factor of oxide ion mobility, u0,vo, are 

extracted in this process. Several of the abovementioned parameters influence the 

conductivity in a similar manner. For instance will the proton concentration be affected by 

both the hydration enthalpy and entropy, as well as the dopant concentration. Moreover, the 

activation energy is influenced by both the hydration thermodynamics and the enthalpy of 

mobility. Since all these parameters are extracted from the total conductivity, the 

contributions from the different species may also be hard to separate from each other. The 

oxide ion conductivity for instance usually becomes predominant at temperatures where the 

proton conductivity decreases, and can thereby mask the dehydration of the material in the 

total conductivity curves. To remedy the large uncertainty in these parameters, some 

measures have been taken. For instance, the enthalpy of proton mobility dominates the 

activation energy of the conductivity at temperatures where the material is fully hydrated. 

Hence, a plot of ln(σT) vs. inverse temperature for an acceptor doped system at low 

temperatures yields the slope ~-ΔHmob/R. This enthalpy of mobility is used as an input value 
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during the curve-fitting. The hydration parameters, ΔH0
hydr and ΔS0

hydr can be determined 

more accurately by extracting the hydration equilibrium constant, Khydr, at various 

temperatures from the conductivity pH2O-dependencies at different temperatures. 

Linearization of the extracted Khydr in a van `t Hoff manner yields the slope -ΔH0
hydr/R and the 

intersect ΔS0
hydr/R. An additional approach to determine the hydration parameters is through 

curve fitting of water uptake profiles as a function of temperature from thermogravimetry. 

The enthalpy of oxide ion mobility can be determined more accurately by curve fitting the 

conductivity curves as a function of inverse temperature in dry atmospheres, and values for p- 

or n-type conductivity can be approximated from pO2-dependencies. With these preliminary 

parameters as input values the certainty of the extracted parameters increases. However, the 

characteristics of the pre-exponential factor of mobility are not as easily singled out from 

errors resulting from e.g. porosity or incorrect dopant levels. This parameter is therefore not 

discussed in detail for the materials in this work. 

As discussed in section 5.1.2, association between effective positively charged defects to the 

effective negatively charged acceptor can influence the hydration parameters. Quantification 

of this requires knowledge of proton and oxygen vacancy site degeneracy, which is not 

available for the materials in this work. The reported data therefore also comprise any 

potential association energy.  

 

5.1.5. Identifying novel proton conductors 

I have in this thesis searched for proton conductivities where details of hydration and/or 

proton conductivity are not previously reported. The motivation for investigating the 

electrical conductivity of the double perovskite oxide La2MgTiO6 was the hypothesis that it 

should resemble the established proton conductor LaScO3
97

 
98

 
96, since the average 

electronegativities and sizes of the cations in La2MgTiO6 are similar as in LaScO3. The 

mixed B-cations, however, had a negative effect on the proton mobility compared to LaScO3, 

and possibly also the acceptor dopant solubility. To decrease this effect, La2MgZrO6 was 

investigated due to smaller differences in size and electronegativity between the B-cations. 

Our results indicated less B-site order and lower enthalpy of proton mobility for La2MgZrO6 

compared to La2MgTiO6, but La2MgZrO6 did not incorporate appreciable amounts of 

acceptor dopant.  
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For the scheelite structured compounds, the electrical conductivity of a solid solution of 30 

mol % LaNbO4 in CaWO4 was investigated since it is reported that CaWO4 stabilizes the 

tetragonal modification of LaNbO4
99. The phase stabilization was successful, but also here 

the acceptor dopant incorporation was limited. Single phase, acceptor doped CaWO4 was also 

electrically characterized, and the proton conductivity appeared to be limited by low acceptor 

dopant solubility and relatively high enthalpy of proton mobility. The high enthalpy of 

mobility may be related to the B-site acceptor doping. In CaWO4, A-site doping is, however, 

not a realistic alternative since A-site acceptor doping would involve the rather volatile 

alkaline metals.  

One of the most promising proton conductors to date are the LaxWO12-δ (x = 5.3-5.7) series. 

A natural continuation along this series of compounds is the neighboring phase La2WO6. This 

material displayed a moderate proton conductivity when acceptor doped, which was mainly 

limited by the fairly high enthalpy of mobility (70 kJ mol-1). On this basis we also 

characterized the electrical conductivity of acceptor doped Nd1.2Lu0.8WO6, since this material 

crystallizes in a more symmetric space group. Although the higher symmetry had a positive 

effect on the proton mobility, the proton uptake was low due to low acceptor dopant 

solubility and less favorable hydration thermodynamics.  

Based on the results of this work, I conclude that proton trapping effects and low solubility 

towards acceptor doping represent significant challenges when searching for novel proton 

conducting materials. The onward focus should therefore concentrate on compounds with 

rather high crystal symmetry. Moreover, the hydration of LaCrO3 (manuscript 4) 

demonstrates that empirical trends should not be viewed upon as absolute, which is also 

demonstrated by the recent discovery of proton conductivity in LaxWO12-δ (x = 5.3-5.7). 

Although this structure is rather complex, it crystallizes with cubic symmetry, and is not 

dependent on aliovalent doping to hydrate. 

 

5.2. Hydrogen permeation through mixed protonic electronic conductivity 

In manuscripts 4-6, we demonstrate that hydrogen flux measurements comprise several 

contributions; hydrogen permeation, water splitting and surface adsorption. Depending on the 

measurement conditions, the overall apparent hydrogen flux can be limited by one or more of 

these processes, which in turn can display different characteristics. For instance, under wet 
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sweep conditions and at high temperatures, water splitting may dominate the apparent 

hydrogen flux. If te- ~ 1, the oxide ion conductivity characteristics then determines the overall 

activation energy of the flux. The characteristics of the pure hydrogen permeation on the 

other hand, can be observed under dry sweep conditions or at low temperatures, since 

hydrogen permeation is the dominating process under these conditions. Here, the hydrogen 

permeation characteristics will reflect that of the proton conductivity if te- ~ 1. If, however, te- 

<< 1, the activation energy of both water splitting and hydrogen permeation is determined by 

that of the electronic conductivity, since both these processes depend on transport of 

electronic defects. Moreover, slow surface kinetics may also be rate-limiting, and the 

activation energy of both processes is then determined by the surface reactions.  

In manuscript 4, we observed for La0.87Sr0.13CrO3-δ a rather high activation energy of the 

apparent hydrogen flux under dry sweep conditions. This activation energy is more similar to 

what can typically be expected for oxide ion conductivity than for proton conductivity in 

perovskite oxides. The observed activation energy for hydrogen permeation might then 

reflect experimental errors, such as water leakages into the measurement cell and consequent 

production of hydrogen by water splitting. To verify that the apparent hydrogen flux reflects 

hydrogen permeation, we monitored the deuterium flux through the membrane with mass 

spectrometry. In this setup, the feed gas is D2O-wetted D2, while the sweep gas is dry or H2O-

wetted Ar. Deuterium permeation can then be separated from sweep side water splitting by 

monitoring the permeate gas isotopic composition. Our measurements showed that the 

deuterium permeation was significant and we suggested that the rather high activation energy 

was a consequence of limiting surface kinetics. This was confirmed in manuscript 5, where 

Pt-coating on both sides of the membrane significantly altered the activation energy of the 

apparent hydrogen flux. Figure 5.3 presents the evolution of deuterium signals as a function 

of time from the mass spectrometer for the uncoated sample, and the ambipolar conductivities 

as a function of inverse temperature, extracted from flux measurements of the Pt-coated and 

uncoated sample under dry sweep conditions. Under the assumption that th+ ~ 1, the 

ambipolar conductivity under dry sweep conditions is limited by the proton conductivity, and 

on this basis, proton transport parameters were extracted. For the Pt-coated sample, these 

parameters are in agreement with general observations for proton conducting perovskite 

oxides93. For the uncoated sample, the extracted parameters are, to the best of our knowledge, 

far from what is usually observed for proton conductivity. Accordingly, this again indicates 

influence of limiting surface kinetics. 
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Figure 5.3: Evolution of D2-signals (m = 4 u) as a function of time from mass spectrometer 

for uncoated La0.87Sr0.13CrO3-δ under dry sweep conditions at 1040 and 900 °C (left), and 

ambipolar conductivity as a function of inverse temperature from flux measurements of 

uncoated and Pt-coated La0.87Sr0.13CrO3-δ under dry sweep conditions (right).  

 

Since acceptor doped LaCrO3 is known to exhibit appreciable oxide ion conductivity100 101, 

water splitting can be expected under wet sweep conditions. In manuscript 4, we attempted to 

quantify the amount of water splitting relative to deuterium permeation via the isotope flux 

setup. Here, a major challenge is the number of overlapping signals in the mass spectrum 

among water compounds since permeated D2 interacts with sweep side H2O and H2, forming 

HD, HDO, and D2O. This further gives rise to the signals corresponding to OH- and OD-, so 

that OD- may significantly affect the H2O signal (OH- signal amounts to ~20 % of H2O 

signal). Figure 5.4 presents the evolution of all contributing signals from the mass 

spectrometer as a function of time under wet sweep conditions at 1040 °C. The time at which 

the feed side is switched from He + D2O to D2 + D2O is marked with a dashed line. 
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Figure 5.4: Evolution of signals contributing to deuterium permeation and water splitting as 

a function of time from mass spectrometer for uncoated La0.87Sr0.13CrO3-δ under H2O-wetted 

sweep conditions at 1040 °C. 

The relative signals were quantified as described in section 3.3. The permeated deuterium 

could be identified through the deuterium containing compounds, while the hydrogen 

produced from water splitting must equal the overall reduction in water content. We 

concluded that the hydrogen produced from water splitting constituted approximately 20 % of 

the apparent hydrogen flux at 1040 °C. To further confirm that water splitting occurs, we 

showed in manuscript 5 that a H2 concentration arose in H2O-wetted Ar permeate gas when 

the feed gas was 10 % dry CO (balance: CO2), i.e. under a pO2-gradient with no other 

hydrogen source than the sweep side water. 

In manuscript 5, we confirmed the proposed defect model for La1-xSrxCrO3-δ from manuscript 

4 by means of flux measurements as a function of inverse temperature and ΔpH2 under dry 

sweep conditions. Under dry sweep conditions and the assumption that th+ ~ 1, the ΔpH2
1/2-

dependency of the apparent hydrogen flux indicated that the acceptor dopant was charge 

compensated by oxygen vacancies and protons, . On this basis, 
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proton transport parameters were extracted from the flux measurements as a function of 

inverse temperature, with u0,H+ = 3 cm2 K V-1 s-1
 and ΔHmob,H+ = 65 kJ mol-1. Under wet 

sweep conditions, these parameters together with literature values for oxide ion transport 

could not provide an estimation of the apparent hydrogen flux in good agreement with the 

measured values. We proposed that this was due to different defect situations on the sweep 

side under wet and dry sweep side atmospheres; under dry conditions  is the 

limiting electroneutrality condition on the sweep side, while under wet conditions  

is the limiting electroneutrality condition on the sweep side. This is rationalized by the lower 

sweep side pO2 under dry than wet sweep conditions, since it is reported that acceptor doped 

LaCrO3 charge compensates the acceptor dopant with oxygen vacancies and electron holes in 

reducing and oxidizing atmospheres, respectively. The wet sweep side pO2, moreover, 

coincides with literature values for when the transition between the two limiting 

electroneutrality conditions occurs for acceptor doped LaCrO3, presented in Table 5.3. Here, 

literature values from graphical representations of La0.9Ca0.1CrO3-δ
102 are used to cover the 

measured temperature range in this work. These values do not deviate much from literature 

values for Sr-doped compounds103 104. 

 

Table 5.3: Sweep side pO2 under dry and wet sweep conditions from flux measurements 

compared with literature values for when the shift in limiting electroneutrality condition, 

from  (reducing conditions) to  (oxidizing conditions), occurs for 

acceptor doped LaCrO3. 

Temperature / °C pO2 dry sweep / atm pO2 wet sweep / atm pO2 shift from ref102 

1000 1.0 x 10-17 4.2 x 10-13 ~10-13 

900 2.8 x 10-19 1.4 x 10-14 ~10-15 

800 4.1 x 10-21 4.3 x 10-16 ~10-16 

700 2.8 x 10-23 5.4 x 10-18 ~10-17 

600 8.3 x 10-26 1.8 x 10-20 ~10-18 
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In manuscript 5, based on the two defect situations, apparent hydrogen permeabilities under 

wet sweep conditions were modeled from parameters extracted from flux measurements 

under dry sweep conditions and literature values. Curves above (corresponding to 

) and in agreement with (corresponding to ) the experimental data 

were obtained, indicating that both the defect situation on the feed and sweep side influence 

the overall apparent hydrogen flux. However, the fact that each of the models is based on the 

measured sweep side pH2 induces uncertainties in the estimated curves. Moreover, since the 

defect situation on the sweep side may also be such that all charge carriers contribute 

significantly concentration-wise ( ), the exact defect 

concentrations cannot be solved analytically.  

There is ongoing work on modeling of hydrogen membranes taking variations of the defect 

situation through the membranes into account57 105. Li and Iglesia57 showed for 

SrCe0.95Yb0.05O3-δ, that the hydrogen permeation was strongly dependent on the concentration 

of electronic charge carriers. The pO2 through the membrane varies with position, and the 

electron and electron hole concentration decreases and increases with increasing pO2, 

respectively. When the membrane is exposed to a reducing-oxidizing gradient, the hydrogen 

flux passes a minimum when the sweep side is oxidizing, yet not oxidizing enough to provide 

a sufficient concentration of electron holes. Li and Iglesia derived a model for the hydrogen 

permeation that included the non-constant concentrations of charge carriers. Kee et al.105 

derived a model that included defect concentrations within finite volumes for radial defect 

transport. An accurate solution of the flux equation, however, requires knowledge of the pO2-

, pH2- and pH2O-dependent defect concentrations. 

In manuscript 6, we characterize the hydrogen flux of La27Mo1.5W3.5O55.5. The permeability 

of this material is approximately 10-3 ml min-1 cm-1 at 1000 °C in a 10 % H2/Ar gradient, 

around one order of magnitude higher than obtained for La0.87Sr0.13CrO3-δ under the same 

conditions. La27Mo1.5W3.5O55.5 can be regarded as Mo-substituted La5.3-5.7WO12-δ, where Mo-

substitution introduces electronic defects to the compound, that otherwise exhibits a hydrogen 

permeation limited by low electron conductivity106. Magrasó reports for La27Mo1.5W3.5O55.5 

that protons, oxide ions, electrons and holes predominate the conductivity under different 

temperatures and atmospheric conditions58. These characteristics are demonstrated in 

manuscript 6. Under dry sweep conditions, the activation energy of the apparent hydrogen 

flux is similar to that of protons from electrical conductivity studies, based on the data set of 
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ref58. We therefore concluded that the apparent hydrogen flux is dominated by hydrogen 

permeation, and the limiting condition te- > tH+ is valid above 700 °C. Under wet sweep 

conditions, the activation energy of the apparent hydrogen flux indicates that water splitting 

dominates the flux above 750 °C, and that water splitting is limited by oxide ion conductivity 

(te- > tO2-). At lower temperatures, the apparent hydrogen flux mainly reflects hydrogen 

permeation (tH+ > tO2-), and as the temperatures decreases, the electronic conductivity starts to 

contribute in limiting the hydrogen flux.  

The variations in the defect situations of La27Mo1.5W3.5O55.5 in the measurement window 

introduce challenges concerning accurate defect concentrations when fitting the apparent 

hydrogen flux. However, since transport numbers are available from literature for this 

material, the flux equations under wet and dry sweep conditions could be solved by 

integrating the partial conductivities over the pH2-gradients. This yielded a modeled curve in 

good agreement with the measured apparent hydrogen flux. Similar as for La0.87Sr0.13CrO3-δ, 

we observed indications of surface limitations for La27Mo1.5W3.5O55.5 on a 650 μm thick 

sample through strong temperature- and ΔpH2-dependencies, which decreased by coating the 

sample with Pt. These surface limitations were more pronounced at lower pH2,feed, which is in 

agreement with an increased surface exchange coefficient at higher pH2 for this material27. 

The results of this thesis demonstrate the complexity of transport of charged species through 

dense, ceramic membranes. In manuscripts 4-6, we observe that surface kinetics and shifts in 

defect situations under different measurement conditions influence the apparent hydrogen 

flux. From manuscript 6, we demonstrate that a reliable flux model requires extensive and 

accurate electrical conductivity data. This is supported by recent studies on flux models; 

studies that aim for an accurate description of the hydrogen permeation are all based on well-

characterized materials, such as acceptor doped SrCeO3
57

 and BaZrO3
105. However, the 

hydrogen permeation of LaCrO3 under dry sweep conditions (manuscript 5) shows that under 

a constant defect situation, simplifications based on transport numbers may provide a reliable 

description of the material`s permeation behavior. 

 

5.3. Surface kinetics  

In manuscripts 4-6, surface limitations were indicated both for La0.87Sr0.13CrO3-δ and 

La27Mo1.5W3.5O55.5. For La0.87Sr0.13CrO3-δ, the H2 surface exchange coefficient was measured 
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by means of H2 dissociation experiments (manuscript 5). The critical thickness describes the 

thickness where the bulk properties and the surface kinetics in equal amounts limit the flux. 

By combining the results from H2 dissociation and flux measurements, the critical thickness 

can be calculated from eq. 2.29. Figure 5.5 presents the critical thickness as a function of 

temperature for La0.87Sr0.13CrO13-δ at pH2 = 0.02 atm. Since H2 dissociation and flux 

measurements were performed at 350-550 °C and 550-1040 °C, respectively, the critical 

thickness is based on extrapolated values for the H2 surface exchange coefficient. The critical 

thickness is then based on the assumption that the reaction mechanism for H2 dissociation is 

constant from 350 to 1040 °C. 

 

Figure 5.5: Critical thickness as a function of temperature for La0.87Sr0.13CrO3-δ. Values are 

based on ambipolar proton electron hole conductivity extracted from flux measurements and 

extrapolated H2 surface exchange coefficients. Ambipolar conductivity from flux 

measurements is extrapolated to pH2 = 0.02 atm. 

 

The critical thickness of La0.87Sr0.13CrO3-δ is similar to those of La5.3-5.7WO12-δ, 

La27Mo1.5W3.5O55.5, SrCeO3 and BaCeO3
27. However, it approaches 5 μm at 1000 °C, while 
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hydrogen flux measurements on a ~550 μm thick samples indicated that the overall flux was 

surface limited. Furthermore, hydrogen flux measurements on La27Mo1.5W3.5O55.5 from 700 

to 900 °C indicated surface limitations on a 650 μm thick samples, significantly thicker than 

the estimated critical thickness from literature, ranging from 0.1 to 30 μm at 400 and 800 °C, 

respectively. H2 dissociation experiments are, however, performed in a hydrogen containing 

atmosphere (pH2 = 0.02 atm ), while the surface kinetics in hydrogen flux measurements 

involves both hydrogen adsorption on the reducing feed side and desorption on the sweep 

side, where the hydrogen partial pressure is typically < 0.005 atm. The surface kinetics on the 

low pH2 side may therefore limit the overall flux. This type of behavior is for instance 

observed for oxygen permeation in acceptor doped LaCrO3, where the overall oxygen 

permeation was limited by the surface kinetics on the low pO2 side101. Hancke et al. proposed 

a surface reaction for mixed conducting oxides where the surface exchange rate follows a 

pH2
1/2-dependency, multiplied with  or , depending on whether charge 

transfer or H2 dissociation limit the surface reactions27. If we consider the dry sweep 

condition, and make the approximation that , the electron hole 

concentration is constant through the La0.87Sr0.13CrO3-δ membrane, and the proton 

concentration follows a pH2
1/2-dependency. The overall pH2-dependency of the surface 

reaction then becomes similar whether charge transfer or H2 dissociation is limiting (pH2
1-

dependent). Based on the sweep side hydrogen concentrations obtained from the flux 

measurements under dry sweep conditions, the critical thickness then increases to ~55 μm at 

1000 °C and ~90 μm at 800 °C. The approximated sweep side critical thickness as a function 

of temperature is presented in Figure 5.6. 
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Figure 5.6: Critical thickness as a function of temperature for La0.87Sr0.13CrO3-δ based on dry 

sweep side conditions, compared to critical thickness when pH2 = 0.02 atm. A pH2
1-

dependency of the surface exchange coefficient is assumed, and experimentally obtained 

pH2,sweep values are used. Ambipolar conductivity from flux measurements is extrapolated to 

pH2,sweep. 

 

Based on Figure 5.6, it is clear that the critical thickness can vary significantly from the feed 

to sweep side, depending on the pH2-dependencies of the ambipolar conductivity and the H2 

surface exchange coefficient. A critical thickness of ~55 μm at 1000 °C is still low with 

respect to the observed surface limitations of a 550 μm thick sample in manuscript 4 and 5. 

However, the fact that Pt-coating increases the surface kinetics indicates that the 

concentration of surface electrons, and not bulk incorporation, is limiting the surface 

reactions at all temperatures. The assumption that the reaction mechanism is constant in the 

measurement window from H2 dissociation and flux measurements may be a source of error, 
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and a deeper understanding of the H2 adsorption reaction mechanism calls for studies 

dedicated to the surface kinetics of this material. In manuscript 5 we also observed that Pt-

coating did not significantly enhance the sweep side water splitting measured in a 10 % 

CO/wet Ar gradient. When considering the surface kinetics of water splitting, the adsorption 

and desorption processes are not necessarily similar. At the wet sweep side, we assume that 

oxide ions are incorporated in the membrane through adsorption of water in oxygen 

vacancies, as suggested by Hancke et al.107. This mechanism does not involve any red-ox 

reaction with the surface and can explain why Pt-coating does not increase the water splitting 

significantly. At the feed side, oxide ions can desorb as H2O via reaction with adsorbed H2, or 

as molecular O2. The latter process involves red-ox reactions in accordance with De Souza et 

al.108, and charge transfer can play a more important role in the surface reactions. This type of 

desorption mechanism can explain the relatively low contribution from water splitting (~20 

% of the apparent H2 flux) in a 10 % H2/wet Ar gradient for the uncoated membrane in 

manuscript 4. Since, under these feed side conditions, the dominating electroneutrality 

condition is , the O2 desorption may be limited by the concentration of 

electrons. 

 

5.4. Prospects and outlook – membrane materials 

The strategy to explore mixed proton electron conductors has mainly focused on identifying 

materials where protons and charge compensating electrons dominate the defect structure, or 

acceptor doped materials where protons are the charge compensating defects and electrons 

are minority defects. The advantage with a material dominated by electrons and protons is 

that the material dissolves protons from for instance H2 gas by formation of electrons: 

 

        (2.31) 

 

Hence, the hydrogen flux will never be limited by low electronic conductivity, as long as the 

mobility of electrons exceeds that of protons. This defect situation is, however, reported only 

for a limited number of materials. Besides from well-known ZnO56, it has for instance been 

speculated whether protons charge compensate formation of electron in undoped Er6WO12 
109. 
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These concentrations are, however, rather low and moreover, partial pressure dependent; both 

protons and electrons follow a pH2
1/4-dependency110, which will decrease the overall 

hydrogen flux under realistic conditions for hydrogen separation processes.  

For acceptor doped proton conductors where the electronic defects are minority defects, the 

electronic conductivity may limit the hydrogen flux. This is demonstrated in manuscript 6, 

where the electronic conductivity starts to become rate-limiting at low temperatures and low 

pH2. In manuscript 5, we demonstrated that the hydrogen permeation of La0.87Sr0.13CrO3-δ is 

never limited by electronic conductivity in the measurement window in this work. Although 

electron holes become minority defects under reducing conditions, we estimate in manuscript 

4 that the electron hole conductivity exceeds the proton conductivity by more than three 

orders of magnitude from 300 to 800 °C. Electron holes will thus never limit the hydrogen 

flux, even when the material is fully saturated with protons.  

Since the main challenge regarding mixed conductors is related to identifying stable materials 

with both high protonic and electronic conductivity, the possibility for developing ceramic 

composites (cercer) consisting of one proton conductor and one n- or p-type conductor should 

be further explored. For cercer development, factors such as chemical compatibility and 

sintering behavior may become challenging. However, a cercer enables use of for instance 

state-of-the-art proton conductor BaZrO3 as the proton conducting phase111, which will 

significantly increase the flux compared to the materials discussed here. Moreover, the high 

electron hole conductivity over a wide pO2-range of La0.87Sr0.13CrO3-δ makes this material an 

interesting candidate for an electronically conducting phase in a cercer. 

The results of manuscripts 4-6 demonstrate that, in the development of hydrogen membranes, 

surface kinetics needs to be addressed. Samples with thickness > 500 μm exhibited surface 

limitations, and although catalytically active surface layers can be applied on a membrane to 

promote the surface reaction, this should be avoided with respect to both fabrication 

processing and operating conditions. Since the intended use of high temperature hydrogen 

membranes is often related to natural gas processes (section 1.3), coke formation is a side 

reaction that can induce mechanical degradation and blocked sites. Catalytically active 

surface layers may not only promote H2 adsorption, but also coke formation. Further work on 

development of hydrogen membranes should therefore put a significant effort into 

broadening the understanding of the surface kinetics related to hydrogen membrane 

processes, and development of suitable surface activation layers.  
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6. Summary of the work related to the 

project BIGCCS 

The BIGCCS project aims to enable sustainable power generation from fossil fuels based on 

cost-effective CO2 capture, and safe transport and underground storage of CO2 by building 

expertise and closing critical knowledge gaps of the CO2 chain, and developing novel 

technologies in an extensive collaborative research effort14. This thesis has focused on novel 

technologies for carbon capture, with emphasis on fundamental aspects of ceramic membrane 

materials. The thesis includes work on some of the most promising materials today, and 

challenges related to those have been discussed. In my opinion, further materials 

development should focus on improving existing materials rather than identifying novel 

materials. This comprises for instance studies of chemical compatibility and sintering 

behavior with respect to cercer development. Also the surface kinetics have been identified as 

a challenge to overcome, and fundamentals of surface kinetics and improvements with 

surface activation layers should be addressed in future work on membrane material 

development. Slow surface kinetics may also have implications on factors such as 

engineering design, as a high membrane area per device volume may be of importance to 

reduce the effect of surface kinetics by allowing a thicker membrane.  
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