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Abstract 
 
 

In this thesis, the main focus of the work is the development of novel materials 

for intermediate-temperature solid oxide fuel cells (IT-SOFCs) with an aim of showing 

suitability and compatibility with fuel cell system environment. Fuel cell fabrication 

was briefly encountered to test appropriateness with existing fuel cell element standards 

(yttrium-doped zirconia as electrolyte for high temperature operation and gadolinium-

doped ceria for IT-SOFCs) but due to the lack of appropriate component, extensive tests 

to determine full potential were not carried out. Methods such as solid-state reaction and 

sol-gel process were adopted for the synthesis of the materials and solid-solution limits 

were determined for the orthovanadate compounds studied. These latter were then 

reduced to their metavanadate counterpart in order to establish a possible cyclability 

between the two oxygenated forms that could be exploited in fuel cell mechanisms. 

Doped version of the former and latter with alkaline-earth elements were found to 

greatly increase stability and conductive behaviour while maintaining appropriate 

densification through the formation of closed pores in the orthovanadate structure 

allowing the metavanadate to benefit from increased conductance.  

Electrolyte studies were also carried out based on doped barium yttrium 

cerate/zirconate structures however compounds synthesised exhibited inappropriate 

properties for use in IT-SOFCs despite some interesting behaviours that would be a 

benefit in high-temperature electrolysers. 
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1. Introduction and theory 
 

 As far as from the beginning of the industrial revolution, voices and ideas have 

been expressed, precepts and predictions set regarding the effects of human activities on 

the Earth’s climate. Mostly unfounded at the start, based on superstition or non-facts, 

these opinions were disregarded and forgotten as technology and “innovation” prevailed 

above all. In the last decades however, Mankind – perhaps for the first time – realised 

that the impact of human activities on our climate was a reality. After the discovery of 

the Antartic ozone hole1  at Halley by the British Antartic Survey (BAS) in 1985, energy 

activists and environmental scientists had suddenly the attention their predecessors 

could have only dreamed of. Concerns were then again expressed and led to the first 

Vienna Conference (VC) the same year that resulted in the Vienna Convention for the 

Protection of the Ozone Layer (entry into force, 09/1988). It was the first of a series of 

international treaties and agreements aiming to reduce, confine and/or eliminate human 

influences on our climate.  

 Since then, the Montreal Protocol, the Kyoto Protocol and the annual 

Conferences of the Parties (COP) were ratified, with the most recent, the COP-18 that 

took place in Doha, Qatar in November-December 2012. Aimed at setting new targets 

from 2012 onwards – when the initial commitment period under the Kyoto Protocol 

expires – a large place is given to renewable green energies. Those include but are not 

limited to, wind and underwater turbines, solar panels or bio-fuels. Despite their 

considered ‘green’ character, most renewable energies are difficult to implement, for 

various reasons ranging from lack of appropriate infrastructures to low power outputs 

and high costs.  

 

 Until those processes are fully controlled, optimised and implemented in order to 

provide low cost, readily available high output energies, technologies already known 

but in need of improvements are the simplest, easiest and quickest way to reduce human 

greenhouse gases emissions. One example is the Fuel Cell (FC).  

 

 In the following sections, FCs will be described with an emphasis on Solid 

Oxide Fuel Cells (SOFCs) before current materials and required properties are explored 

and finishing with the overall objectives. 
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1.1. Fuel Cell 
 

Fuel cells are electrochemical devices that convert the energy of a fuel directly 

into electricity and are composed of an anode (–), an electrolyte and a cathode (+). 

There are currently a large variety of fuel cell systems (Table 1.1) under development or 

improvement including but not limited to the Regenerative Fuel Cell (RFC) used in 

electrolysers, the Alkaline Fuel Cell (AFC), the Phosphoric Acid Fuel Cell (PAFC), the 

Polymer Electrolyte Membrane Fuel Cell (PEMFC), the Direct Methanol Fuel Cell 

(DMFC), the Molten Carbonate Fuel Cell (MCFC) and the Solid Oxide Fuel Cell 

(SOFC). Only the last four are described here, as the first two are based on no particular 

design and can be described generally from other systems. 

 

Type Electrolyte Temperature of 
operation Carrier 

AFC KOH (lq) < 120 ºC OH- 
PAFC H3PO4(lq) 180-200 ºC H+ 

PEMFC Ion exchange 
membrane < 120 ºC H+ 

MCFC Molten CO3
2- ~650 ºC CO3

2- 
SOFC Ceramics 500 – 1000 ºC O2- or H+ 

 
Table 1.1 Major types of fuel cells 

 

1.1.1. Polymer Electrolyte Membrane Fuel Cell 
 

 First used in the sixties as part of NASA’s Gemini Project, PEMFCs are FC 

based on a proton conducting electrolyte membrane. In order to operate, the electrolyte 

must be a good conductor of protons, have no electrical conductivity, be impermeable 

and dense to avoid gas crossover. A chemically inert character is also required to sustain 

reduction and oxidation at the cathode and at the anode interfaces respectively. 

 Relatively easy to implement, due to its mild operating conditions (medium 

range of pressure and temperature compared to other FC systems), it is compactable in 

such way to form stacks of hundreds of individual units. To date, the most commonly 

used membranes are based on perfluorosulfonic acid polymers (such as Nafion® by 

DuPont, Flemion® by Asahi Glass or Aciplex® by Asahi Kasei) operating under water 

saturation to ensure permeability to protons. Depending entirely on temperature-

resistance and water management, researchers have – in recent years – focussed on 
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developing new polymer membranes as reported in a review by Lee et al.2. A notable 

example is the fluorohydrogenate ionic liquid-based gel-type membrane3 operating 

without humidification, thereby, opening the door for use at higher temperature.  

Despite encouraging results on the range of operability, one of the major 

drawbacks of PEMFCs is the requirement for platinum catalysts in order to split both 

hydrogen and oxygen molecules. According to spectroscopic measurements, the 

dissociation energies of molecular oxygen4 and hydrogen5 are 498.4 and 436.0 kJ mol-1 

respectively, however currently employed platinum catalysts do not manage to split the 

former as well as the latter and are therefore used at the cathode rather by default than 

being chosen for providing the best catalytic activity. 

 

1.1.1.1. Direct Methanol Fuel Cell 
 

 DMFCs are a type of PEMFC which, as the name indicates uses methanol as 

fuel instead of molecular hydrogen. Their functionality relies on the same principles as 

for PEMFCs with methanol being converted into carbon dioxide and hydrogen ions at 

the anode while oxygen is converted to water from reaction with permeated protons at 

the cathode. Despite recent improvements6, DMFCs have a low efficiency due to low 

operating temperatures requiring very active catalysts and methanol permeation7-9, 

hence only a very low concentration of methanol can be used (about 0.5 M generally10). 

Moreover, some theoretical aspects are still unclear as underlined by Nordlund et al.11 

when showing that a large portion of CO2 is in fact not transported out of the system by 

the liquid flow but permeates to the cathode through the membrane forming gas 

bubbles. 

Due to high costs, low efficiency and the toxicity of cross-diffusion of methanol, 

research has also begun on Direct Ethanol Fuel Cells (DEFCs) but as for DMFCs in the 

early 1990s, DEFCs are currently inefficient from a power density point of view12. 

 

1.1.2. Molten Carbonate Fuel Cell 
 

 MCFCs are high temperature FCs operating above 600 ºC and based on a molten 

mixture of carbonate salts. At such temperatures, the salts are softened and a high ionic 

mobility throughout the electrolyte is achieved; fuel reforming is unnecessary and 
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natural gas and coal-based fuels can be used directly and non-precious metals are as 

efficient as noble ones13-15. Producing heat as a by-product of electricity generation, the 

efficiency of MCFCs can be greatly ameliorated if this latter is captured and used in 

other processes, hence, the mainly stationary character associated with such systems.  

Practicality is, however, a major drawback as long times are needed to reach 

operating temperature. 

 

1.1.3. Solid Oxide Fuel Cell 
 

SOFCs are fuel cells operating over a wide range of temperatures (currently 

from 600 º to 1000 ºC) with a wide variety of fuels (H2 from direct or indirect reforming 

of various hydrocarbons, straight-chain alcohols, ammonia, etc...) in which the main 

feature is a solid oxide electrolyte, schematised in Figure 1.1. 

 
Figure 1.1 Schematic of a SOFC based on an O2- ion conducting electrolyte 

 
SOFCs are based on the transfer of oxygen ions (or protons) – acting as charge 

carrier – from the cathode (Equation 1.1) to the anode (Equation 1.2) with reactions 

described as follows (Equation 1.3 overall based on an O2- ion conducting electrolyte): 

 
𝑂! + 4𝑒!   → 2𝑂!!     Eq. 1.1 

Equation 1.1 Reaction at the cathode 
 

2𝐻! + 2𝑂!!   → 2𝐻!𝑂 + 4𝑒!    Eq. 1.2 
Equation 1.2 Reaction at the anode 

 
2𝐻! + 𝑂!   → 2𝐻!𝑂       Eq. 1.3 
Equation 1.3 Overall reaction of an O2- ion based SOFC 

Composed solely of solid materials, SOFCs are impervious to gas crossover and 

yield heat as a by-product. Due, in fact, to being impervious to gas crossover and to 
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their efficiency to generate electricity (the highest with MCFCs), SOFCs are currently 

the best candidate for stationary applications – as Stationary Power Units (SPU) – 

which require high-power outputs or power generation for large-scale industrial plants. 

In contrast to other FC systems, SOFCs are relatively tolerant to fuel poisoning in part 

due to their high temperature operating conditions. However, such extreme conditions 

also have major disadvantages including mainly high costs, long starting times and/or 

slow response to energetic requirements. 

  

Credited for the first applicable Nernst16 engine* using a zirconia-based 

electrolyte, Baur and Preis17 triggered interest that has only intensified since. In fact, 

one reason for the abundant research is driven by the encouraging perspective that the 

SOFC systems currently used have much scope for improvement in order to yield more 

affordable and less time-consuming units. For this to occur, new materials operating at 

lower temperatures – conserving all the required properties – have to be developed. 

 

                                                
* sometimes used to describe SOFCs in reference to what is known as the Nernst glower 
(an obsolete device capable of producing a stream of continuous infrared radiation). 
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1.2. Materials and required properties 
 

 Structurally composed of two ceramic electrodes and an electrolyte, SOFCs are 

complex systems exhibiting various properties within each of its components, mostly in 

antagony between each other. The following sub-sections deal with the required 

properties for each constituent of the FC as well as a review of currently used materials 

in each area. 

 

1.2.1. Electronic and ionic conductivity 

 
 Electronic conductivity in materials can be generally defined as the ability to 

conduct electrons through a flow of moving charges, generating a current. All materials 

for FCs can be classified as being either conductors (such as metals with 10-1 ≤ σelec 

(S.cm-1) ≤ 105)18, insulators (like plastics and glasses with σelec (S.cm-1) < 10-12)18 or 

semiconductors (exhibiting properties between the two other classes with 10-5 ≤ σelec 

(S.cm-1) ≤ 102)18. 

 Electronic conduction in conductors (like metals) – also known as metallic 

conductivity – arises – according to band theory – from the overlap of the valence and 

conduction band forming a partially filled (and partially empty) large band19. In 

semiconductors and insulators, a band gap forms a physical barrier between the two 

aforementioned bands resulting in an almost fully unoccupied conduction band leading 

to high electronic resistivity (with higher practical effects in insulators as the gap is 

larger). Within the semiconducting family, intrinsic and extrinsic semiconductors can be 

distinguished (with transition from one state to the other possible at high temperatures). 

The former being characteristic of an extremely pure, impurity-free semiconductor 

whose conductance depends solely on band gaps and thermally activated motion of 

electrons; and the latter, resulting from the introduction of dopants into the lattice 

causing defects referred as n-type (introduction of electrons into the conduction band)  

or p-type (introduction of ‘holes’ into the valence band). While largely considered 

independent of temperature in metals (as the presence of the overlap band is 

unaffected), the electronic conduction is greatly influenced by temperature in 

semiconductors as – referring to band theory – the excitation of electrons to the 

conduction band is mainly due to thermal activation and governed by an Arrhenius-type 
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equation for conductivity. Hence, electronic conductance exponentially increases with 

temperature in semiconducting materials, while in metals it statistically decreases due to 

reduced electron flow from electron-phonon collisions20, 21. 

 Ionic conduction in materials is defined by the ability of ions to migrate within a 

lattice by jumping to equivalent vacant sites thus transporting the electrical current22. It 

is mathematically defined by Equation 1.4 with σionic the ionic conductivity, zB the 

charge number of the ionic species B, F the Faraday constant (96485 C mol-1) and, µB 

the electric mobility of species B, 

 

𝜎!"#!$ = 𝑧! 𝐹𝜇!    Eq. 1.4 23  

Equation 1.4 Expression of species B ionic conductivity 

 As for electronic conductors, ionic conducting materials can be sorted in three 

classes: ionic crystals (with 10-18 ≤ σionic (S.cm-1) ≤ 10-4)18, solid electrolytes and strong 

liquid electrolytes (with 10-3 ≤ σionic (S.cm-1) ≤ 101)18. Allowing conduction to take place 

by acting as charge carrier, anions and/or cations movement within a lattice occurs 

through empty crystallographic positions (naturally present or introduced by doping) or 

voids and channels. Ionic conduction in SOFCs is extensively linked to the Triple Phase 

Boundary (TPB) concept24. It holds that the Oxidation Reaction of Hydrogen (ORH) 

and the Oxygen Reduction Reaction (ORR) solely occur at specific spatial positions 

where the electrolyte, gas, and catalytic regions are electrically connected. The TPB 

concept is especially important since at the current state of SOFC technologies, 

efficiency limitations are mainly due to reaction kinetics, thus increasing the TPB area 

by any factor would, at least, improve the reaction kinetics by the same said factor. 

 

1.2.2. Chemical and catalytic activity 
 

 Chemical reactivity/instability is an important aspect of SOFC components as it 

governs durability and constitutes the most critical challenge for SPUs25. Ideally, no 

inter-component activity is wanted, however, materials currently employed are subject 

to high diffusion and poisoning. Several factors are responsible, namely temperature26, 

27, an oxygen-rich atmosphere26, 28 and simple acid-base relations29. The most common 

types of degradation encountered consist of microstructural changes30 including 

cracking, change in porosity and coarsening, delamination and change induced by 
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poisoning (sulphur-containing species31, 32, chromium-containing species28, others33-35). 

In theory, pure hydrogen is – chemically speaking – the ideal fuel for FC, however, 

current infrastructure, supply and production of high purity hydrogen gas is limited and 

implementation at low costs is hardly seen feasible in such a state. Other fuels can be 

used, as seen previously with DMFCs, DEFCs and/or MCFCs, but these use catalysts to 

convert the fuel directly or indirectly into hydrogen. Precious metal catalysts (Pt, Pd, 

Au) are currently used for these latter FC electrodes but their costs and the reforming 

process implied somewhat undermine the overall efficiency of these FCs.  

 

 Thus, research on new materials for SOFC components currently under 

development are designed in such a way as to incorporate active catalytic sites within 

their structures. 

 

1.2.3. Thermal and redox stability 
 

 As SOFCs operate at very high temperatures, both the electrolyte and the 

electrodes have to resist thermal cycles in order to operate durably as thermomechanical 

stability is vital for use of SOFCs as Auxiliary Power Units (APU) in transportation for 

example25. The most accurate measure of thermal stability is achieved by comparing 

Thermal Coefficients of Expansion (TCE) expressed in Equation 1.5 for solids as the 

specific change in volume per change in temperature at constant pressure with αV the 

volumetric expansion coefficient, V the volume of material, ∂V the change in volume 

and, ∂T the change in temperature (linear TCEs are sometimes also used but as a 

volume has three linear and usually orthogonal components – at least under isotropic 

conditions – volumetric TCEs are preferred since offering more perspective): 

 

𝛼! =
!
!

!"
!" !!!"#

     Eq. 1.5 36 

Equation 1.5 Expression of volumetric thermal coefficient of expansion 
 As some materials may expand/contract more than others upon heating/cooling 

cycles, it is essential to match the TCEs of components connected together to avoid 

irreversible damage to the structural integrity of the cell and a substantial drop in 

efficiency.  
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 As part of its normal operation routine, each component of a SOFC is subject to 

either an oxidising and/or a reducing atmosphere at any given time. Redox stability – 

unnoticeable changes of the physicochemical and structural properties of a material 

upon periodic reduction and oxidation – is particularly crucial at the anode as this 

constitutes the physical location subject to subsequent reduction and oxidation37. Effects 

can be variable, from simple TCE-induced cracking and delamination, to incomplete 

red/ox processes, to difficult to explain drop in efficiency and conductivity resulting in a 

major increase of ohmic resistance38. 

 Materials able to sustain repeated thermal and redox cycling are therefore 

necessary in order to operate SOFCs at their highest efficiencies; however, only a few 

materials to date have been discovered that exhibit all the necessary properties cited 

above. 

 

1.2.4. Cathode materials 
 

 As the electrode in contact with air, cathode materials have less stringent 

requirements than components for anodes. A potential ceramic for cathodes has to be a 

good electronic conductor, be thermally stable, exhibit chemical inertia towards the 

electrolyte and have a high enough porosity to allow oxygen to reach the 

electrode/electrolyte interface. Concerning ionic conductivity, despite not being 

required to allow reaction (already occurring at the TPB without ionic conduction), a 

material with both electronic and ionic conductivity would lead to the ideal model given 

in Figure 1.2 with a specific area for ORR represented by a Double Phase Boundary 

(DPB) where the interface of an oxygen-impregnated cathode with the electrolyte is 

fully used in the kinetics of the reaction. 

 
 

Figure 1.2 Schematic of the reaction sites in cathodes 

TPB 

DPB 

  

 
  

Cathode Cathode 

Electrolyte 
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Commonly used cathode materials are mostly perovskite (ABO3) or double 

perovskite (A’A”B’B”O6 where A’ and A” and B’ and B” may differ or not) structures. 

 

1.2.4.1. Perovskite-type cathodes 
  

 The most commonly used cathode material is Lanthanum Strontium Manganite 

(LSM). It is mainly an electronic conductor and is – practically speaking – the best 

choice for SOFCs operating at 700-900 ºC due to high catalytic activity helping the 

ORR high electronic conductivity, a thermal stability and chemical inertia towards all 

common electrolytes including Yttrium-Stabilised Zirconia (YSZ). However, at lower 

temperatures, its cathodic polarisation is substantial with its total conductivity dropping 

from >1 S cm-1 at 1000 ºC to 5 x 10-4 S cm-1 at 500 ºC39. 

 

 Lanthanum Strontium Ferrite (LSF) was more recently discovered, it shows real 

promise as a Mixed Ionic Electronic Conductor (MIEC)40, 41 and its reaction with YSZ 

was found to be avoidable by adding a layer of Samarium-Doped Ceria (SDC)42. 

 Cobalt containing perovskites also constitute promising materials due to their 

increased catalytic activity and their MIEC character allowing them to be used in 

combination with doped-ceria based SOFCs at temperatures below 700 ºC as these latter 

require high catalytic activity; however, the cobalt doping is limited – for structural 

reasons – since a large amount would induce a mismatch of TCEs. Strontium Samarium 

Cobalt Ferrite Sr0.5Sm0.5Co1-xFexO3-δ (SSCF)43 and Lanthanum Strontium Cobalt Ferrite 

La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF)44 working at 550 ºC with Gadolinium-Doped Ceria 

(GDC) are good examples of these type of compound with cobalt providing the high 

catalytic activity and the large iron content preventing a detrimental deviation of the 

TCE. 

 

1.2.4.2. Double perovskite-type cathodes 
 

 Of general formula AA’Co2O5+δ (with A = Y, Rare-Earth Element (REE) and A’ 

= Ba, Sr)45, double perovskite structure are related to yttrium-barium iron-cuprite 

YBaFeCuO5 discovered in the late 80’s46. One example of this family of compounds is 

the praseodymium barium cobaltite PrBaCo2O5 represented in Figure 1.347 showing the 
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alternating layered structure of A-site metals within the typical octahedron matrix of the 

perovskite formed by cobalt, the B-site metal. 

 
Figure 1.3 Structural representation of PrBaCo2O5+δ 

  

Despite an acceptable conductivity of 6.6 S.cm-1 at 600 ºC48 and as manganites 

and ferrites have already been investigated in double perovskite configuration, research 

has now focussed on cuprates and nickelates49, 50 due to their ability – and need – to 

operate at lower temperatures, essentially due to a narrower thermal stability (LaNiO3 

decomposes at around 850 ºC)49. 

 

1.2.5. Electrolyte materials 
 

 Electrolyte materials have specific requirements too, including high ionic 

conductivity to allow the transfer of the charge carrier, the lowest possible or no 

electronic conductivity to prevent the electrons from passing directly through the 

electrolyte, redox and thermal stability, chemical inertia towards the electrodes and high 

density at the minimum thickness to reduce resistive losses. Two main systems of 

electrolytes are currently in use, fluorite-based compounds51 like YSZ and GDC and 

perovskite-based compounds like Magnesium-doped Lanthanum Strontium Gallate 

(LSGM), Bismuth Metal Vanadates (BiMeVOX)52 and Barium Cerates and/or 

Zirconates (BCZs)53. 



 

12 

1.2.5.1. Fluorite-based systems 
 

 Within the fluorite-based family of compounds, ceria and zirconia are the most 

promising as results with pyrochlores and bismite-based electrolytes were unfortunately 

disappointing. 

 

Aforementioned, YSZ is the most commonly used electrolyte. It exhibits 

negligible electronic conduction, a high ionic conductivity and has a lower TCE 

compared with other electrolytes. It is however reactive with lanthanum-containing 

perovskites at high temperatures forming resistive layers of lanthanum pyrozirconates54, 

55. 

 

Scandium Stabilised Zirconia (SSZ) is a good alternative to YSZ as being even 

more conductive at lower temperatures56 (around 600 ºC) but is a higher cost material. 

Its highly conductive cubic structure formed at temperature between 500 ºC - 600 ºC 

from the less conductive yet thermally more stable (at room temperature, RT) β-phase 

can be stabilised by addition of yttria as dopant57. 

 

Ceria based compounds like GDC and SDC have the highest known ionic 

conductivity in the range 550 ºC - 650 ºC and are compatible with LSCF and related 

perovskite cathodes. One issue is the formation of Ce3+ ions under reducing atmosphere 

making doped-ceria compounds electronically n-type conductive, thus, decreasing the 

FC efficiency due to short circuit58 but this can be avoided if the temperature is kept 

below 500 ºC.  

 

1.2.5.2. Perovskite and perovskite-related systems 
 

 Within the perovskite family of electrolytes, Lanthanum Gallates are the 

compounds of choice. Discovered jointly59, 60, LSGM is the most notable example. Its 

ionic conductivity is higher than that of YSZ and SSZ; it is unreactive towards 

lanthanum containing perovskite cathodes but less inert than YSZ with current nickel 

cermet anodes. Also, doubts still persist regarding its chemical stability for high 
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temperature SOFCs as surface morphology changes were observed under reducing 

atmosphere at 1000 ºC61. 

 BCZs – part of what could be called the AB1-xMxO3-δ family of compounds with 

M, some trivalent element and δ, the oxygen deficiency – also constitute an important 

part of the studies carried out on proton and MIECs and materials based on alkaline and 

alkaline-earth cerates and zirconates have therefore intensively being investigated as 

providing the most interesting performance in terms of protonic conductivity29, 62-67. 

Partial substitution of the cerium atom with a trivalent atom – mostly done with yttrium, 

gadolinium or ytterbium – causes oxygen vacancies resulting in p-type electronic 

conduction especially at high temperatures (Equation 1.6) and gives rise to a mixed 

ionic/electronic conduction in water-containing oxygen and hydrogen-rich atmospheres 

(Equation 1.7).  

 
!
!
𝑂! 𝑔 + 𝑉!∙⋅ ↔ 2ℎ⋅ + 𝑂!!      Eq. 1.6 

Equation 1.6 Kröger-Vink notation of defects occurring at high oxygen partial 
pressure 

 
𝑂!! + 𝑉!∙⋅ + 𝐻!𝑂 ! ↔ 2 𝑂𝐻 !

⋅     Eq. 1.7 
Equation 1.7 Kröger-Vink notation in water-containing hydrogen-rich atmosphere 

 
The Kröger-Vink notation68 is used to describe lattice spatial position and 

electrical charge for point defect species in crystals and is conventionally formatted as 

𝐸!"#$
!!!"#$ where E is an atom (O, Ni, Cu, H, etc…), a vacancy (V), an electron (e) or 

electron hole (h); the ‘Charge’ represented by x if null, by ˙ if positively charged and by 

΄ if negatively charged; and, the ‘Site’ representing the physically occupied lattice site 

and thus annotated by either an atom or a lattice interstitial (i). Hence, 𝑉!∙⋅ would be 

described as a doubly positively charged vacancy on an oxygen lattice site. 

 
Although barium cerates (BCs) are much higher conductors than their zirconate 

equivalents, the latter are still favoured due to the instability of the former in water and 

carbon dioxide containing atmospheres69, 70. A recent study however demonstrated that 

with only 10% of zirconium doping, a 20% yttrium BCs could remain stable at 500 ºC 

in 2% CO2-H2 as well as in 15% H2O-H2 without any decomposition and while 

exhibiting a higher conductivity below 550 ºC than the most commonly used 

electrolytes, namely GDC and YSZ71. 



 

14 

BCZs also have the advantage of being able to be used as electrode components 

in high temperature hydrolysers due to the protonic nature of their ionic conductance if, 

while exhibiting high ionic conductivity, the electronic contribution is deemed too 

important, thus lowering their potential use as electrolytes. 

 

1.2.6. Anode materials 
 

 To be considered as a potential fuel electrode, a material needs to be thermally, 

chemically and redox stable, have both high electronic and ionic conductivity and 

exhibit uniform porosity for gas flow. Many different materials have been investigated 

as potential anode materials with a large array of both successes and failures as noted in 

diverse reviews72-77. Due to the required properties, metals have always been considered 

as the best candidates for SOFC anodes. 

 

1.2.6.1. Nickel cermets 
 

 Anodes made of nickel are currently the most used with YSZ electrolyte. While 

TCE mismatch makes them chemically incompatible in pure form, composite materials 

of Ni metal and YSZ (a cermet) are inert towards YSZ. Despite a very high conductivity 

of about 1000 S.cm-1 at 900 ºC for sintered pellets78, the major issue is that nickel 

catalyses the formation of graphite from hydrocarbons79, 80, is sensitive to sulphur81 and 

has poor mechanochemical resistance over time as a consequence of the reduction of 

catalytic sites thus destroying the anode capacity for use with unreformed fuels.  

 Reduction of sulphur poisoning can be achieved through the use of ‘cleaner’ or 

sulphur-free fuels but this is not economically viable therefore research has focused on 

developing sulphur-tolerant SOFC components instead of producing high purity fuels. 

Concerning coking, a lower temperature of operation is a solution but it significantly 

reduces the efficiency of the FC. Murray et al.82 reported that the use of Yttrium – 

doped ceria (YDC) as an interlayer between Ni cermets and YSZ allowed direct use of 

methane with power densities up to 0.37 W.cm-2 at 650 ºC suggesting that ceria-based 

compounds may well be the answer to resolve the major drawbacks of Ni-based 

anodes83. The use of copper as the metal in a ceria cermet may also be considered as 

ceria would provide the catalytic activity and copper the high electronic conductivity 
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even if such systems would be required to operate at lower temperature to avoid the 

melting of copper. 

 

1.2.6.2. Perovskite-type systems 
 

 Non-cermet focused research into anode materials is essentially centred on 

perovskites as replacing, substituting and doping the different cationic sites of the ABO3 

structure is relatively easy  to accomplish with a multitude of options. Within the 

perovskite family, titanates such as Strontium Titanate (STO) pictured in Figure 1.447 

and Lanthanum Strontium Titanium Manganite (LSTM)84 and chromites such as 

Lanthanum Chromite (LCO) and Lanthanum Strontium Manganese Chromite (LSCM)85 

exhibit the most promising properties as they are thermochemically stable under various 

atmospheres.  

 
Figure 1.4 Structural representation of SrTiO3 

 

Despite being considered as low electronic conductors in comparison with 

thermomechanically unstable alternative perovskites like ferrites and cobaltites, STO is 

known to be a good electronic conductor in a reducing atmosphere and doping of the 

strontium site with lanthanoids (referred to as Lanthanoids-doped Strontium Titanate, 

LST) or yttrium (denoted as Yttrium-doped Strontium Titanate, YST) can increase the 

ionic conductivity86-90, as does doping of the titanium site with niobium. Doping of both 
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sites is however difficult to balance as structural constraints favour the formation of 

impurities (such as yttrium titanates Y2Ti2O7 or YTiO2.085). Also, STO, LST and YST 

have a poor catalytic activity for hydrogen but this can be improved by doping with 

manganese or gallium91. 

 
 Chromites also play an important role, with LCO being one of the most known. 

LCO induces almost no coking with methane as fuel92-94 making it greatly advantageous 

compared to Ni-cermets. Its catalytic activity and electronic conductivity is usually 

enhanced with alkaline-earth doping (strontium and calcium notably) however 

compounds like La1-xSrxCrO3-δ and related have demonstrated very high polarisation 

resistance94-96. On the other hand, the first redox stable anode material for SOFC, LSCM 

– La1-xSrxCr1-yMnyO3-δ – is electrochemically active, redox stable, compatible with 

various electrolytes (having a similar TCE)73, 97-103 and despite a low ionic transport, 

electrode polarisation losses can be greatly decreased by the use of ceria- and zirconia-

based interlayers99, 103, 104. 

 

1.2.6.3. Double perovskite-type systems 
 

 Double-perovskites such as Sr2FeMoO6 – Figure 1.547 – have also recently being 

investigated as exhibiting reasonably good ionic conduction105, 106.  

 
Figure 1.5 Structural representation of Sr2FeMoO6 
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 Sr2Mg1-xMnxMoO6 was found to be efficient with methane fuel, tolerant to 

sulphur – even after prolonged exposure – and redox stable107, 108. The efficiency and 

electronic conduction of this class of compounds can also be enhanced by lanthanum-

substitution on the A-site109. However, despite encouraging new properties, efficiencies 

achieved by double perovskites are still far from matching those obtained from LSCM 

or doped-STO. 

 

1.2.7. Defect crystal chemistry 
 

Crystal chemistry is the study of all aspects of crystalline structures and the 

relation of a crystal’s particular physical state with its properties in a solid state. It is 

used extensively in many areas of science and/or engineering, sometimes unknowingly, 

and is vital to understand many of the properties exhibited by solids. In inorganic 

chemistry and materials science, the most interesting topics of crystal chemistry are 

structure-property relations (thermal properties, diffusion, conductivity, magnetism, 

etc…), phase transitions, phase diagrams and the possible imperfections (most 

commonly referred as defect chemistry). This latter is of significant importance in the 

development of new materials as most newly formed/synthesised structures are often 

non-stoichiometric on one site at least (A and/or B-site deficiencies, oxygen 

hypo/hyperstoichiometry). 

 

1.2.7.1. Defects in ceramics 
 

Point defects in crystals are expressed using the Kröger-Vink notation (as 

described earlier in section 1.2.5.2). Within the possible types of point defects, ionic 

defects (Schottky and Frenkel defects) are the most common and important types with 

electronic defects (electron holes and free electrons) also widely observed in ionic 

compounds. 

 

1.2.7.1.1. Schottky defects 
 

Unique to ionic compounds, the Schottky defect is the stoichiometric association 

of anion and cation vacancies. In a fully ionised MX compound, it is formed according 
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to Equation 1.8 below with A describing where a new lattice site is formed, and 

Equation 1.9 giving the resulting Schottky defect equation considering that MM and XX 

are considered equivalent to MA and XA respectively. 

 

𝑋!   +   𝑀!   ↔   𝑉!!!! + 𝑉!∙∙∙ +   𝑋!+  𝑀!   Eq. 1.8 

 
Equation 1.8 Kröger-Vink formation equation of Schottky defect in MX 

0   ↔   𝑉!!!! + 𝑉!∙∙∙     Eq. 1.9 
 

Equation 1.9 Kröger-Vink notation of Schottky defect in MX 

Thus, the concentrations of Schottky defects in MX are given by Equation 1.10, 

with ΔGS the Schottky formation free energy; KS, the reaction constant and kB, the 

Boltzmann constant. 

 

𝑉!!!! 𝑉!∙∙∙ = 𝐾! =   𝑒
!!!!!!!       Eq. 1.10 

 
Equation 1.10 Concentration of Schottky defects in MX 

1.2.7.1.2. Frenkel defects 
 

Frenkel defects are formed when there is a transfer of an atom from a lattice site 

to an interstitial site thus creating a vacancy and are the result of thermal vibrations 

within the lattice. The pair formed by the created vacancy and the occupancy of the 

interstitial site constitutes the Frenkel defect. Unlike Schottky defects, Frenkel defects 

do not involve the create and/or migration to new lattice sites; hence, physical structural 

constraints apply concerning availability and size of the interstitial site. In the case of a 

metal oxide MO, fully ionised, Frenkel defects can be described from Equation 1.11 and 

1.12. 

 

𝑂!! +   𝑀!
! + 𝑉!   ↔   𝑉!! +𝑀!

∙ + 𝑂!!       Eq. 1.11 
 

Equation 1.11 Kröger-Vink formation equation of Frenkel defect in MO 

𝑀!
! + 𝑉!   ↔   𝑉!! +𝑀!

∙    Eq. 1.12 
 

Equation 1.12 Kröger-Vink notation of Frenkel defect in MO 

Thus, the concentrations of Frenkel defects in MO are given by Equation 1.13, 

with ΔGF the Frenkel formation free energy; KF, the reaction constant and kB, the 

Boltzmann constant. 
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𝑉!! 𝑀!
∙ = 𝐾! =   𝑒

!!!!!!!       Eq. 1.13 
 

Equation 1.13 Concentration of Frenkel defects in MO 

1.2.7.1.3. Electronic defects 
 

The electronic order within a solid may be considered perfect only at a 

temperature of 0 K where electrons all occupy the lowest possible energy levels 

following Pauli’s exclusion principle. The excitation of an electron to a higher energy 

level thus results in electronic disorder which in ceramic materials is classified as either 

intrinsic (formation of holes and free electrons) or extrinsic (externally dominated, e.g. 

non-stoichiometry, solute addition) electronic defects. Intrinsic electronic defects thus 

consist of electron holes in the valence band and of free electrons in the conduction 

band. Their concentrations are solely determined by the band gap energy and 

temperature in relation to the Fermi function, f (E), providing the probability of an 

electron occupying an energy level E given in Equation 1.14 below with EF, the Fermi 

level. 

 

𝑓 𝐸 = !

!!!
!!!!
!!!

    Eq. 1.14 

 
Equation 1.14 Fermi function as derived from Fermi-Dirac statistics 
In an intrinsic ceramic, concentrations of free electrons and free electron holes 

are equal while for extrinsic electronic defects, electronic energy levels are changed 

thus varying the relative concentrations of free electrons and electron holes. However, 

their product at any given temperature remains constant and is expressed in Equation 

1.15 with Eg, the band gap energy (difference between the conduction band energy level 

Ec and the valence band energy level Ev); KE, the reaction constant and kB, the 

Boltzmann constant. 

 

𝑒! ℎ∙ = 𝐾! =   𝑒
!
!!
!!!      Eq. 1.15 

 
Equation 1.15 Concentration of electronic defects 

1.2.7.1.4. Goldschmidt tolerance factor 
 

In perovskite materials in particular, the incorporation of defects into the lattice 

and occurring structural distortions deviating from the perovskite primitive cubic unit 
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cell packing may be evaluated using the Goldschmidt tolerance factor 𝜏. Based on the 

geometrical packing of charged spheres, it allows to determine whether the resulting 

level of distortion is low enough to permit formation of the perovskite phase and is 

given by Equation 1.16 with rA, rB and rO the ionic radii of atoms on site A, B and O 

respectively. 

𝜏 = !!!!!
! !!!!!

     Eq. 1.16 

Equation 1.16 Expression of the Goldschmidt tolerance factor 

An ideally packed perovskite structure is primitive cubic (like BaZrO3) and in 

that case, 𝜏 ≈ 1. However, most perovskite structures are distorted into rhombohedral, 

tetragonal and/or orthorhombic systems, often approximated as cubic structures with 𝜏 

deviating from 1, between 0.8 and 1. After neutron diffraction studies on BaCeO3, four 

distinct distortion mechanisms were proposed110 namely; the distortions of the B-site 

octahedra, the displacement of the cation within the B-site octahedron, the displacement 

of the A-site cation within the dodecahedron and the tilting of the octahedra relative to 

one another; the formers being characteristics of ferroelectricity in titanates and the 

latter of a compound where the A-site cation is much smaller than the dodecahedral site, 

as is the case for barium in barium cerate. 

 

Values obtained for tolerance factors may vary slightly in the literature from 

authors to authors due to the erroneous use of different atomic coordination numbers 

having thus different ionic radii values. 

 

1.2.7.2. Imperfections-related properties 
 

Considering that a crystal’s physical properties are all related to its specific 

atomistic structure, the presence and/or absence of imperfections will thus necessarily 

govern and/or affect some of its properties. While density, fundamental optical 

absorption and specific heat are rather insensitive to imperfection concentrations; effects 

on atomic and electronic movements, luminescence and magnetic properties essentially 

depend on the presence and/or absence of imperfections. It is then obvious that the latter 

group is best suited to provide information regarding imperfections as the former may 

require precise analysis in order to evaluate the differences between what is considered 

a perfect and a less perfect crystal. 
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1.2.7.2.1. Atomic movement 
 

Atom and ion migration in crystals always occurs because of point defects, 

whether these involve primitive ones as vacancies or interstitials, or combinations. 

When direct exchange of two atoms occurs, it is commonly supposed to happen without 

involving defects which may only be considered true if the situation in which both 

atoms have left their respective initial site is ignored. In fact, many mechanisms could 

be considered, e.g. one atom could move into an interstitial site in order for the other 

atom to occupy its site or both atoms could leave their sites at the same time forming a 

transition state. Considering these scenarios for example, both involve point defects; 

namely the association of a vacancy and an interstitial in the former and a transition 

state in the latter. 

 

Atomic migration over large distances may occur via two distinct phenomena, 

through diffusion – which may occur in both neutral and charged defects (and is 

discussed further later) – and through ionic conduction, which requires an effective 

charge111. Experimentally, diffusion coefficients (from creep or precipitation112), 

thermoelectric power (exhibited by ionic conductors) or Hall voltage (shown for sodium 

in sodium chloride113) may be obtained, providing direct information regarding the 

migration and concentration of imperfections. 

 

1.2.7.2.2. Electronic movement 
 

As noted previously, electronic conduction does not occur at 0 K as perfect 

electronic order is achieved. However, the presence of free electrons or electron holes in 

the lattice will allow electronic movements. For the simple case of crystals having only 

one type of current carriers (holes or free electrons), the thermoelectric power and the 

Hall effect are straightforwardly related to the concentration of carriers and the sign of 

these effects essentially provides evidence of whether holes or free electrons are 

involved, i.e. a negative Hall effect indicates holes are current carriers while a positive 

Hall effect indicates free electrons are current carriers. Electrical conductivity 

measurements allow both the concentration and the mobility of the carriers to be 

determined. Therefore, by combining conductivity and Hall voltage measurements, the 
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mobility can be obtained, however limited by various scattering processes and affected 

by temperature. 

 

1.2.7.2.3. Heat conduction 
 

Heat may be conducted through imperfections in two manners; firstly if moving 

in a temperature gradient, defects somehow transport energy (observed in lead 

compounds PbS and PbTe114 and PbSe115) or secondly through intrinsic crystal heat 

conductivity, i.e. phonons scattering at imperfections. This latter mechanism is 

predominant at low temperatures as typical temperature dependence exists for each type 

of defects. Evaluating these temperature dependences may then provide information 

about atomic as well as electronic defects116-119 as has been shown for indium 

antimonide120. 

 

1.2.7.2.4. Solid state diffusion 
 

In its general form, diffusion is described by a gross diffusion coefficient D 

(Fick’s first law of diffusion121 – Equation 1.17 with J, the diffusion flux; D, the 

diffusion coefficient; c, the concentration gradient of the considered atoms and x, the 

position of the atoms) which is defined by differentiating the relation connecting the 

considered particle current with their concentration gradient; simplified to Fick’s second 

law of diffusion121 – Equation 1.18 where t is the time – if D is independent of c. 
 

𝐽 = −𝐷 !"
!"

     Eq. 1.17 
Equation 1.17 Fick’s first law of diffusion 
!"
!"
= 𝐷 !!!

!"!
     Eq. 1.18 

Equation 1.18 Fick’s second law of diffusion 
The relation between D as described in Fick’s laws (Equations 1.17 and 1.18) 

and the processes by which diffusion occurs is never simple, however, D is always 

dependent on concentration and might thus assume negative values.  

In crystals, two types of diffusion may occur: self-diffusion (movement of atoms 

constituting the structure, which may involve chemical changes or not; in which case 

tracers are used to detect diffusion) or diffusion of foreign constituents (such as the 

diffusion of calcium atoms in sodium chloride crystals), both being plausible as a result 

of either imperfection interactions and/or electric fields (this latter only occurring when 
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charged particles are considered). Diffusion always involves either interstitial atoms or 

vacancies or a combination of these defects. Ring diffusion for example – exchange of 

two or more neighbouring atoms – is theoretically plausible, but although it is rarely 

observed, it can be treated as the combination of an interstitial and a vacancy being 

formed prior to the exchange (as discussed in an earlier part on atomic movements). The 

simplest case would then concern diffusion of neutral/charged interstitials where 

diffusion conditions are such that charge effects are negligible. Under these conditions, 

Fick’s first law would be respected and D (both for vacancies and interstitials) would 

solely depend on geometry and the jump frequency ν corresponding to the number of 

random migration made by diffusing particles per second. 

 

1.2.7.2.4.1. Correlation effects 
 

At any time where diffusion occurs by movement of two species, the relation 

between D and atomic jumps is complicated by the dependency of the various jumps 

with each other; i.e. correlation effects governed by correlation factors (f) do exist and 

apply to vacancy and interstitial diffusion (both for tracers and foreign atoms) but not to 

pure interstitial diffusion. Many interstitialcy mechanisms are possible, involving either 

collinear or back jumps as found for silver halides122-124 or being a combination of 

jumps by multiple atoms in which case the correlation factor is driven by the ratio of 

each atom’s jump frequencies as shown for alkali halides in a cation-anion vacancy pair 

diffusion mechanism125. 

Correlation factors for single atom diffusion only depend on the structure of the 

crystal and have been calculated for several compounds for vacancy diffusion, collinear, 

non-collinear and mixed interstitialcy mechanisms122, 126-128. In cases where the 

diffusion mean free path is a multiple of the smallest atomic hopping distance, 

correlation factors will have a tendency to equal one and correlation effects will become 

negligible or even disappear completely. 

 

1.2.7.2.4.2. Nernst-Einstein relation 
 

For charged point defects, movements within the crystals are possible through 

either diffusion or conduction which added to each other represent the equilibrium 
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potential. The conductivity resulting from a point defect is expressed in terms of charge 

and mobility (Equation 1.4). On the other hand, Einstein’s kinetic theory relation links 

mobility of charges 𝜇!   with diffusion (𝐷!) and is expressed in Equation 1.19 for a 

charged particle B with R, the ideal gas constant and F, the Faraday constant. 

 
 

𝐷! =
!!!"
!!!

     Eq. 1.19 
 

Equation 1.19 Einstein’s charged particle diffusion equation 
Combining Equation 1.4 and Equation 1.19, the diffusion coefficient can be 

expressed in terms of the ionic conductivity as, 

 
 

𝐷! =
!!,!!"
!!!!!

     Eq. 1.20 
 

Equation 1.20 Diffusion-conduction relation equation 
According to Kohlrausch’s law, the limiting ionic conductivity of a strong 

electrolyte is equal to the sum of contributions from its constituent ions. By substituting 

Kohlrausch’s law with an ionic conductivity rearrangement of Equation 1.20, the 

Nernst-Einstein equation is obtained as shown in Equation 1.21 with Λ!!, the limiting 

molar conductivity; 𝑛!, 𝐷! and 𝑧!, the number, diffusion coefficient and charge of the 

cations respectively and 𝑛!, 𝐷! and 𝑧!, the number, diffusion coefficient and charge of 

the anions respectively. 

 
Λ!! = (𝑛!𝐷!𝑧!! + 𝑛!𝐷!𝑧!!)

!!

!"
  Eq. 1.21 

 
Equation 1.21 Nernst-Einstein relation equation 

Some electrolytes exhibit very large ionic conductivities, which may be 

explained either by the presence of a large number of ions with normal mobility or a 

moderate concentration of mobile species with very large mobility. In this latter case, 

the large mobility may be due to a larger mean free path λ compared to the smallest 

atomic hopping distance a giving λ = na with n an integer very much larger than one. In 

a vacancy diffusion mechanism, this would have the effect of neglecting the correlation 

factor and f would tend to one. However, as an n-fold jump would only move a tracer by 

the distance a, an additional factor f’ equaling n-1 in the expression of the self-diffusion 

must be added. For interstitial diffusion, an enlarged mean free path affects both 

diffusion and conductivity in the same way, thus both f and f’ are equal to one. 
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1.2.7.3. Sintering and grain growth 
 

Sintering is a thermal technique used as a means of densification and grain 

growth. It may be applied to a large quantity of materials and is mainly carried out 

either in the solid or liquid phase (other types do exist but are either combinations 

and/or are derived from the two main ones). Depending on the desired process and 

components used, a specific sintering procedure is required in order to obtain the 

desired structure and/or properties, i.e. presence or absence of grain boundaries, size of 

grains, porosity. 

 

Sintering is driven by the diminution in total interfacial energy within a 

structure. For a compacted powder, this energy is expressed as γS as shown in Equation 

1.22 below with γ, the specific interface energy and S, the total interface area of the 

compacted powder and where the first term is due to densification and the second to 

grain growth. 

 
Δ(𝛾𝑆) = 𝑆Δ𝛾 + 𝛾Δ𝑆    Eq. 1.22 

 
Equation 1.22 Total interfacial energy equation in solid state sintering 
In solid state sintering, the change in interfacial energy relates to the substitution 

of solid/void interfaces by solid/solid interfaces as illustrated schematically in Figure 

1.6. Considering that the total interfacial energy for powder sintering is in the order of a 

few Joules per mole – a considerably small amount compared to other 

chemical/physical processes – it is then necessary to know the involved variables in 

order to control them and obtain the desired level of densification and grain growth thus 

giving the desired microstructure. Sintering variables may be sorted into two categories; 

namely physical/chemical variables and process variables: physical variables being the 

state of the powder used, its initial grain size, the shape and distribution of the particles, 

etc…; chemical variables being the powder’s composition, its stoichiometry, the 

presence/absence of sintering aids, etc. and the process variables corresponding to 

sintering temperature, dwelling times, heating/cooling rates, pressures, etc. 

As the dwelling times are increased during sintering, the average particle size of 

the sintered materials increases, either normally, where a simple and homogeneous 

distribution of grain sizes with sintering time is obtained or abnormally, where a matrix 

of very small grains is formed in conjunction with extremely large particles. Factors 
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affecting the rates of densification and grain growth are clearly unique, thus control or 

predominance of one or the other will directly affect the sintering process: densification 

depends on lattice and grain boundary diffusion while grain growth relies on surface 

and gas phase diffusion, evaporation/condensation and boundary mobility. The 

contribution of lattice and gas diffusion for example is inversely proportional to the 

cube of the pore size while for condensation, the dependence to the pore size is only to 

the square therefore as the pore size decreases the contribution of all these factors is 

increasing. Under ideal conditions, all pores are situated at the grain boundary and 

therefore move along this latter as the grains are growing, however if the boundary 

mobility is much larger than the pore mobility, some of these will get trapped inside 

grains and form pore/boundary separations, indicative of the limit of densification in 

sintering. When such a problem does occur, if it is known (verifiable by SEM or TEM), 

it is best if the sintering process (i.e. the heating programme) is completed as any 

additional dwelling at high temperature will only increase grain sizes without any gain 

in overall density. 

 

  

Figure 1.6 Basic solid state sintering phenomena 
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1.3. Objectives 
 

 As aforementioned, there has been considerable amount of work carried out in 

order to yield high performance, efficient components for SOFC, with some degree of 

success72-77. However, current systems based on Ni-cermets or Ni-composite electrodes 

suffer from numerous counterproductive effects, mechanical, thermal or chemical. The 

use of pure metallic compounds also brings into the discussion the matter of costs. 

Indeed, in the case of PEMFCs, the greatest disadvantage to their full-scale mass 

industrial production has been the cost associated with the use of noble metal catalysts. 

Ceramic materials such as perovskite-based and related compounds exhibit the most 

interesting properties as alternative materials for SOFC electrodes (LSCF, BSCF for 

cathodes and LSCM, doped-STO for anodes) and as proton-conductor electrolytes 

(BCZs).  

 Vanadate compounds such as BiMeVOX electrolytes have shown to exhibit very 

high ionic conductivities at lower temperatures, a rare and important characteristic not 

found in many currently used anode materials. Incompatible with most common 

electrodes, BiMeVOX are still an interesting area of study as their vanadium content 

boosts the catalytic activity of such species however studies of such systems in a fuel 

cell environment (part of a functioning electrodes-electrolyte structure) has for now 

been unsuccessful (due entirely to their high chemical reactivity at interfaces). 

 

 Rare-earth and alkaline-earth vanadates in pure or doped forms also constitute an 

important family of compounds to be researched. Lanthanoids vanadates in general have 

proven to be very interesting compounds exhibiting properties that have often been 

overlooked. Some aspects have been well studied but not applied to SOFCs at all thus, 

specific properties may be put to good use in well designed compounds in order to yield 

very efficient, stable and durable materials. However, keeping in mind the overall costs 

of material development, systematic studies were aimed at cerium vanadates and this for 

multiple reasons. Firstly, the chemistry of lanthanum vanadates was generally 

understood and its stability in respect of its conductive behaviour was in question, 

secondly, as doping with an alkaline-earth element was desirable in order to induce a 

charge imbalance (to provide ‘natural’ oxygen vacancies, which is more likely with 

cerium due to correspondence of ionic radii) and thirdly, as thermodynamic properties 
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are more favourable for cerium than for lanthanum (phases containing cerium melt, 

soften and form at lower temperatures and have generally a higher expansion coefficient 

than those containing lanthanum). Moreover, studies carried out on zircon type cerium-

containing compounds had been overlooked as to their application to the field of SOFC, 

hence cerium vanadium oxide studies constitute the core of the electrode section 

discussed in Chapter 3 as well as the main objective of this thesis. 

 

 Proton-conductors on the other hand are a vivid field of study with a seemingly 

endless possibility of plausible elemental combinations within the base formed by BCZs 

compounds. BaCeO3 is one of the oldest proton conductor electrolyte known. Since its 

discovery, an uncountable amount of studies have been carried out and most have 

suffered from one issue: its stability in humid environment. A number of doping agents 

and substitution elements have been used with some successes but in majority, the pure 

barium cerium oxide compound remains an unstable, uncontrolled material. 

Considering all the available dopant/sintering aid/stabiliser available, a couple of these 

possibilities were explored as shown in Chapter 4 and mixed results were obtained; 

nonetheless, the understanding and advances in knowledge is undeniable. 

  

 The overall aim of this project is thus to investigate appropriate materials for IT-

SOFCs meeting all fundamental requirements to achieve good cell performance and 

stability at a lower temperature than existing FC systems. 
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2. Experimental 
2.1. Syntheses 
 

In order to synthesise the desired material, many different procedures can be 

used including standard ceramic, wet chemical, sol-gel, combustion and/or co-

precipitation reaction methods. Only the employed methods are described below with 

full experimental details given for each studied components in their respective chapters. 

 

2.1.1. Solid state reaction 
 

The most common and simplest method of synthesis is the solid state reaction, 

often referred to as ‘shake and bake’ or ‘heat and beat’. It is a high temperature method 

(typically 500 º - 2000 ºC) that can be used with any non-volatile compounds to yield 

the desired product and follows the steps illustrated in Figure 2.1 below. 

 

 
Figure 2.1 Schematic of a solid-state reaction 

 

It is based on known stoichiometric amounts of each reactant, homogenisation of 

the mixture followed by firing at a defined temperature for a specific time. A 

homogeneous mix is essential and is usually achieved with a mortar and a pestle, 

however smaller particle sizes can be obtained with a ball miller. Homogeneity can 

indeed be improved by ball milling and pressing the mixture of powders into pellets can 
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maximise the number of crystallite faces in direct contact thus requiring less cycles of 

grinding/firing to obtain a single phase product. A large amount of crucible types are 

commonly used for the firing step including but not limited to porcelain, corundum, 

platinum, iridium and/or nickel crucibles. All have their own specificity and range of 

operability and can be employed opened or capped. 

 

2.1.2. Co-precipitation reaction 
 

The co-precipitation of solids is a basic synthetic method that relies on the 

precipitation character of solutes depending on the dissolution conditions. In a typical 

reaction, stoichiometric amounts of soluble salts are dissolved in a medium before being 

precipitated by addition of the required agent to induce the desired precipitation e.g. if 

nitrates are used as the soluble salts with water as the medium and hydroxides are 

wanted as the precipitate, the required agent would be diluted ammonia. The 

precipitates are usually stirred and aged for some time before being filtered, washed to 

prevent any unreacted starting materials being trapped in the suspension, dried and then 

calcined to yield a ceramic powder. Due to space distribution and physical state of the 

reactants during the synthesis, ceramic powders obtained from co-precipitation reactions 

have a much smaller average particle size than powders prepared by the conventional 

ceramic method. 

 

2.1.3. Sol-gel reaction 
 

Another useful method is the sol-gel reaction. It has the advantage of having no 

filtering and washing step as is the case in co-precipitation avoiding the possibility of 

changing the stoichiometry by washing off unreacted products. In detail (Figure 2.2), 

the sol-gel process involves the dissolution of a stoichiometric amount of the desired 

nitrates, oxalates and/or hydroxides into a medium (water in most of the cases) to obtain 

a solution (hence the ‘sol’ step); followed by a gentle heat treatment to evaporate the 

solvent and form a gel; and finally, another heating step at much higher temperature to 

form the desired ceramic powder (but still at lower temperature than for conventional 

ceramic synthesis).  
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Figure 2.2 Synthesis steps in the sol-gel method 

 

As is the case for co-precipitation, the fact that products are formed directly 

from previously dissolved reactants, the average particle size is much smaller with a sol-

gel reaction than it is from conventional high temperature solid state synthesis. 
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2.2. Characterisation 
 

In order to characterise the synthesised materials, Powder X-Ray Diffraction 

(PXRD) is used to determine the phase in relation with Rietveld analysis using GSAS 

for phase refinement correlations. Simultaneous Thermal Analysis (STA) and 

dilatometry are used to determine the thermal properties. Electron Microscopy (EM) is 

employed to examine the microstructure. Electrochemical Impedance Spectroscopy 

(EIS) and DC conductivity measurements allow electrical properties of the materials to 

be determined. 

 

2.2.1. Powder x-ray crystallography (PXRD) 
 

PXRD is a fast, non-destructive analytical tool enabling the characterisation of 

samples, essentially providing information on unit cell dimensions. X-rays were 

discovered in 1895 by Wilhelm Röntgen129, 130. An electrically heated filament, emitting 

electrons and accelerated by a high potential difference are colliding with a water-

cooled target metal (usually copper or molybdenum), as illustrated in Figure 2.3131. 

 
Figure 2.3 Schematic of the section of an X-ray generating tube 

 

A continuous spectrum of what is called ‘white’ X-radiation is then emitted and 

superimposed with sharp, intense, very closely spaced doublets of X-ray peaks (Kα and 

Kβ) as depicted in Figure 2.4131. These lines occur due to a two-stage process where 
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firstly an electron from the X-ray generator collides with and knocks out an electron 

from the innermost K shell (n=1) from an atom of the target metal and secondly, an 

electron from a higher shell decreases in energy and fills the vacancy created thereby 

emitting an X-ray photon. 

 
Figure 2.4 An X-ray emission spectra (Cu and Mo combined) 

 

Electrons descending from the L shell (n=2) produce the Kα lines and electrons 

from the M shell (n=3) give the Kβ lines. As in theory monochromatic radiation is 

required for XRD, Kβ lines are usually filtered out either by using a filter of an element 

adjacent (Z-1) to the target metal or by reflecting the generated beam of X-rays from a 

plane of a single crystal, conventionally graphite. Thus, nickel and niobium can 

effectively filter out the Kβ lines of copper and molybdenum respectively; and titanium 

and iron the Kβ lines of chromium and iron respectively when these latter are used as 

target metals. 

 

 In 1912, Max von Laue discovered that crystals were acting as diffraction 

gratings for X-ray radiation in accordance with the 3-D spacing arrangements of 

crystalline planes132. PXRD and more generally XRD is based on the constructive 

interference of the crystal being analysed with monochromatic X-rays and if Bragg’s 

Law is satisfied (Equation 2.1 below132), a diffracted ray can be detected. 

 

𝑛𝜆 = 2𝑑!!"𝑠𝑖𝑛𝜃!!"    Eq. 2.1 
Equation 2.1 Expression of Bragg’s Law 
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 The Bragg equation133 relates the spacing between the crystal planes, dhkl, to the 

particular Bragg angle, θhkl at which reflections from these planes are observed and is 

graphically explained in Figure 2.5. By demonstration, if ray A is scattered by the atom 

at X and the ray B at Y, constructive interference can only be obtained if the path 

lengths of the interfering beams only differ by an integral number of wavelengths. 

Therefore, if XG and XH are drawn at right angles to the waves, the path length 

difference between the two rays AD and BE is equal to the sum of GY and YH. But it 

can be seen that GY is equal to YH which is in turn equal to dsinθ, so the difference in 

path length must be equal to twice dsinθ. If this must then be equal to an integer of 

wavelength, n, in order to obtain constructive interference and if the wavelength of the 

X-rays is λ, the Bragg law is verified. 

 

 
Figure 2.5 Bragg reflection from a set of crystal planes with a spacing dhkl 

 
 Practically speaking, a crystal can be X-rayed in generally speaking two 

manners, either in transmission mode or in reflection mode. In transmission XRD 

experiments, the incident X-ray beam is not reflected but instead travels through the 

sample, where diffraction then takes place. Light atom materials, like purely 

pharmaceutical compounds should always be measured in transmission mode, as in 

standard reflection geometry, large specimen displacement would occur and the 

compounds would literally be transparent for X-rays.  

 

 In reflection mode, usually referred to as the Bragg-Brentano geometry (Figure 

2.6134), two different configurations can be used: the θ:θ or the 2θ:θ setup. These in fact 

only differ in data collection procedures. In a θ:θ goniometer, samples are maintained in 

a fixed horizontal position and both the X-ray tube and detector simultaneously move 
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over a θ angular range whereas in the 2θ:θ configuration, the X-ray tube is stationary 

while the sample holder and the detector simultaneously move by a θ and 2θ angle 

respectively. There is in essence no fundamental difference between the two 

configurations even if the former is usually preferred to the latter, essentially since at 

high theta values, small or loosely packed samples have a tendency to shear off the 

sample holder. Figure 2.6 below corresponds to the Bragg-Brentano reflection geometry 

in a θ:θ configuration with from left to right: the X-ray source, the automatic aperture 

slit, the sample mounted on a holder, the automatic anti-scatter and the receiving slit, 

respectively, and the detector. 

 

 
Figure 2.6 Bragg-Brentano geometry in θ:θ  configuration 

 

Once processed and quantified over a range of 2θ angles, all possible diffraction 

directions within the lattice should statistically be attained and conversion to d-spacing 

allows precise identification of the crystal analysed as each mineral has a unique set of 

diffraction lines. 

 

In the case of a high symmetry system (like the three cubic Bravais lattices), 

very few peaks occur in the PXRD pattern and as these are often well resolved and well 

separated, it is then relatively simple to accurately measure their position and intensity. 

Using absences due to lattice centring and systematic absences due to screw axes and 

glide planes, the obtained reflections can be indexed and the structure analysed solved. 

Less symmetrical structures produce much more complicated, overlapped reflections, 

and it therefore becomes impossible to quantify to any acceptable degree of accuracy 

the intensities of individual peaks. To resolve that issue from powder diffraction data, a 
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method known as Rietveld analysis was developed135. A series of different software 

then followed, based on the model devised by Rietveld. One of these programs, 

GSAS136 – General Structure Analysis Software – allows the processing and analysis of 

both single crystal and powder diffraction data obtained either with X-rays or neutrons 

in a more convenient, efficient and robust way than the original Rietveld program, 

which was mainly developed for the analysis of structural magnetic peaks obtained from 

neutron diffraction data. 

All programs however share the same concepts and methodologies and treat the 

diffraction data in the same manner by interpretating both the line intensities and line 

positions in order to analyse the overall line profiles, operation rendered necessary by 

the extensive overlap of reflections in – crystallographically speaking – low symmetry 

lattices. Starting from a trial structure, a powder diffraction profile is calculated and 

compared with the measured profile. The structure is then gradually modified by 

changing atomic positions and peak profiles and refined using a least-squares method 

until a best-fit match with the measured pattern is obtained. A series of statistical 

constants, R factors and a difference plot of the two patterns allow the validity of the 

structure to be assessed. Best results are obtained if the trial structure used as a starting 

point is estimated from a known structure; that is if the crystal for which the refinement 

is being carried out only differs from one element or two from the structure used as 

model. This is particularly important for novel materials that do not simply involve 

variations of dopant concentrations on particular sites as would be the case in an 

ABO3/AA’BO3 known/unknown couple. 

 

Another application that can provide useful information from PXRD is the use 

of the Scherrer equation to calculate the particle size of the analysed materials 

(considering that these are of a nano-scale level) and is given by the following 

expression137 (Equation 2.2), where τ is the size of the crystallite; K, the shape factor 

(usually 0.9); λ, the wavelength of the X-ray; Bobserved and Bresolution, the full width at half 

maximum in radians and θ, the Bragg angle. 

 

𝜏 = !"

!!"#$%&$'
! !!!"#$%&'($)

! !"#!
   Eq. 2.2 

Equation 2.2 Expression of the Scherrer equation 
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 Calculations are usually carried out on multiples of the strongest reflections in 

order to obtain the most accurate values. Highly crystalline compounds/powders 

produce more reliable results due to a better profile and signal to noise ratio from 

PXRD.  

 

2.2.2. Simultaneous Thermal Analysis (STA) 
 

STA is a combination of both Differential Scanning Calorimetry (DSC) and 

Thermo Gravimetric Analysis (TGA) in one unique instrument allowing heat and mass 

differences to be monitored at the same time during a thermal cycle. Two sample 

crucibles (varying in materials depending on the sample to be analysed) are heated 

and/or cooled at a given rate in a controlled environment (air or oxygen for oxidising 

atmosphere; nitrogen or argon for inert conditions and hydrogen or mixtures of 

hydrogen/argon/nitrogen for reducing environment). The so-called reference sample 

consists of a standard of known thermal behaviour (an empty crucible of pure platinum 

or platinum-rhodium-10 alloy during calibration) while the sample to be analysed is 

contained in the second crucible. Any difference in the thermal response of the two 

samples results in a temperature difference delta, between the two crucibles. These may 

be caused by dissimilarity in specific heat, occurrence of an endo- or exothermic 

reaction and/or a phase change. Simultaneously, the micro-balance system incorporated 

measures any change in mass of the specimen as a function of temperature thus 

displaying both weight-loss and differential calorimetric curves.  

 

The obtained traces can then be studied to determine temperature related 

characteristics of materials, i.e. water-related losses or gains, volatile organics or ash 

content and/or decomposition or melting temperature with an example shown in Figure 

2.7. This example shows the weight loss occurring during conversion of nickel oxide to 

nickel metal under reducing conditions with a weight loss of around 23 % between 100 

ºC - 500 ºC corresponding to the molecular loss of an oxygen atom. While in this 

particular plot, the DSC only shows broad endothermic peaks (one below 300 ºC and 

one above 300 ºC) and therefore mainly serves as a confirmation that the weight loss 

observed is real and not due to any balance vibrational inaccuracy, it has an extremely 

important role in identifying melting temperatures or the presence of a melting phase in 
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the analysed samples, when present, as described in Figure 2.8 (analysis performed 

from RT to 600 ºC at 5 ºC min-1 with a sampling rate of 1 per sec).  

 
Figure 2.7 TG/DSC curves for nickel oxide in 5% H2-Ar 

 

In this latter, a pure sample of zinc is used as standard and the DSC trace 

recorded, showing the physical transition from a solid phase to a liquid phase with a 

peak at 424.8 ºC and a crystallisation on cooling at 413.1 ºC, which is in accord with a 

melting point of 419.5 ºC in the literature at ± 1% error. Additionally, the TG trace 

shows no sign of weight loss. Since experimental error was shown to be rather small 

under the conditions of this melting/crystallisation standard, these settings were used as 

default for all experiments throughout this thesis. 

 
Figure 2.8 TG/DSC curves of pure zinc in flowing air 
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2.2.3. Dilatometry 
 

Dilatometry is a thermoanalytical technique used to measure the expansion or 

shrinkage of solids, powders, pastes and liquids subjected to a negligible load while 

being treated in a controlled temperature/time program. Fully understanding thermal 

behaviours can provide insight into diverse property-affecting processes such as the 

influence of additives and raw materials, densification, sintering, reaction kinetics 

and/or phase transitions, etc.  

 

Dilatometry can be applied to solid samples but also to powders, pastes and even 

liquids by the intermediate of appropriate attachments. It can also be used to carry out 

rate-controlled sintering studies in fields such as advanced ceramics and/or powder 

metallurgy. 

 

Pushrod dilatometry allows the determination of dimensional changes versus 

temperature or time in a special ceramic holder within a sliding furnace undergoing a 

controlled temperature program. When performing an analysis, a pushrod is positioned 

directly in contact with the sample and transmits the length change to a Linear Variable 

Displacement Transducer (LVDT). As length variations occur during heat treatment, the 

LVDT core is displaced and an according output signal proportional to the displacement 

is recorded. The temperature program is controlled via the use of a thermocouple 

located either near the furnace’s heating element or the sample even though the latter is 

more accurate as uniform temperature distribution may not be guaranteed depending on 

the instrumental design. As the sample holder and the front part of the pushrod are 

exposed to the same temperature program as the sample, expansion is also occurring. It 

is therefore necessary to correct the raw dilatometer data in order to obtain a true set of 

sample behaviour data. This latter can be achieved either by the application of tabulated 

expansion data or by using a previously recorded correction curve in order to eliminate 

systematic error. 

 

Once the dilatometric measurement has been carried out, the thermal coefficient 

of expansion can be extracted using Equation 1.5 and compared to available existing 

values. 
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2.2.4. Electron Microscopy (EM) 
 

Similar in principle to an optical microscope, EM uses an electron beam as a 

radiation source instead of visible light as is the case in conventional microscopes in 

order to visualise objects at a much higher resolution and depth. This difference is 

fundamental per se as it constitutes the only limitation of light microscopes to their 

electron equivalents and can be explained using Abbe’s Law (Equation 2.3) with d, the 

resolution; λ, the wavelength of the radiation used; n, the index of refraction of the 

medium through which the radiation travels and α, the aperture angle. 

 

𝑑 = !.!"#!
! !"#!

     Eq. 2.3 

Equation 2.3 Expression of Abbe’s Law 

Abbe’s equation states that the microscope’s resolution is roughly equal to the 

half of the wavelength used. Thus, by using blue-green light at 400 nm, objects apart 

more than 200 nm would be fully resolved and distinct while objects closer together 

than 200 nm would result in the fusing of image details.  

 

Electrons, on the other hand have a much smaller wavelength in accord with de 

Broglie’s equation (Equation 2.4) with λ, de Broglie’s wavelength; h, Planck’s constant 

(6.62 x 10-34 kg m2 s-1); p, the electron’s relativistic momentum; me, the electron’s mass 

(9.11 x 10-31 kg); e, the elementary charge (1.60 x 10-19 coul) and U, the electric 

potential to which electrons are accelerated. 

𝜆 =
ℎ
𝑝 

        𝑤𝑖𝑡ℎ  𝑝 = 𝑚!
!!"
!!
     Eq.2.4 

𝜆 =
ℎ

2𝑚!𝑒𝑈
 

Equation 2.4 Expression of de Broglie’s equation 

It results that at an accelerating voltage of 20 kV, the wavelength of the electron 

emitted is 8.6 x 10-12 m (8.6 pm or 0.086 Å) allowing high resolution imaging to be 

carried out. 
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There are two types of EM of similar importance commonly used, the Scanning 

Electron Microscope (SEM) and the Transmission Electron Microscope (TEM). SEM 

allows surface detection of defects and/or cracks whereas TEM is used to look through 

the analysed sample, essentially providing first hand in-depth morphological 

information, also involving more stringent sample preparation procedures than SEM. 

 

2.2.4.1. Scanning Electron Microscope (SEM) 
 

Generally speaking, the configuration of an SEM could be described as a 

particular type of electron gun aimed at the sample to be analysed, whose produced 

beam passes through multiple electron lenses and a scanning system before signal 

current collection and amplification; all occurring in a very high vacuum environment. 

SEM analysis is thus performed by collision of a beam of accelerated electrons with 

atoms that make up the sample (Figure 2.9) and detection of the resulting emitted 

radiation. 

 
Figure 2.9 Schematic of the beams path through the SEM column 

 

Generated by a filament, usually a loop of tungsten which functions as the 

cathode within the tungsten hairpin gun, the electron beam is accelerated by the 
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attractive forces of the anode. A proportion of these pass right by the anode and 

continue down the column into the magnetic lens. Having both a radial and a 

longitudinal component, only electrons travelling down the axis will not be affected by 

the magnetic field as in that case, the radial forces from all sides of the lens will be 

equal. Off-axis electrons however, will spiral about the optic axis due to unequal forces. 

Energised by varying the voltage produced by the scan generator, the scan coils create a 

magnetic field which allows the beam to be deflected back and forth in a controlled 

manner. The electron beam then hits the sample, producing a number of radiations 

(Figure 2.10 – electron based in red and photon based in blue). Electrons emitted are 

collected by a secondary or backscatter detector, converted and amplified in order to be 

viewed on a monitor. 

 
Figure 2.10 Schematic of electron/specimen interactions in SEM 

 

Each interaction produced provides its own set of information. The 

cathodoluminescence and the specimen current provide electrical information, 

backscattered and secondary electrons provide topographical information and X-rays 

and auger electrons provide compositional information through thickness and surface 

sensitivity respectively. 

On a practical point of view, the number of lenses used depends solely on the 

magnification required. Specimens to be tested have to be stable and electrically 

conductive (either naturally if of metallic nature or experimentally by applying a gold 

coating so as to prevent charging up the sample during analysis) and adjustments to the 

electron gun alignment as well as vibration of less than one hertz are vital to ensure 

image clarity, beam stability and maximum intensity. 
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2.2.5. Infrared spectroscopy 
 

Infrared spectroscopy (IR) is one of the most useful and powerful analytical 

techniques to identify organic and inorganic chemicals. It can be applied to solids, 

liquids and gases by the use of different attachments. Solids are analysed either in 

powder form (in Attenuated Total Reflectance mode, ATR) or in pellet form, embedded 

in a KBr matrix (in Fourier transform Infrared, FT-IR). Liquids on the other hand are 

either simply deposited on the crystal in ATR mode or squeezed between two crystals in 

FT-IR. Gases on the other hand are enclosed within a chamber. 

In FT-IR, a beam composed of a range of light frequencies is passed through a 

sample and the absorption of infrared radiation by the sample is measured. Due to IR 

radiation, the molecules forming the material are excited into a higher vibrational state 

and the absorbed radiation wavelength is characteristic of the analysed chemical bond 

i.e. atom species, bonding types and vibration mode (stretch, scissor, wag, twist and 

rock). The chemical bonds in a molecule can thus be clearly identified by interpreting 

the infrared absorption spectrum.138 In ATR, the principle is similar to FT-IR however 

the beam of radiation is not put through the sample but reflects at its surface, which is in 

contact with the ATR crystal. 

To identify an unknown material or to ascertain the presence or absence of an 

impurity, the obtained absorption spectrum is compared with standard spectra stored in 

databases or with a spectrum of a known compound in a spectral library. Absorption 

bands in the range of 4000–1500 cm-1 are normally due to functional groups (e.g., -OH, 

C=O, N-H, CHx, etc.). The 1500–400 cm-1 range is called the fingerprint region. 

Absorption bands in this latter region are generally due to intra-molecular phenomena 

and are highly specific to a particular material. The configuration and arrangement of 

aromatic rings (e.g. para-, meta-, ortho-) for example can be defined and/or verified just 

by looking at the fingerprint region and compared with databases. The spectra of 

inorganic compounds though are usually much simpler to interpret.  

 

2.2.6. Ultra-Violet Visible absorption spectroscopy (UV-Vis) 
 

UV-Vis spectroscopy exploits the area of the electromagnetic spectrum situated 

at a lower wavelength from the visible area compared to IR situated at the other end. 
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Absorption spectroscopy depends solely on the capacity of molecules to absorb 

ultraviolet or visible light and is defined in Beer’s Law as being proportional to the path 

length and the concentration of the absorbing species i.e. absorbance is increasing as the 

attenuation of the beam is increasing. 

 

Fundamentally, absorption of UV-Vis radiation corresponds to the excitation of 

outer electrons, of which three types of electronic transition can be considered. Firstly, 

transitions involving π, σ and n electrons, secondly, transitions involving charge-

transfer electrons and thirdly, transitions involving d and f electrons. Different 

molecules will absorb radiation of different wavelengths but – as in IR – an absorption 

spectrum will show bands corresponding to structural groups within the molecule. 

 

The information contained in the spectra can then be used in many ways; one 

particular – which is often employed in solid-state chemistry – is the Tauc plot139. A 

Tauc plot is used to determine optical band gap in amorphous thin films and is a 

function of quantity of light energy versus light energy. 

 

A modified Tauc plot can be used to determine band gap energies in dissolved 

medium and is graphically represented in Figure 2.11 where the band gap energy can be 

read on the abscissa (plotting details and equations given in section 3.1.3.1). 

 

 
Figure 2.11 Modified Tauc plot of CeVO4 
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2.2.7. Electrochemical Impedance Spectroscopy (EIS) 
 

 Within the family of electrochemical methods available, distinction is made 

between time domain (such as cyclic voltammetry) and frequency domain methods (like 

Electrochemical Impedance Spectroscopy – EIS). While the former is commonly used 

and well established in various fields, the latter is the most used in SOFC studies. EIS 

has the advantage of measuring a system in thermodynamic equilibrium over a very 

large frequency range (µHz to GHz nowadays) with very few minor limitations (the 

equipment constitutes an onerous investment; very low frequencies are more difficult to 

measure; and, while the measurement is relatively easy, the analysis requires a certain 

level of experience).  

 

 From a mathematical point of view the impedance (resistance in a circuit) is 

derived from Ohm’s Law and represented – when supplied through Alternating Current 

(AC), hence AC-IS – by Equation 2.5 with its inverse being the admittance 

(conductivity in a circuit) by Equation 2.6140. 

 

  𝑍 𝜔 = ! !
! !

= !!!!"#

!!!! !"!!
= !!

!!
cos𝜑 − 𝑗 sin𝜑    

       Eq. 2.5 

   𝑤𝑖𝑡ℎ  𝑗 = −1  𝑎𝑛𝑑  𝜔 = 2𝜋𝑓 

Equation 2.5 Impedance in a system under an AC-perturbation of V0ejωt 

 

𝑌 𝜔 = !
! !

      Eq. 2.6 

Equation 2.6 Admittance in a system under AC-perturbation 

 Graphically, the impedance is represented as a Nyquist complex plane plot 

where both real and imaginary components are displayed according to Equations 2.7 

and 2.8 respectively and as represented in Figure 2.12. 

 

𝑍!"#$ = 𝑍! = 𝑍 cos𝜑    Eq. 2.7 

Equation 2.7 Expression of the real component in a Nyquist impedance plot  

𝑍!"#$!%#&' = 𝑍!! = −𝑗 𝑍 sin𝜑    Eq. 2.8 

Equation 2.8 Expression of the imaginary component in a Nyquist impedance plot 
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 In some cases, impedance results are better represented in form of a Bode plot 

which shows both the absolute resistance and the angular phase as a function of 

frequency. Bode graphs are often used to gain more accurate information about 

phenomena encountered when overlapping processes are occurring and is illustrated in 

Figure 2.12 (B). 

 
Figure 2.12 Impedance with a 1kΩ  resistor in (A) Nyquist plot and in (B) Bode 

plot 
 

 The simplest elements measurable from AC-IS are: 

 

- the overall resistance Zt  = R, representing the electronic and ionic conductivity and the 

charge transfer resistance 

 

- the capacitance Zc (ω) = (jωC)-1, which can correspond to the redox, dielectric or 

adsorption capacitance and can be differentiated from its value (Table 2.1)141 

 

- the inductance I, an electromagnetic force induced by a change in electronic current 

which opposes that particular change and caused by instrumental issues, broken leads 

and short circuits 

 

- the Warburg impedance, Zw which is a kind of resistance to mass transfer and is 

caused by diffusion to and from the electrode, extending to infinity. Experimentally, it 

is observed as a line at 45º at high frequencies and is characteristic of dominant ionic 
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conduction. Finite length diffusion can also occur and appears as a high frequency 

semicircle 

 

Not all impedance plots show an ideal behaviour however, and complex 

responses, difficult to analyse are often obtained. This can be often be rationalised by 

non 45º Warburg’s or depressed capacitance and is due to fractal behaviour, that is, the 

closer it is looked at the less linear it appears.  

 

Non-ideal capacitances are therefore corrected by a Constant Phase Element 

(CPE) of the form ZCPE (ω) = Q˚(jω)-n where Q˚ has the value of admittance YCPE at ω 

equals 1 rad.s-1. 
 

Capacitance value (F) Source or related phenomenon 

10-12 Geometric / Bulk 

10-11 Minor secondary phase 

10-11-10-8 Grain boundaries 

10-10-10-9 Bulk ferroelectric 

10-8-10-7 Double layer / space charge 

10-8-10-5 Surface charge / “adsorbed species” 

10-7-10-5 Sample electrode interface 

10-4 Electrochemical reaction 

1-100 ‘Closed’ pores (chemical capacitance) 

~ 1000 ‘Stoichiometry’ changes 

 
Table 2.1 Classification of capacitance value and associated phenomenon 

 

 In order then to analyse virtually any impedance spectra, a model is simulated 

using electrical circuits. The model contains plausible processes occurring within the 

analysed systems and makes uses of ideal physical elements; namely, inductance (L), 

resistance (R), capacitance (C), Warburg (W), CPEs (Q). One simple example is the 

inductance pattern presented in Figure 2.13 in both Nyquist and Bode representation. 

This behaviour is observed when short circuits occur or if a sample exhibits pure 

metallic conduction; thereby giving an impedance response similar to the one obtained 
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by measuring the impedance of a straight wire of conductive nature such as gold, silver 

and/or platinum. The corresponding equivalent circuit (EC) is given in Figure 2.14. 

 
Figure 2.13 Schematic of inductance in (A) Nyquist plot and in (B) Bode plot 

 

     
 

Figure 2.14 Equivalent circuit corresponding to inductance observed 
 

2.2.7.1. Equivalent circuit model 
 

In the same manner as modelling is applied to XRD analysis, fitting the 

impedance data obtained with a simulated set is possible using an EC model. Models 

are built according to phenomena that are thought to be happening within the studied 

systems in order to offer a reasonable explanation as to why the measured patterns are 

observed. Hence, phenomena happening at the same time are represented in parallel 

while those occurring one after another are drawn in series. Difficulties are to be 

expected when overlapping processes are occurring as a multitude of different circuits 

can then give identical spectra. This latter point is however not restricted to cases of 

overlapping impedance semicircles, but may also happen due to physical limitation of 

the measurement where an inductance-like spectrum is obtained due to the system being 

more conductive than the medium used in the instrument for conduction, thus producing 

a response which corresponds to an instrumental short-circuit phenomenon often 

occurring at very high frequencies, >5 x 105 Hz. The closer a simulated system is from 

R1 L1

Element Freedom Value Error Error %
R1 Fixed(X) 0.0192 N/A N/A
L1 Fixed(X) 6E-07 N/A N/A

Data File:
Circuit Model File:
Mode: Run Simulation / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus
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the phenomena occurring in the measured system the better the fit. Conventional writing 

does apply in the form of a circuit description code, thus allowing ECs to be suitable for 

computer processing with parallel operations bounded by square brackets “[ ]” while 

distinctive series operations are bounded by standard brackets “( )”.  

 

Most frequently used elements are listed in Table 2.2 along with their correlated 

impedances. Two different types of CPE and Warburg impedances are given as these 

describe different phenomena. Ws and Wo only differ by the manner their graphical 

complex plane representation ends, hence the difference between the hyperbolic tangent 

and cotangent in their mathematical impedance expression with P and T, diffusion 

parameters fixed to 0.5 and 
!!

!
, respectively, in case of a Finite Length Warburg (FLW) 

with L, the effective diffusion thickness and D, the effective diffusion coefficient of the 

particle.  

 

Element Code Impedance 

Capacitor C 
1
𝑗𝜔𝐶 

CPE #1 
Q 

1
𝑇 𝑗𝜔 ! 

CPE #2 (QPE) 
1

𝑗𝜔𝑄 ! 

Inductor L 𝑗𝜔𝐿 

Resistor R 𝑅 

Warburg (short circuit 

terminus) 
Ws 

𝑅
𝑗𝑇𝜔 ! tanh 𝑗𝑇𝜔 !  

Warburg (open circuit 

terminus) 
Wo 

𝑅
𝑗𝑇𝜔 ! ctnh 𝑗𝑇𝜔 !  

 
Table 2.2 Common equivalent circuit elements and corresponding impedance 

 

In a more general manner, Zw can also be expressed using the Warburg constant, 

Σ  with D, Cb and O and R representing the diffusion coefficient, the bulk concentration 

and the oxidised and reduced forms respectively, as described in Equation 2.9 or, if 
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limited to high frequencies by removing the hyperbolic tangent and cotangent 

contributions with Z0, a closely related expression of Σ as described in Equation 2.10. 

 
 𝑍! =

!
!
− 𝑗 !

!
= ! !!!

!
 

Eq. 2.9 
 

 𝑤𝑖𝑡ℎ  𝛴 = !"
!!!!! !

!
!!!!

! +
!
!!!!

!  

 
Equation 2.9 Warburg impedance expression for calculation of diffusion 

 
𝒁𝒘 =

𝒁𝟎
𝒋𝝎

      Eq. 2.10 

Equation 2.10 Simplified Warburg expression of impedance at high frequencies 
Concerning CPEs, CPE #1 and #2 are simply written in different format (CPE 

#2 adopts Dr. B. A. Boukamp EQUIVCRT program nomenclature) so that parameters n 

and P are identical and parameters Q and T may be translated using a power n. The 

main difference therefore resides in the values of the two parameters during simulation 

rather than due to fundamentals. If n and/or P are equal to -1, 0, 0.5 and 1, respectively, 

it is common practice to consider these particular CPEs as respectively an insulator, a 

resistor, a Warburg and a capacitor as their equations coincide. However, if n is very 

close to 1, the CPE has a capacitor-like behaviour but the phase angle is not 90˚. This 

latter is in fact constant and somewhat lower than 90˚ over the entire range of 

frequencies and should be considered as being a depressed capacitor-like semicircle. 

 

Some common ECs with their impedance in complex plane are presented in 

Figure 2.15 and 2.16 and show respectively, R(C), RC and C(RC) systems in Figure 

2.15 (A), (B) and (C) and (LR)(RC)(RC), Ws(RC) and Wo(RC) in Figure 2.16 (A), (B) 

and (C) respectively. Values given in the ECs fitting lists are in ohms (Ω) for resistors 

(includes Warburg parameter R), in Farads (F) for capacitors (includes Warburg 

parameter T) and in Henries (H) for inductors; also note, Warburg’s parameter P is 

dimensionless as simply being an integer number. 
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Figure 2.15 Common ECs with representation in the complex plane 

R1 C1

Element Freedom Value Error Error %
R1 Fixed(X) 5000 N/A N/A
C1 Fixed(X) 1E-05 N/A N/A

Data File:
Circuit Model File:
Mode: Run Simulation / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus

R1

C1

Element Freedom Value Error Error %
R1 Fixed(X) 5000 N/A N/A
C1 Fixed(X) 1E-07 N/A N/A

Data File: FitResult
Circuit Model File:
Mode: Run Simulation / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus

R1

C1

C2

Element Freedom Value Error Error %
R1 Fixed(X) 10000 N/A N/A
C1 Fixed(X) 1E-09 N/A N/A
C2 Fixed(X) 0.0001 N/A N/A

Data File: FitResult
Circuit Model File:
Mode: Run Simulation / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus
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Figure 2.16 Complex plane representation with ECs of real systems 

R1

C1

W1

Element Freedom Value Error Error %
R1 Fixed(X) 5000 N/A N/A
C1 Fixed(X) 1E-09 N/A N/A
W1-R Fixed(X) 50000 N/A N/A
W1-T Fixed(X) 0.1 N/A N/A
W1-P Fixed(X) 0.5 N/A N/A

Data File: FitResult
Circuit Model File:
Mode: Run Simulation / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus

R1

C1

W1

Element Freedom Value Error Error %
R1 Fixed(X) 5000 N/A N/A
C1 Fixed(X) 3E-09 N/A N/A
W1-R Fixed(X) 50000 N/A N/A
W1-T Fixed(X) 0.1 N/A N/A
W1-P Fixed(X) 0.5 N/A N/A

Data File: FitResult
Circuit Model File:
Mode: Run Simulation / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus

R1

L1

R2

C1

R3

C2

Element Freedom Value Error Error %
R1 Fixed(X) 1807 N/A N/A
L1 Fixed(X) 0.000475 N/A N/A
R2 Fixed(X) 995 N/A N/A
C1 Fixed(X) 1E-07 N/A N/A
R3 Fixed(X) 6815 N/A N/A
C2 Fixed(X) 4.72E-06 N/A N/A

Data File:
Circuit Model File:
Mode: Run Simulation / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus

R1

L1

R2

C1

R3

C2

Element Freedom Value Error Error %
R1 Fixed(X) 1807 N/A N/A
L1 Fixed(X) 0.000475 N/A N/A
R2 Fixed(X) 995 N/A N/A
C1 Fixed(X) 1E-07 N/A N/A
R3 Fixed(X) 6815 N/A N/A
C2 Fixed(X) 4.72E-06 N/A N/A

Data File:
Circuit Model File:
Mode: Run Simulation / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus
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2.2.7.2. Application of impedance spectra to fuel cells 
 

When applied to individual components of a fuel cell, information obtained from 

direct current method measurement (DC) is often inaccurate unless the component has a 

high conductivity (> 1 S.cm-1) and is almost never appropriate in case of dominant ionic 

conduction (like an electrolyte since this would result in a total conductivity lesser than 

1 S.cm-1). Moreover, if geometric and grain boundary responses are to be differentiated 

from the main electrode response, AC-IS is necessary. In that case, three points of 

resistance have to be considered namely, the bulk, the grain boundary (for ceramic-

based materials only, i.e. PEMFCs do not exhibit this feature) and the electrode as 

described in Figure 2.16 (resistance values are given in Ω, capacitances in F, QPE (Q-

based CPE) Q parameter in Fn and QPE n parameter is dimensionless). In an ideal 

circuit of a single material bounded by two identical electrodes (Figure 2.17), all 

resistances will be observed with no overlap; however, in ‘real’ circuits, RC overlap of 

different processes will occur with some not being observed due to equipment 

limitations (mainly because of too high frequencies or inductance).  

 

The total conductivity of a system is defined by the combination of the bulk and 

the grain boundary resistances (300 Ω for the system shown in Figure 2.17). 

 

 
Figure 2.17 Impedance response of an ideal three resistances circuit in the complex 

plane 

R1

C1

R2

QPE1

R3

QPE2

Element Freedom Value Error Error %
R1 Fixed(X) 50 N/A N/A
C1 Fixed(X) 1E-12 N/A N/A
R2 Fixed(X) 250 N/A N/A
QPE1-Q Fixed(X) 1E-11 N/A N/A
QPE1-n Fixed(X) 0.7 N/A N/A
R3 Fixed(X) 500 N/A N/A
QPE2-Q Fixed(X) 1E-06 N/A N/A
QPE2-n Fixed(X) 0.8 N/A N/A

Data File:
Circuit Model File:
Mode: Run Simulation / Freq. Range (0.001 - 10000000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus

R1

C1

R2

QPE1

R3

QPE2

Element Freedom Value Error Error %
R1 Fixed(X) 50 N/A N/A
C1 Fixed(X) 1E-12 N/A N/A
R2 Fixed(X) 250 N/A N/A
QPE1-Q Fixed(X) 1E-11 N/A N/A
QPE1-n Fixed(X) 0.7 N/A N/A
R3 Fixed(X) 500 N/A N/A
QPE2-Q Fixed(X) 1E-06 N/A N/A
QPE2-n Fixed(X) 0.8 N/A N/A

Data File:
Circuit Model File:
Mode: Run Simulation / Freq. Range (0.001 - 10000000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus
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In SOFCs, the three main resistances observed are the anode, the electrolyte and 

the cathode in a manner described by the EC in Figure 2.18. Anodic and cathodic 

resistances (labelled Rct as ‘resistances to charge transfer’) normally overlap each other 

unless their time constants (commonly denoted τ as being the transport process 

occurring when placing a resistor and a capacitor in parallel) differ significantly; 

however, individual anodic/cathodic behaviour may be elucidated by using a 

symmetrical FC. Electrodic resistance is also likely to be much higher than that of the 

electrolyte due to ORH and ORR kinetics. 

 

 
Figure 2.18 General EC for FCs 

 

In PEMFCs, the impedance spectra is dominated by cathodic features due to fast 

ORH at the anode and high, medium and low frequency phenomena can be observed: 

 

v At high frequency, internal ohmic resistance and contact capacitance in case of 

a granular electrode structure or limited proton transfer in the electrolyte 

 

v At medium frequency, cathodic loss caused by interfacial kinetics of ORR 

 

v At low frequency, mass transport resistance expressed by open- or closed-

circuit termini (Wo or Ws) 

 
In practical terms, AC-IS can be measured in three different ways with their own 

level of accuracy and are schematically displayed in Figure 2.19. From left to right; the 

two-electrode measurement, where the influence of cabling is non-negligible (around 6 

Ω for 100 kHz and 10 µH); the pseudo 4-point measurement, where inductance is 

eliminated but an additional capacitance of coaxial cables still exists (twisted cables in 

the cell reduces the inductance further) and the true 4-point measurement, essential for 

accurately probing voltages of mixed conductors even though spurious capacitances are 

still possible142. 

Rct (C)

Cdl (C)

Rel Rct (A)

Cdl (A)

Element Freedom Value Error Error %
Rct (C) Fixed(X) 0 N/A N/A
Cdl (C) Fixed(X) 0 N/A N/A
Rel Fixed(X) 0 N/A N/A
Rct (A) Fixed(X) 0 N/A N/A
Cdl (A) Fixed(X) 0 N/A N/A

Data File:
Circuit Model File:
Mode: Run Simulation / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus
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Figure 2.19 Cell connections in AC-IS measurement 

 

EIS is then undoubtedly a very powerful tool; providing more visual information 

than time domain methods; with analytical expressions almost always available and the 

ability to analyse very complex systems143. With the same configuration, the 

conductivity can be measured by dc methods, i.e., by applying a constant current 

through the cell then measuring the voltage drop between the two electrodes, the 

resistance can be calculated from Ohm’s Law and the conductivity via the surface-

resistance relation; namely conductivity (σ) is equal to the quotient of the sample 

thickness (L in mm) by the product of the sample surface area (A in cm2) and its 

resistance (R in Ω) as descripted in Equation 2.11 and with it's inverse being the 

resistivity (ρ in Ω cm). 

 

   𝜎 = !
!∙!

 
Eq. 2.11 

    𝜌 = !
!

 
 

Equation 2.11 Expression of conductivity and resistivity used in dc measurements 

 

I- 

I+ 

V- 

V+ 

I-, V- 

I+, V+ 

I- 

I+ V+ 

V- 
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3. Potential of CeVOx as SOFC electrodes 
 

First studied in the 1950s as part of investigations to determine precise crystal 

structures144, atomic arrangements in chemical series and ionic radius of crystals 

comprising heavy metals145, Rare-Earth Vanadates (REVO4) have been intensively 

studied in the last two decades, in particular lanthanoid orthovanadates (LnVO4) and 

metavanadates (LnVO3) due to the interesting physical properties exhibited by those 

compounds (luminescence, Jahn-Teller phase transitions, etc). 

 

3.1. Cerium orthovanadates 

3.1.1. Background 
 

 Among the REVO4 exhibiting an ABO4 structure, two main crystal structures 

are observed: tetragonal zircon146 and monoclinic monazite147. More generally, larger 

lanthanoid ions prefer the monazite type while smaller lanthanoids crystallise in the 

zircon type148; thereby, monazite is the most common REE bearing mineral. 

Interestingly, cerium (III) orthovanadate (CeVO4), which according to phase diagrams 

is located at the boundary of Zircon (Z) – shown in Figure 3.1 – and Monazite (M) – 

shown in Figure 3.2 – types, exhibit three polymorphic forms with the pseudo-

octahedral looking-like structure of tetragonal Scheelite (S) – shown in Figure 3.3 – in 

addition to the (Z) and (M) type forms.  

 
Figure 3.1 Structural representation of (Ce,Sr)VO4 (Z) 
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 Structurally speaking, CeVO4-(Z) is composed of tetragonal bisphenohedra of 

VO4, edge-linked to CeO8 triangular dodecahedra along the c-crystal axis, and VO4 

tetrahedra corner-linked with CeO8 dodecahedra along the a- and b-crystal axes. 

Additionally, channels along the c-crystal axis, octagonal in shape, allow the insertion 

of lithium ions and the use of cerium vanadates in catalytic processes for example149-151. 

 

 
Figure 3.2 Structural representation of CePO4 (M) 

 

 In the first studies of heavy metal orthovanadates (HMVO4), researchers started 

to focus on crystal structures and group theory, looking for answers to explain the 

specific characteristics obtained when heavy metals and less generally RE elements of 

the f-block (lanthanoids and actinoids) were mixed with orthovanadates. Based on a 

synthetic protocol previously established152, Milligan and Vernon144 reported structural 

studies on a group of fifteen HMVO4 among which thirteen were lanthanoids. They 

demonstrated using X-ray diffraction lines obtained, that the crystals had crystallised in 

the body-centred tetragonal system, space group I41/amd.  

 
Figure 3.3 Structural representation of CaWO4 (S) 
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 The first study on the electrical and thermal behaviour of CeVO4 as well as 

infrared studies was reported by Rao and Palanna153 in 1995, more than twenty years 

after the IR study of the isostructural LaVO4
154

. Whereas CeVO4 in itself is an insulator 

whether in pure or stoichiometric composition, a p-type semiconductive behaviour 

between RT and 800 ºC was observed. An explanation given to account for the p-type 

conduction in the lattice was that among the Ce3+ ions, coexisted a few number of Ce4+ 

ions and that therefore the conduction was occurring via thermally activated motions of 

ions on equivalent sites.  

 

 In 1999, two linked studies were published on the electrochemical character of 

CeVO4, the first by Krašovec et al.155 focussed on the cerium/vanadium oxide interface 

ion-storage films and the second by Picardi et al.156 looked at optically passive CeVO4 

counter-electrodes. Electrochemically, it was found that CeVO4 films behave in the 

same manner as crystalline V2O5 films. Electrochemical measurements could not 

establish any contribution of redox processes involving cerium ions, agreeing with a 

structure of CeVO4 containing only Ce3+ and V5+ ions. 

 

 Catalytic properties of CeVO4 were also investigated by Coronado et al.157 and 

by Mahapatra et al.150, 158. It was found that vanadia surfaces were highly dispersed on 

ceria in VOx/CeO2 catalytic systems and that the product distribution of these latter 

tends to become similar with CeVO4 structural features as the vanadia load was 

increased. This behaviour was believed to arise from the existence of a V5+–O–Ce3+ 

bond in both CeVO4 and ceria-supported vanadia. The presence of this particular bond 

was observed at temperatures as low as 300 ºC while the catalytic range of operation for 

the oxidation of ethane in that study was from 450 ºC to 610 ºC. Moreover, unlike other 

supported vanadia catalysts, it was found that the redox cycle occurring during ethane 

oxidative dehydrogenation reaction appeared to be due, in ceria-supported vanadia, to 

the presence of cerium sites near vanadium sites; further indicating that vanadium may 

be regulating cerium oxygen site lability. This would be of great significance by 

allowing the formation and the growth of CeVO4 directly from V/CeO2 catalytic 

systems at temperatures lower than those achieved up-to-date in air. 

 In the last decade, doped REVO4 have also being studied, particularly lanthanide 

and cerium orthovanadates doped with other RE159 or with elements like calcium151, 160-

164, iron151, 165, 166, bismuth163, 164 or strontium160-162, 164 notably. 
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3.1.2. Experimental 

3.1.2.1.  Materials and properties 
 

Cerium dioxide (CeO2 Alfa-Aesar, 99.9% REO), vanadium pentoxide (V2O5 

Aldrich, 99.6+% metals basis), calcium carbonate (CaCO3 Alfa-Aesar, ACS 99.0% 

min) and strontium carbonate (SrCO3 Aldrich, 99.95% metal basis) were used as 

received. 

 

 Pure, non-doped cerium orthovanadates were synthesised by a solid-state method 

using CeO2 and V2O5 as cerium and vanadium sources. Stoichiometric amounts of the 

respective oxides were fired at 800 ºC at a heating rate of 5 ºC min-1 for a dwelling time 

of 50 hrs. Ce1-xSrxVO4 compounds were synthesised by a solid-state method using 

CeO2, V2O5 and SrCO3 as cerium, vanadium and strontium sources and Ce1-xCaxVO4 

compounds were synthesised using CeO2, V2O5 and CaCO3 as cerium, vanadium and 

calcium sources.  

 

 For the Sr-doping syntheses, stoichiometric amounts of the respective oxides were 

fired at 950 ºC at a heating rate of 5 ºC min-1, maintained for 66 hrs and cooled down to 

RT at the same rate of 5 ºC min-1. Powders were then re-ground and fired at 1000 ºC at 

a heating rate of 5 ºC min-1, dwelled for 72 hrs before being quenched. x was varied 

from 0.1 to 0.4 and a pure phase was obtained with x ≤ 0.175.  

 

 For the Ca-doping syntheses, stoichiometric amount of the respective oxides were 

fired at 850 ºC or at 900 ºC – depending on the doping factor – at a heating rate of 5 ºC 

min-1 and maintained for 66 hrs. x was varied from 0.1 to 0.7 and a pure phase was 

obtained with x ≤ 0.4125. 

 

3.1.2.2.  Characterisation and conductivity 

3.1.2.2.1. UV-vis absorption 
 

The band gaps at RT of all synthesised compounds were determined graphically 

from spectra obtained using a UV–vis spectrophotometer (Shimadzu UV-2550) 

operating with UVProbe® software. 
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3.1.2.2.2. Powder x-ray diffraction 
 

X-ray data were collected on a Bruker-AXS (D8 Advance) machine, controlled 

by DIFFRACTplus TM, in the Bragg-Brentano reflection geometry with a Cu Kα source, 

fitted with a LynxEyeTM detector.  

Absolute scans in the 2θ range of 5-85º with step size of 0.009º and time step of 

61.6 s or 123.2 s were used during data collection. 

 

3.1.2.2.3. Thermal analysis 
 

Thermogravimetry and differential scanning calorimetry (TG/DSC) analyses 

were performed using a Stanton Redcroft STA/TGH series STA 1500 operating through 

a Rheometric Scientific system interface controlled by the software RSI Orchestrator up 

to 1000 ºC (calcium-doped) and 1200 ºC (non-doped and strontium-doped) at 5 ºC min-1 

for analyses in air and up to 750 ºC at 5 ºC min-1 for reduced atmosphere analyses. 

 

3.1.2.2.4. Scanning electron microscopy 
 

SEM pictures were taken with the use of a Quanta 3D FEG scanning electron 

microscope (FEI Company) with usual voltages of 10 kV and 10 pA. 

 

3.1.2.2.5. Conductivity 
 

Total conductivity measurements were carried out using a computer-controlled 

Solartron Analytical® SI 1260 impedance/gain phase analyser over a frequency range of 

1 MHz to 0.01 Hz and a temperature range of 600 ºC (700 ºC for Ca-doped in air) to RT 

(~ 25 ºC) and impedance data were recorded with the Solartron Impedance 

Measurement software, SMaRTTM.  

Sample powders were pressed into pellets and sintered at temperatures 

depending on the sample themselves for 12 hrs (650 ºC for CeVO4, 850 ºC for Ca-

doped and 900 ºC for Sr-doped). The relative densities of the samples were ~ 75-86%. 

Pellets were coated with silver paste for measurements in air and with platinum paste 

for measurements in 5% H2-Ar dried through a 98% solution of H2SO4. Pellets coated 
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with silver paste were directly fitted into the measuring apparatus while platinum coated 

samples were fired at 850 ºC at a rate of 5 ºC min-1, dwelled for two hrs and cooled 

down before being used for pseudo 4-probe AC-IS. Measurements in air were carried 

out on heating and those in reduced atmosphere on cooling after stabilisation was 

achieved. The sample dwelled at each temperature for at least 30 mins to reach a 

stabilised state before conductivity measurements. 

 

3.1.2.2.6. Hydrogen/Air electrochemical cell measurement 
 

Pellets used for cell measurements were coated with platinum electrodes and 

fired at 850 ºC for 1 hr in air. Dry 5% H2-Ar is passed through 98% H2SO4 before 

feeding the anode side of the cell while the cathode is exposed to ambient air. The Open 

Circuit Voltage (OCV) of the electrochemical cell was measured using a Solartron 1287 

electrochemical interface controlled by CorrWave/CorrView® for automatic data 

collection. 

 

3.1.2.2.7. Dilatometry 
  

 Dilatometric measurements were carried out using a Netzsch DIL 402 PC running 

under Proteus® software up to temperature of 1000 ºC in flowing air (50 ml min-1) with 

a ramp up and down of 5 ºC min-1 on selected samples. 

 

3.1.3. Strontium-doped cerium orthovanadate results and discussion 

3.1.3.1.  Crystal structure 
 

Single phase powders of strontium-doped cerium orthovanadate were obtained 

up to a doping of 17.5% with strontium pyrovanadate (Sr2V2O7) forming as secondary 

phase when doping exceeding 17.5% (Figure 3.4 (a) and (b)). Rietveld refinements were 

carried out using GSAS136 with both structural and shape profile parameters being 

varied with initial values for the zircon structure used as mentioned in the literature148. 

Wyckoff sites assigned to Ce and Sr, V and O were 4a, 4b and 16h, respectively. 

Vanadium and oxygen were considered with full occupancies during the refinement 

processes whereas cerium and strontium occupancies were varied in accordance with 
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the stoichiometry. A typical GSAS refinement pattern for Ce0.95Sr0.05VO4 is shown in 

Figure 3.5 with the experimental (crossed) and calculated (solid line) profiles and the 

differential at the bottom of the pattern. The refined parameters are listed in Table 3.1 

and 3.2. 

 
Figure 3.4 XRDs of Ce1-xSrxVO4 with (a) 0 ≤ x ≤ 0.15 and (b) 0.175 ≤ x ≤ 0.4 

 

 
 

Figure 3.5 Representation of a typical GSAS refinement for Ce0.95Sr0.05VO4 
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Crystallographic 
parameter CeVO4 Ce0.95Sr0.05VO4 Ce0.9Sr0.1VO4 

r Ln3+ (VIII) (Å) 1.143167 

λ (Å) 1.5405 

Crystal system Tetragonal 

Space group I41/amd 

a (Å) 7.4004 (1) 7.3940 (1) 7.3779 (2) 

c (Å) 6.4982 (6) 6.4972 (2) 6.4905 (2) 

V (Å3) 355.88 (5) 355.21 (3) 353.30 (1) 

ρcalc (g.cm-3) 4.7601 4.7200 4.6962 

Rp (%) 7.9 11.6 10.9 

wRp (%) 10.0 14.8 13.8 

χ2 1.400 1.453 1.494 
 
Table 3.1 Crystallographic refinement parameters of Ce1-xSrxVO4 with 0 ≤ x ≤ 0.1 

 

Crystallographic 
parameter Ce0.875Sr0.125VO4 Ce0.85Sr0.15VO4 Ce0.0.825Sr0.175VO4 

r Ln3+ (VIII) (Å) 1.143167 

λ (Å) 1.5405 

Crystal system Tetragonal 

Space group I41/amd 

a (Å) 7.3733 (1) 7.3690 (2) 7.3670 (3) 

c (Å) 6.4914 (2) 6.4886 (3) 6.4894 (1) 

V (Å3) 352.91 (1) 352.35 (1) 352.20 (2) 

ρcalc (g.cm-3) 4.6767 4.6595 4.6367 

Rp (%) 11.6 9.6 8.3 

wRp (%) 14.9 12.8 10.6 

χ2 1.898 2.707 1.299 
 
Table 3.2 Crystallographic refinement parameters of Ce1-xSrxVO4 with 0.125 ≤ x ≤ 

0.175 
 

 All single phase powders obtained (up to the solid solution limit of x = 0.175) 

exhibited a zircon tetragonal structure, crystallising in the space group I41/amd. As 
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shown in Table 3.1 and 3.2, the unit cell volume is decreasing as the dopant 

concentration is increased. However, while a is decreasing through the whole series, c 

slightly increases after a minimum at x = 0.1 (as represented in Figure 3.6).  

 

 This behaviour can be explained by the distortions occurring as a consequence 

of the insertion of strontium ions. Indeed, Sr2+ ions are much larger than Ce3+ ions (1.40 

and 1.143 Å respectively)167. One could then argue this difference should influence the 

observed average bond lengths within the unit cell, but as shown in Table 3.3, Ce/Sr–O 

and V–O interatomic distances keep decreasing as the dopant concentration is increased. 

 

 However, while decreasing, V–O bond lengths correlate with the ionic bond 

length of 4–2-coordinated V5+–O2- couple, whereas Ce/Sr–O bond lengths are not 

representative of the 8–2-coordinated Ce3+/Sr2+–O2- couple. In fact, these are smaller 

than expected if it is considered that the insertion of larger ions into the lattice –where 

all cerium sites are occupied by Ce3+ ions– should increase the interatomic distances 

between cerium and oxygen. As this is not the case, the possibility of the formation of 

Ce4+ ions to compensate the charge loss introduced by the insertion of a 2+ ion may be 

considered. 

 
Figure 3.6 Lattice parameters and volume reduction in Ce1-xSrxVO4 with 0 ≤ x ≤ 

0.4 
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 By considering the average bond lengths of Ce–O as being an average of both 

Ce3+–O2- and Ce4+–O2- combinations, the fraction of Ce4+ ions present in each 

compound can be determined using Equations 3.1 and 3.2 below. From Equation 3.1 the 

fraction of Ce4+ ions (ysp) occupying the Ce-site within the structure that are actually 

occupied by cerium atoms can be calculated; whereas Equation 3.2 provides the overall 

fraction of Ce4+ ions (yo) contained within each compound considering the total number 

of Ce-sites, even if some are in fact occupied by strontium atoms (with b.l. standing for 

bond length). 

 
𝑦!"!"!!!!"!!"! % = 

        Eq. 3.1 
 

𝐶𝑒 − 𝑂  𝑏. 𝑙. − 𝑆𝑟!! − 𝑂!!𝑏. 𝑙.   ×  𝑥
1− 𝑥 −    𝐶𝑒!! − 𝑂!!𝑏. 𝑙.

𝐶𝑒!! − 𝑂!!𝑏. 𝑙. − 𝐶𝑒!! − 𝑂!!𝑏. 𝑙. ×  100 

 
Equation 3.1 Fraction of Ce4+ occupying cerium sites populated by cerium atoms 

with   𝑆𝑟!! − 𝑂!!𝑏. 𝑙. = 2.61  Å , 𝐶𝑒!! − 𝑂!!𝑏. 𝑙. = 2.493  Å, 
 

𝐶𝑒!! − 𝑂!!𝑏. 𝑙. = 2.32  Å  
 

𝑦!!"!!!!"!!"! % = 𝑦!"!"!!!!"!!"!× 1− 𝑥    Eq. 3.2 
 

Equation 3.2 Fraction of Ce4+ occupying cerium sites in overall 

 Once the fraction of Ce4+ is determined, it can be used in the crystal 

electroneutrality law162 in order to determine the hyperstoichiometric factor of oxygen δ 

within (Ce3+
1-yCe4+

y)1-xSrxVO4±δ using Equation 3.3, 

 

𝛿 = !!"!  !  !  !!!"
!

      Eq. 3.3 

Equation 3.3 Electroneutrality law expression 

 
 Average bond lengths obtained from the refinements are listed in Table 3.3 with 

the Ce-O bond lengths averaged between Ce-O1 and Ce-O2 interatomic distances.  

  

 It can be seen that the overall fraction of Ce4+ ions is comprised between 5% in 

non-doped cerium orthovanadate and just below 22% at the doping limit. It can also be 

noticed that the major increase is occurring from a state where the dopant is absent to a 
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state where the doping level is 0.1. This kind of trend, suggestive of a plateau 

concentration of Ce4+ reflects on the variations of Ce/Sr–O bond lengths as well as on 

the variations of the lattice parameter a. 

 
 x = 0 x = 0.05 x = 0.1 x = 0.125 x = 0.15 x = 0.175 

Ce-O (Å) 2.4839 (2) 2.4825 (1) 2.4782 (3) 2.4773 (2) 2.4760 (2) 2.4758 (1) 

V-O (Å) 1.7115 (1) 1.7105 (1) 1.7076 (2) 1.7071 (2) 1.7062 (1) 1.7060 (2) 

ysp (%) 5.26 (1) 9.95 (2) 17.01 (4) 20.03 (3) 23.49 (5) 26.40 (3) 

yo (%) 5.26 (2) 9.45 (2) 15.32 (3) 17.53 (2) 19.97 (1) 21.78 (3) 

δ 0.03 (4) 0.02 (2) 0.02 (4) 0.01 (4) 0.01 (1) 0.02 (1) 
 
Table 3.3 Average bond lengths, Ce4+ ions and oxygen δ   in Ce1-xSrxVO4 with 0 ≤ x 

≤ 0.175 
 

 Values for the hyperstoichiometry of oxygen are very limited in Sr-doped 

compounds ranging from +0.03 to +0.02; indicating the presence of hyperstoichiometric 

anions within the lattice.* 

 

 Band gap energy values for Sr-doped compounds, determined from UV-Visible 

absorption spectra are shown in Table 3.4. Graphically, band gap energies are 

determined using Equation 3.4, assuming Equation 3.5. 

 

 

𝛼 𝐸 !"#$%&"' = − !
!
ln  (𝜏!"#$%&'()*(𝐸))  Eq. 3.4 

Equation 3.4 Expression of Beer-Lambert inverse exponential power law 
 

with α (E)measured, the absorption coefficient; d, the sample thickness  

and τ, the normalised transmittance energy. 

 

𝛼 𝐸 ∝ 𝐸 − 𝐸!     Eq. 3.5 

Equation 3.5 Expression of absorption dependence on energy levels 

with Eg, the band gap energy. 

                                                
* Hyperstoichiometric values for oxygen ions were not taken into account in the GSAS refinement processes due to the lack of 
accuracy of the XRD data for such small variations. Neutron-scattering experiments could help to resolve this matter but were not 
performed. 
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 According to Equation 3.5, α(E) has a square-root dependence on E. 

Consequently, α(E)2 has a linear dependence on E. Thus, plotting α(E)2 against E and 

extrapolating the linear measurement to zero, the value of the band gap is obtained. 

 

 More in details, solutions of known concentration were prepared for each sample 

represented in Figure 3.7. UV scans were performed and data obtained were used to 

determine Eg through a multi-steps procedure involving conversion of absorbance into 

transmittance, normalisation, the determination of energy values in electron volt from 

the wavelengths, the calculation of α (E) and subsequently of α (E)2 from Equation 3.4 

and the extraction of the band gap energy values from the plots of α (E)2 against E. The 

values obtained from the extrapolation – tabulated in Table 3.4 – show that at RT, Ce1-

xSrxVO4 with 0 ≤ x ≤ 0.175 compounds are insulators, as expected. 

 
Figure 3.7 UV-vis absorbance spectra of Ce1-xSrxVO4 with 0 ≤ x ≤ 0.175 

 
Composition Eg (eV) 

CeVO4 4.635 (2) 
Ce0.95Sr0.05VO4 4.630 (1) 
Ce0.9Sr0.1VO4 4.615 (3) 

Ce0.875Sr0.125VO4 4.580 (4) 
Ce0.85Sr0.15VO4

 4.590 (1) 
Ce0.825Sr0.175VO4

 4.555 (3) 
 

Table 3.4 Band gap energies of Ce1-xSrxVO4 with 0 ≤ x ≤ 0.175 
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3.1.3.2.  Thermal analysis 
 

Thermal stability of the compounds was verified by carrying out TG/DSC 

measurements in both air and 5% H2-Ar with traces shown in Figure 3.8 and 3.9 

respectively for the non-doped and 17.5% doped cerium orthovanadate. 

 
Figure 3.8 TG/DSC curves in air of CeVO4 and Ce0.825Sr0.175VO4 

 

 
Figure 3.9 TG/ DSC curves in 5% H2-Ar of CeVO4 and Ce0.825Sr0.175VO4 
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As can be seen, there is no significant change in weight as observed for similar 

compounds by Tsipis et al.161 with small variations for the doped sample due to the 

decomposition  of the zircon tetragonal structure forming cerium oxide as suggested by 

Tsipis et al.162 through the transformation of the zircon phase into the scheelite phase of 

cerium orthovanadate. The absence of weight losses in reduced atmosphere suggests 

that within the considered range of temperature, no transformation occurs and the 

compounds can therefore be considered as being fully stable in both oxidising and 

reducing atmosphere within the studied range of temperatures. 

 

3.1.3.3.  Microstructure 
 

Microstructurally speaking, the doping with strontium and the sintering of the 

corresponding pellets results in densification values high enough to be mechanically 

sound (as no cracking is observed) and porous enough to allow reactivity as shown in 

Figure 3.10 by SEM images. 

 

 
Figure 3.10 SEM images of Ce0.825Sr0.175VO4 at magnification x2000 and x10000 

 

3.1.3.4.  Conductivity 
 

 Values obtained from the conductivity measurements were used to plot the 

natural logarithm of the product of the conductivity with temperature expressed in 

S.K.cm-1 against the quotient of a thousand over temperature expressed in K-1. This 

Arrhenius type plot allows the extraction of the activation energy from the slope of the 
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line obtained and the Arrhenius pre-exponential factor from the intercept as expressed in 

the following equations: 

 

𝑠𝑙𝑜𝑝𝑒 = − !!
!

      Eq. 3.6 

with R = gas constant 

 

𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 = ln𝐴 

 

Equation 3.6 Activation energy and Arrhenius pre-exponential factor expression 

 Conductivity results expressed in the form of Arrhenius plots are shown in 

Figure 3.11 and 3.12 for Ce1-xSrxVO4 compounds in air and 5% H2-Ar respectively and 

the activation energies are listed in Table 3.5.  

 

 
 
 

 
Figure 3.11 Arrhenius plots of the conductivity in air of Ce1-xSrxVO4 with 0 ≤ x ≤ 

0.175 
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Figure 3.12 Conductivity plots in 5% H2-Ar of Ce1-xSrxVO4 with 0 ≤ x ≤ 0.175 

 
Ea in kJ.mol-1 

A in S.K.cm-1 x = 0 x = 0.1 x = 0.15 x = 0.175 

Air 
Ea 36.3 ± 0.3 28.3 ± 0.4 32.3 ± 0.7 25.4 ± 0.2 

A 38.4 ± 1.1 878.80 ± 0.4 1654.5 ± 1.2 1254.5 ± 1.0 

dry 
5% 

 
H2-Ar 

High 
Temp. 

Ea 10.6 ± 0.2 115.2 ± 7.5 75.2 ± 6.5 49.2 ± 1.3 

A 112.3 ± 1.0 3.7.108 ± 3.1 2.4.106 ± 2.8 5.0.103 ± 1.0 

Low 
Temp. 

Ea 2.3 ± 0.2 20.7 ± 0.7 12.4 ± 1.8 NA 

A 14.8 ± 1.1 30.9 ± 1.2 17.7 ± 1.5 NA 

Approx. 
Temp. 

Border (ºC) 
575 575 525 NA 

 
Table 3.5 Arrhenius constants and activation energies in Ce1-xSrxVO4

* 
  

 It can be seen in Figure 3.11, that the doping of CeVO4 with strontium did 

improve the conductivity of the compounds in comparison with the non-doped sample 

independently of the temperature. Variations of conductivity values within the doped 

                                                
* Ea and A values in air (extracted from the slope and the intercept of results exhibiting no phase transition) correlate to the values 
obtained in 5% H2–Ar at high temperature. Low temperature values in 5% H2–Ar have no correlations in air. 
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compounds were found to be very small indicating that the conductivity increase is 

independent of the dopant concentration.  

 

 Ce1-xSrxVO4 compounds with 0 ≤ x ≤ 0.15 were found to be stable in air up to the 

measured temperature of 600 ºC, exhibiting a metallic behaviour around 550 ºC (Figure 

3.13). Consequently, activation energies for samples in air (Table 3.5) were found to be 

similar while still lower for doped species compare to CeVO4.   

 

 
Figure 3.13 Emphasis of p-type conduction in Ce0.9Sr0.1VO4 in air 

  

 Considering measurements in dry 5% H2-Ar, it can be observed in Figure 3.12 

that the general conductivity of doped CeVO4 compounds were similar or increased; 

ranging from 30 to 45 mS.cm-1 at reduced oxygen pressure compared to around 30 

mS.cm-1 in air. The maximum conductivity of CeVO4 at 600 °C jumps from 0.3 to 30 

mS.cm−1 in air and in dry hydrogen atmosphere, respectively, indicating n-type 

conduction which could be related to the reduction of Ce4+ or/and V5+ cations. While the 

dopant concentration had little influence on the conductivity in air, it can be observed 

that in reduced atmosphere the higher the doping level, the lower the overall 

conductivity at a temperature below 500 °C. In comparison with values in air, the lower 

conductivity of Sr-doped CeVO4 in reducing atmosphere tends to indicate p-type 

conduction at low pO2, as it is the case in a similar compound, CeNbO4+δ 168. Reversible 

phase transitions were observed for all compounds at temperatures between 200 and 400 

ºC resulting in an observed metallic behaviour during conductivity measurements at 

about 550 ºC which corresponds to a transition from a semi-conductive to a purely 

metallic state (Figure 3.14). 
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 All samples within the solid solution limit were found to be redox stable during 

conductivity measurements up to 600 °C with an example given in Figure 3.15. As can 

be seen, patterns of Ce0.825Sr0.175VO4 are almost unchanged upon reduction and the 

sample can therefore be considered as being redox stable below 600 °C. Its lattice 

expansion on reduction is believed to be due to the reduction of both cerium and 

vanadium ions because both the Ce–O and V–O bond lengths increased in the reduced 

sample. The bond lengths extracted from the pattern are 2.5248 Å for Ce–O (average) 

and 1.7309 Å for V–O compared with 2.4758 Å for Ce–O (average) and 1.7060 Å for 

V–O before the conductivity measurement. 

 
Figure 3.14 Emphasis of p-type conduction in Ce0.9Sr0.1VO4 in 5% H2-Ar 

 
Figure 3.15 XRD pattern of Ce0.825Sr0.175VO4 before/after measurement in dry 5% 

H2-Ar 
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 Concerning activation energies in reduced atmosphere (Table 3.5), values found 

were lower at low temperatures and higher at high temperatures than in air. 

Comparatively, while all activation energies in air for doped compounds were lower 

than for CeVO4; in reduced atmosphere, either at high or low temperature, CeVO4 

constants were lower than all others in accordance with conductivity variations; also 

indicating that the dopant concentration has little effect on conductivity values in air but 

does in reduced atmosphere. Indeed, variations percentages in reduced atmosphere of 35 

to 40% are obtained for high and low temperatures whereas the difference in air is only 

about 12%. 

 

3.1.3.5. Dilatometry 
 

Considering the mechanical compatibility of these materials with other plausible 

cell components, thermal expansion measurements of previously densified ceramics 

were carried out in air using dilatometry, Figure 3.16 illustrates the ΔL/L0 values 

obtained using a 5 ºC min-1 heating rate in the 25 ºC to 1000 ºC range for a 

characteristic Sr-doped cerium orthovanadate and Y0.2Zr0.8O2 (8YSZ) synthesised via 

low-temperature carbon growth169. The strontium-containing and pure orthovanadate 

compounds were sintered at 1025 ºC for 18 hrs prior to analysis. 

 
Figure 3.16 Dilatometric measurement in air up to 1000 ºC of selected doped 

cerium vanadate and 8YSZ as standard 
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The calculated thermal coefficients obtained were 3.4x10-6 (RT to 550 ºC) and -

20x10-6 K-1 (550 to 1000ºC) for CeVO4 , 4.6x10-6 K-1 (RT to 550 ºC) and -0.8x10-6 K-1 

(550 to 1000 °C) for Ce0.85Sr0.15VO4 and 10x10-6 K-1 for 8YSZ (RT to 1000ºC) which 

correlates with the observation of Tsipis et al.161, 162 (5.73x10-6 and 5.64x10-6 K-1 

respectively between RT and 550 °C) that noticed an initial anisotropic thermal 

expansion followed by a linear increase before an unexplained zero and negative 

expansion although no phase transitions were noted from high temperature XRD. The 

differences observed with the values from Tsipis are due to differences in sample 

density as in Tsipis study, samples exhibited an above 99% density, achievable only by 

sintering at temperature above a phase change which was not carried out in this case. 

Negative TCE is an unusual property that has been previously utilised in order to yield 

zero expansion composite materials such as Invar, an iron nickel alloy synthesised by 

Charles E. Guillaume in 1896 with uniquely low TCE*170. However in the interfacial 

layered mode of a fuel cell stack, TCE mismatch cannot be utilised in such ways as the 

occurrence of cracking and delamination is the only certain result. 

 

3.1.4. Calcium-doped cerium orthovanadate results and discussion 

3.1.4.1.  Crystal structure 
 

 Single-phase powders of Ce1-xCaxVO4 were obtained up to x = 0.4125 (Figure 

3.17), for higher x values, a second phase corresponding to Ca2V2O7 was formed 

indicating that the solid solution limit in Ce1-xCaxVO4 series lies between x = 0.4125 

and x = 0.425. Rietveld refinements were carried out in the same manner as for Ce1-

xSrxVO4 with Ca replacing Sr. The refined parameters are listed in Table 3.6 for Ce1-

xCaxVO4 and the average bond lengths in Table 3.7 (averaged between Ce-O1 and Ce-

O2 as for Sr-doped compounds). 

 

The tetragonal system exhibited by CeVO4 with a zircon type structure was 

found to be also exhibited in the calcium doped system. Increasing the dopant level up 

to the solid solution limit decreases the size of the primary unit cell as shown by the 

decreasing values of the lattice parameters (Figure 3.18). As the ionic radius of Ca2+ 

                                                
* The Nobel Prize in Physics 1920 was awarded to Charles Edouard Guillaume “in recognition of the 
service he has rendered to precision measurements in Physics by his discovery of anomalies in nickel 
steel alloys”. 
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(1.12 Å) is smaller than that for Ce3+ (1.143 Å) for a coordination number of eight167, 

replacing Ce3+ ions by Ca2+ ions should not cause any significant lattice contraction if 

the charge of the cerium ions remained unchanged. However, continuous lattice 

contraction was observed when more calcium was introduced in the lattice (Figure 

3.18). This reduction in size may be due to the formation or the transformation of some 

components of the lattice into smaller counterparts; namely the formation of Ce4+ in 

order to balance the charge animosity introduced by doping with Ca2+ as the ionic size 

of Ce4+ ions is only 0.97 Å when eight-coordinated167. 

 
Figure 3.17 XRD patterns of Ce1-xCaxVO4 with (a) 0 ≤ x ≤ 0.4125 and (b) 0.4125 ≤ x 

≤ 0.7 
 

Crystallogr. 
parameter x = 0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 x = 0.4125 

r Ln3+(VIII) (Å) 1.143167 
λ (Å) 1.5405 

Crystal system Tetragonal 
Space group I41/amd 

a (Å) 7.4004 (1) 7.3706 (1) 7.3145 (1) 7.2483 (3) 7.2314 (2) 7.2150 (1) 
c (Å) 6.4983 (6) 6.4879 (1) 6.4525 (2) 6.4129 (3) 6.4084 (3) 6.4027 (2) 

V (Å3) 355.88 (5) 352.45 (2) 345.22 (1) 336.91 (4) 335.11 (4) 333.30 (3) 
ρcalc (g.cm-3) 4.7601 4.6179 4.5222 4.4365 4.2621 4.2604 

Rp (%) 7.88 8.15 7.78 8.89 9.27 6.80 
wRp (%) 10.00 10.44 9.74 12.94 12.06 9.01 

χ2 1.463 1.722 1.343 2.081 1.913 1.870 
Table 3.6 Crystallographic refinement parameters of Ce1-xCaxVO4 with 0 ≤ x ≤ 

0.4125 
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  x = 0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 x = 0.4125 
Ce-O (Å) 2.4839 (2) 2.4675 (2) 2.4595 (1) 2.4401 (1) 2.4360 (2) 2.4318 (1) 
V-O (Å) 1.7115 (1) 1.7045 (2) 1.6949 (1) 1.6815 (3) 1.6788 (2) 1.6759 (2) 

 
Table 3.7 Average bond lengths in Ce1-xCaxVO4 with 0 ≤ x ≤ 0.4125 

  

 The charge compensation in Ce1-xCaxVO4 could occur in two ways: (a) the 

formation of oxygen deficient oxides with the charge for cerium ions remaining at 3+, 

which might lead to lattice expansion due to the formation of oxygen vacancies which is 

inconsistent with the observed lattice contraction; (b) some Ce3+ ions are converted to 

Ce4+ ions with the oxygen content remaining stoichiometric or with an oxygen excess. It 

has been reported from results on the structure and electrical properties of Ca-doping in 

CeVO4 that there is a moderate oxygen excess in the lattice, leading to an interstitial 

mechanism161. Therefore it is likely that an oxygen excess solid solution was formed 

when doped with calcium. The general formula of the compounds can then be written as 

(Ce3+
1-yCe4+

y)1-xCaxVO4+δ . 

 
Figure 3.18 Lattice parameters and volume reduction in Ce1-xCaxVO4 with 0 ≤ x ≤ 

0.7 
  

 Band gap energy values given in Table 3.8 for Ca-doped compounds were 

determined from UV-Visible absorption spectra (Figure 3.19) using Equation 3.4 and 

3.5 and confirm the insulating character at RT of Ce1-xCaxVO4 compounds.  
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Composition x = 0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 x = 0.4125 

Eg (eV) 4.435 (2) 4.495 (1) 4.440 (3) 4.490 (4) 4.525 (1) 4.520 (3) 
 

Table 3.8 Band gap energies of Ce1-xCaxVO4 with 0 ≤ x ≤ 0.4125 
 

 
Figure 3.19 UV-vis absorbance spectra of Ce1-xCaxVO4 with 0 ≤ x ≤ 0.4125 

 

3.1.4.2.  Thermal analysis 
 

Thermal stability of the compounds was verified by carrying out TG/DSC 

measurements in both air and 5% H2-Ar which are shown in Figure 3.20 and 3.21 

respectively for a selection of calcium-doped cerium orthovanadate. 

 
 

Figure 3.20 TG/DSC curves in air of Ce0.9Ca0.1VO4, Ce0.7Ca0.3VO4 and 
Ce0.5875Ca0.4125VO4 
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No significant changes in weight are observed in both atmospheres with the 

most significant variations due to buoyancy. The compounds can therefore be 

considered as being stable in both oxidising and reducing atmosphere within the studied 

range of temperatures. 

 
Figure 3.21 TG/DSC curves in air of Ce0.9Ca0.1VO4, Ce0.7Ca0.3VO4 and 

Ce0.5875Ca0.4125VO4 
 

3.1.4.3.  Microstructure 
 

On a microstructural point of view, the doping with calcium and the subsequent 

sintering into pellets has the same effect as with strontium; namely a high enough 

density to sustain mechanical strains and stresses and a high enough porosity to allow 

reactivity as shown by SEM images in Figure 3.22. 

 
Figure 3.22 SEM images of Ce0.6Ca0.4VO4 (L) and Ce0.7Ca0.3VO4 (R) at 

magnification x2000 
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3.1.4.4.  Conductivity 
 

 Conductivity measurements were carried out in air and in a reducing atmosphere 

of 5% H2-Ar. Logarithmic plots of the product of conductivity and temperature against 

inverse temperature were constructed and are shown in Figure 3.23 and 3.24 for air and 

reduced atmosphere respectively. 

 
Figure 3.23 Conductivity plots in air of Ce1-xCaxVO4 with 0 ≤ x ≤ 0.4 

 

Plotted as Arrhenius type plots, activation energies can be extracted from the 

slope of each series of points while the Arrhenius pre-exponential factor A can be 

determined from the intercept values and tabulated in Table 3.9. It was observed, as 

shown in Figure 3.23, that the doping of CeVO4 with calcium improved the 

conductivity of the compounds in comparison with the non-doped sample independently 

of the temperature. 

 

Samples with 0.2 ≤ x ≤ 0.4 did reach a maximum conductivity at 500-550 ºC 

before decreasing slightly up to 700 ºC. Variations of conductivity values within the 

doped compounds were found to be very small and the conductivity improvement 

therefore seems independent of the dopant level (Figure 3.24). 
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Figure 3.24 Conductivity plots in dry 5% H2-Ar of Ce1-xCaxVO4 with 0 ≤ x ≤ 0.4 

 
Ea in kJ.mol-1 

A in S.K.cm-1 x = 0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 

Air 
Ea 36.3 ± 0.3 35.6 ± 0.5 28.4 ± 2.3 25.0 ± 0.8 30.2 ± 5.1 

A 38.4 ± 1.1 2119.6 ± 1.1 891.4 ± 1.3 325.4 ± 1.2 932.7 ± 1.1 

dry 
5% 

 
H2
-

Ar 

High 
Temp 

Ea 10.6 ± 0.2 37.6 ± 1.6 47.5 ± 0.6 27.8 ± 0.5 33.5 ± 0.3 

A 112.3 ± 1.0 2562.9 ± 1.3 1279.5 ± 1.1 6001.7 ± 1.1 174.7 ± 1.1 

Low 
Temp 

Ea 2.3 ± 0.2 15.5 ± 0.9 25.0 ± 1.8 18.0 ± 0.6 NA 

A 14.8 ± 1.1 55.1 ± 1.2 4.2 ± 1.8 345.8 ± 1.2 NA 

Approx. 
Temp. 
Border 

(ºC) 

575 575 575 575 NA 

 
Table 3.9 Arrhenius constants and activation energies in Ce1-xCaxVO4

* 
 

Ce1-xCaxVO4 compounds with 0 ≤ x ≤ 0.4 were found to be stable in air up to the 

measured temperature of 700 ºC, exhibiting a metallic behaviour at 600 ºC (Figure 

3.25). It is likely that a change in the conduction mechanism from a semi-conductor to a 
                                                
* As in Table 3.5 
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metal is occurring between 500 – 600 ºC, which could be related to the loss of excess 

oxygen at high temperatures.  

 

Activation energies for samples in air were found to be very similar while still 

lower for doped species compare to CeVO4. Those variations in activation energies are 

linked to an increased capability of electron movement allowed by the reduction in size 

of the lattice parameters created as a consequence of the doping. 

 

 
Figure 3.25 Impedance plots of Ce0.9Ca0.1VO4 at 500 and 600 ºC in air  

 

Considering measurements in dry 5% H2-Ar, it can be observed in Figure 3.24 

that the general conductivity of doped CeVO4 compounds were similar or slightly 

lowered (except for sample Ce0.7Ca0.3VO4 which was increased); ranging from 2 to 15 

mS.cm-1 at reduced oxygen pressure compared to 3 to 20 mS.cm-1 in air. This behaviour 

is not reproduced with CeVO4 whose maximum conductivity jumps from 0.3 mS.cm-1 

at 600 ºC in air to 30 mS.cm-1 at 600 ºC under reduced atmosphere. While the dopant 

concentration didn’t influence large conductivity variations in air, it can be seen that the 

matter is singularly different in reducing atmosphere. Indeed, while all Ca-doped 

species were more conductive than CeVO4 in air across the whole range of 

temperatures, only sample Ce0.7Ca0.3VO4 is more conductive than CeVO4 at high 

temperatures in reduced atmosphere. This behaviour can be explained by the oxygen 

partial pressure dependency of the total conductivity of these compounds introduced 

with the p-type semi-conductive character; as indicated for CeNbO4 by Tsipis et al.168 

namely that the total conductivity of CeNbO4 – structurally similar to CeVO4 – 

decreases consequently when the oxygen partial pressure is very low at high 
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temperatures. It could also be related to the higher relative density of this sample (86% 

compare to 80% for CeVO4) which involves that it was not fully reduced even after 

exposure to 5% H2-Ar at 600 ˚C for 12 hrs (Figure 3.26). 

 

	  

Figure 3.26 Conductivity changes at 600 ˚C in 5% H2-Ar of Ce1-xCaxVO4 with 0 ≤ x 
≤ 0.4	  

	  

The decrease in conductivity in 5% H2-Ar at 600 ˚C (Figure 3.24) is related to 

the loss of excess oxygen. However, the total conductivity of samples CeVO4 and 

Ce0.7Ca0.3VO4 did not decrease during the measured 12 h, this could be due to the higher 

relative densities of these two samples causing slow reduction. Moreover, at 600 ˚C, the 

conductivities of samples CeVO4 and Ce0.7Ca0.3VO4 do not exhibit obvious change 

against time (Figure 3.26) with a decrease in conductivity observed in our samples. This 

could be explained if these two samples have either significant ionic conduction or if the 

kinetic process to reach equilibrium for reduction is very fast or very slow.  

 

An electrochemical cell was therefore constructed to verify the observed 

phenomena. An OCV curve is shown in Figure 3.27 after 10 hrs (a) and 18 hrs (b) of 

anode exposure to dry 5% H2-Ar. While rather small (0.38 mV after 10 hrs and 0.65 mV 

after 18 hrs), OCV values of the 5% (H2-Ar)-Air electrochemical cell do indicate some 

ionic conduction, even if the electronic contribution is strongly dominating as under the 
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aforementioned conditions an OCV of ~1.0 V would be expected for a pure ionic 

conducting electrolyte. 
 

 
 

Figure 3.27 OCV plots of a Ce0.7Ca0.3VO4 cell at 600 ºC after (a) 10 hrs and (b) 18 
hrs 

 
As shown in Figure 3.28 and 3.29, XRD pattern of samples Ce0.9Ca0.1VO4 and 

Ce0.8Ca0.2VO4 are almost unchanged upon reduction and can be considered as being 

redox stable below 600 ºC. The marked peaks are metallic platinum reflections 

corresponding to the coating agent that could not be removed from the pellets and was 

therefore re-ground with. 

 
Figure 3.28 XRD pattern of Ce0.9Ca0.1VO4 before and after conductivity 

measurements in 5% H2-Ar 
 

For x > 0.2, samples were found to be relatively stable to reduced atmosphere 

treatment with CeO2 traces detectable as a result of reducing oxygen pressure; process 

most likely due to traces of CeO2 present in the product as impurity and intensified by 
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treatment in H2 atmosphere. The lattice expansion observed for samples with x < 0.2 on 

reduction is believed to be due to the reduction of both cerium and vanadium ions 

because both the Ce-O and V-O bond lengths increased in the reduced sample. The 

bond lengths refined are – for Ce0.8Ca0.2VO4 as an example – 2.4780 Å for Ce-O 

(average) and 1.7074 Å for V-O compared with 2.4595 Å for Ce-O (average) and 

1.6949 Å for V-O before the conductivity measurement.  Reversible change in 

conduction mechanism were observed for all compounds except for sample 

Ce0.6Ca0.4VO4 at temperatures ~ 575 ºC resulting in an observed metallic behaviour 

during conductivity measurements as previously stated and illustrated by Figure 3.30. 

 
Figure 3.29 XRD pattern of Ce0.8Ca0.2VO4 before and after conductivity 

measurements in 5% H2-Ar 
 

 
Figure 3.30 Impedance plots of Ce0.9Ca0.1VO4 at 575 and 600 ºC in 5% H2-Ar 
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3.1.4.5. Dilatometry 
 

Considering the mechanical compatibility of these materials with other plausible 

cell components, thermal expansion measurements of dense ceramics were carried out 

in air using dilatometry. Figure 3.31 illustrates the ΔL/L0 values obtained using a 5 ºC 

min-1 heating rate in the 25 ºC to 1000 ºC range for a characteristic Ca-doped cerium 

orthovanadate and 8YSZ synthesised via low-temperature carbon growth169. The 

calcium compound was sintered at 1025 ºC for 18 hrs prior to analysis. 

 
Figure 3.31 Dilatometric measurement in air up to 1000 ºC of selected Ca-doped 

cerium vanadate and 8YSZ as standard 
 

The calculated thermal coefficients obtained were 3.4x10-6 (RT to 550 ºC) and -

20x10-6 K-1 (550 to 1000ºC) for CeVO4, 6.6x10-6 K-1 (RT to 550 ºC), -2.6x10-6 K-1 (600 

to 750 ºC) and 2.1x10-6 K-1 (800 to 1000 ºC) for Ce0.7Ca0.3VO4 and 10x10-6 K-1 for 

8YSZ (RT to 1000 ºC) which correlates with the observation of Tsipis et al.161, 162 

(5.64x10-6 K-1 for CeVO4 (RT to 550 ºC), Ca-doped not reported at such doping level) 

that noticed an initial anisotropic thermal expansion followed by a linear increase before 

an unexplained zero and negative expansion although no phase transitions were noted 

from high temperature XRD. The value obtained for the calcium doped compound may 

be put in perspective from the values obtained by Tsipis for 10 and 20 % percent doping 

with values of expansion decreasing with increasing the dopant concentration; a pattern 
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also followed here as the TCE for the 30% dopant compound is smaller than the one 

reported by Tsipis at 20%. 

 

3.1.5. Conclusions 
 

Single phase crystals of Ce1-xMxVO4 (M = Ca, Sr with 0 ≤ x ≤ 0.4125 and 0 ≤ x 

≤ 0.175 respectively) were synthesised by a standard ceramic technique. All samples 

were found to exhibit the tetragonal zircon type structure of space group I 41/amd. It is 

believed that the lattice contraction on Sr/Ca-doping is due to the change of charge of 

cerium ions from Ce3+ to Ce4+ introducing oxygen hyperstoichiometry.  

 
Conductivity measurements carried out in air and in reduced atmosphere have 

shown that the improvement in conductivity resulting from the doping is independent of 

the dopant level as well as of the temperature for the case of air and while CeVO4 

exhibits an increased conductivity in reduced atmosphere, doped species total 

conductivity is globally decreasing except for sample Ce0.7Ca0.3VO4 which exhibit low 

level ionic conduction in combination with dominant electronic conduction. The 

relatively low conductivity in a reducing atmosphere will however restrain the 

application of these materials as anodes for intermediate temperature solid oxide fuel 

cells and additionally as average expansion coefficients are disadvantageous. Most 

doped samples (except those forming millesimal amount of CeO2 as a result of reducing 

oxygen pressure, phenomenon most likely due to the presence of undetected ceria in the 

starting material phase rather than real decomposition) are redox stable at a temperature 

below 600 °C although some lattice expansion was observed which is related to the 

reduction of both cerium and vanadium ions. 
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3.2. Cerium metavanadates 

3.2.1. Background 
 

 Rare-Earth containing structures, such as orthovanadates REVO4, have been 

intensively studied144, 145, 148, 153, 155, 156, 171, 172 with research going back a few decades, 

especially for lanthanum and cerium orthovanadates. However, the perovskite 

analogues of the zircon type structures (REVO3) have only recently been considered as 

potential anode materials and within these structures lanthanum and cerium vanadates 

are considered the most promising. It is known that cerium is a good electronic 

conductor and that vanadium is a good catalyst at intermediate temperatures, hence the 

recent interest for the magnetic properties of pure or doped CeVO3
173-179. Some doped-

REVOx has been investigated for orthovanadates160-162, 164 and for metavanadates173, 180 

but studies on CeVO3 were all centred on temperatures below ambient or above 700 °C. 

 

3.2.2. Experimental 

3.2.2.1.  Materials and properties 
 

Single-phase powders of orthovanadates from previous work181, 182 were used as 

starting materials. Single-phase cerium metavanadates were synthesised by a solid-state 

method using cerium orthovanadates as cerium and vanadium sources. Sample powders 

of the respective orthovanadates were pressed into pellets; sintered at temperatures 

depending on the sample themselves for 12 hrs (850 ºC for CeVO4, 900 ºC for Ca- and 

Sr-doped CeVO4); coated with platinum paste; fired again at 850 °C at a rate of 5 ºC 

min-1, dwelled for two hrs and then cooled down to RT before being reduced in 5% H2-

Ar at 900 °C for 5 hrs for strontium-doped and for 15 hrs for calcium-doped and non-

doped cerium orthovanadates. 

 

3.2.2.2.  Characterisation and conductivity 

3.2.2.2.1. Powder X-ray diffraction 
 

X-ray data were collected on a Bruker-AXS (D8 Advance) machine, controlled 

by DIFFRACTplus TM, in the Bragg-Brentano reflection geometry with a Cu Kα source 
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(1.5405 Å) and fitted with a LynxEyeTM detector.  

Absolute scans in the 2θ range of 5-85º with step size of 0.009º and time step of 

61.6s, 123.2s or 2s (longer scans for metavanadates refinements) were used during data 

collection. 

 

3.2.2.2.2. Thermal analysis 
 

Thermogravimetry and differential scanning calorimetry (TG/DSC) analyses 

were performed using a Stanton Redcroft STA/TGH series STA 1500 operating through 

a Rheometric Scientific system interface controlled by the software RSI Orchestrator up 

to 950 ºC at 5 ºC min-1 for analyses in 5% H2-Ar and up to 700 ºC at 5 ºC min-1 in air. 

 

3.2.2.2.3. Scanning electron microscopy 
 

SEM pictures were taken with the use of a Quanta 3D FEG scanning electron 

microscope (FEI Company) with voltages of 5 or 10 kV and 10 pA. 

 

3.2.2.2.4. Conductivity 
 

Total conductivity measurements were carried out using on one hand, a 

computer-controlled Solartron Analytical® SI 1287 potentiostat/galvanostat coupled to 

an SI 1250 frequency response analyser with the Scribner Associates Corrosion Testing 

software CorrWave® for non- and strontium-doped compounds; and a computer-

controlled Solartron Analytical® 1470E Battery Test System with the Solartron 

Analytical software, CellTest® for calcium-doped compounds; both within a 

temperature range of 700 ˚C to RT (~25 ˚C). Platinum coated pellets were fitted into the 

measuring apparatus and measurements were firstly carried out in a reduced atmosphere 

of 5 % H2-Ar dried through a solution of 98% H2SO4 and secondly in air. Recordings 

were made on heating/cooling from RT to 700 ˚C after stabilisation was attained at 700 

˚C at a rate of 2 ˚C min-1 for Ce0.85Sr0.15VO3 and 1˚C min-1 for all other compounds. The 

temperature was digitally recorded in parallel with the impedance through an Omega 

HH506RA multilogger thermometer connected to a microcomputer. 
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3.2.3. Strontium-doped cerium metavanadate results and discussion 

3.2.3.1.  Crystal structure 
 

 Single-phase perovskite structures were obtained for both synthesised 

metavanadate and Rietveld refinements were carried out with both structural and profile 

parameters being varied using an orthorhombic unit cell of space group Pnma (62) as 

starting model, as mentioned in the literature183. Wyckoff sites assigned to Ce (and Sr), 

V and O were 4c, 4a and 8d and 4c respectively. Vanadium and oxygen were always 

considered – during the refinement processes – with full occupancies, whereas cerium 

and strontium occupancies were varied in accordance with the stoichiometry. Profile 

refinements were performed using GSAS136 after space group determination with 

TOPAS®. The experimental and calculated profiles are shown in Figure 3.32 and the 

atomic parameters in Table 3.10.  

 

 Atoms x y z Occ. Uiso x100 

C
eV
O
3 

Ce 0.4631 (1) 0.2500 0.0005 (1) 1 2.4 (1) 

V 0 0 0 1 2.6 (2) 

O (1) 0.2327 (1) 0.0508 (1) 0.2706 (1) 1 9.0 (2) 

O (2) 0.6164 (1) 0.2500 0.5816 (1) 1 29 (2) 

C
e 0
.8
5S
r 0
.1
5V
O
3 Ce 0.4695 (1) 0.2500 0.0145 (1) 0.85 0.3 (1) 

Sr 0.4695 (1) 0.2500 0.0145 (1) 0.15 0.3 (1) 

V 0 0 0 1 0.1 (1) 

O (1) 0.2148 (1) 0.0158 (1) 0.3107 (1) 1 0.7 (1) 

O (2) 0.5047 (1) 0.2500 0.5459 (1) 1 2.5 (7) 
 

Table 3.10 Atomic positions and thermal factors for Ce0.85Sr0.15VO3 and CeVO3 

  

 Regarding oxygen displacement parameters, values obtained are reasonably larger 

to other elements as in the presence of heavy atoms, XRD is not sensitive enough to 

accurately measure light atoms like oxygen. Recent and past publications concerning 

lanthanoid metavanadates all mention that in the case of cerium (and lanthanum) a 

tetragonal phase is observed depending on the conditions of synthesis180, 184. Looking 

closely at the XRD pattern in Figure 3.32 (A), one could admit that the pattern has non-

split intense peaks whereas split ones are common for orthorhombic lanthanoid 
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metavanadates, however no tetragonal perovskite space group –neither primitive nor 

body-centred– could be assigned to the data with an acceptable fit. In these experiments, 

both CeVO3 and Ce0.85Sr0.15VO3 therefore exhibit orthorhombic structure indicating that 

the structure of non- and Sr-doped CeVO3 may be sensitive to the reduction conditions. 

 

 
 

Figure 3.32 GSAS plots of (A) Ce0.85Sr0.15VO3 and (B) CeVO3 
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 XRD analysis was carried out after the conductivity measurements in air to 

monitor the stability of the perovskite phase and results are shown in Figure 3.33 and 

Table 3.11. Whereas for CeVO3, the oxidation leads to the formation of a considerable 

number of different phases including cerium oxides, cerium vanadates and vanadium 

oxides185; the oxidation of Ce0.85Sr0.15VO3 only yields the tetragonal and monoclinic 

phases of Ce0.85Sr0.15VO4.  

 
Figure 3.33 XRD patterns of (A) CeVO3 and (B) Ce0.85Sr0.15VO3 after oxidation 

 
 Ce0.85Sr0.15VO4 

Phase Monoclinic Tetragonal 
Space Group P121/n (14) I41/amd (141) 

a (Å) 6.9928 (3) 7.3687 (5) 
b (Å) 7.2293 (4) 7.3687 (3) 
c (Å) 6.6788 (2) 6.4882 (2) 

α / β / γ  (º) 90 / 105.11 (1) / 90 90 / 90 / 90 
V (Å3) 325.98 (4) 352.26 (3) 

 
Table 3.11 Lattice parameters for Ce0.85Sr0.15VO4 after conductivity measurements 
  

 A point worth noting also is that for CeVO3, both cerium metavanadate and 

orthovanadate phases are present in the oxidised product whereas for the latter, only 

orthovanadate phases are detected. And if one considers that the monoclinic phase in 

Ce0.85Sr0.15VO3 is formed when the oxidation process is started at low temperatures, a 
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long-lasting firing of the metavanadate is likely to yield only the zircon-type tetragonal 

phase making the process fully reversible. The phase reversibility was tested by 

reducing the oxidised vanadate from the conductivity test in air with results given in 

Table 3.12 and 3.13 and in Figure 3.34 (red markers corresponding to the cubic phase of 

Pt, used as coating agent during conductivity) and 3.35. The Sr-doped compound was 

found to regain its orthorhombic form making the structural phase process fully 

reversible making that Sr-doped CeVO3 a better choice than CeVO3 as anode material 

for SOFCs. 

 Ce0.85Sr0.15VO3 
Space Group Pnma (62) 

a (Å) 5.5047 (3) 
b (Å) 7.7827 (4) 
c (Å) 5.5521 (2) 

V (Å3) 237.91 (5) 
wRp (%) 9.57 
Rp  (%) 7.47 

χ2 1.322 
 

Table 3.12 Refinement parameters for Ce0.85Sr0.15VO4 after 2nd reduction cycle 

 

 
Figure 3.34 GSAS plot of Ce0.85Sr0.15VO3 from reduction after conductivity 

measurements 
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 Ce0.85Sr0.15VO3 
Atoms x y z Occ. Uiso x 100 

Ce 0.4723 (1) 0.2500 0.0173 (1) 0.85 2.4 (1) 
Sr 0.4723(1) 0.2500 0.0173(1) 0.15 2.4 (1) 
V 0 0 0 1 1.9 (1) 

O (1) 0.1794 (1) 0.0386 (1) 0.2725 (1) 1 8.4 (1) 
O (1) 0.5206 (1) 0.2500 0.5121 (1) 1 8.5 (1) 

 
Table 3.13 Atomic positions and thermal factors for Ce0.85Sr0.15VO3 after second 

reduction 
 

 
Figure 3.35 XRDs of (A) starting VO4, (B) as VO3, (C) after conductivity 

measurement and (D) re-reduced 
 
3.2.3.2. Thermal analysis 
 

 In order to obtain fully reduced samples, TG/DSC curves of the starting materials 

were beforehand measured in 5% H2-Ar to assess the necessary range of temperature to 
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be employed with results shown in Figure 3.36 for Ce0.85Sr0.15VO4. Weight losses 

observed in 5% H2-Ar (around 6-6.5 wt %) are due to the loss of oxygen and correlate 

perfectly with a theoretical weight loss of 6.3 wt % from CeVO4 to CeVO3 and of 6.5 

wt % from Ce0.85Sr0.15VO4 to Ce0.85Sr0.15VO3. 

 

 
Figure 3.36 TG/DSC of Ce0.85Sr0.15VO4 in 5% H2-Ar from RT to 950 ºC 

 

 The thermal stabilities in air of the metavanadates formed were also determined 

and are shown in Figure 3.37 for Ce0.85Sr0.15VO3 and CeVO3.  

 

 
Figure 3.37 TG/DSC of Ce0.85Sr0.15VO3 and CeVO3 in air from RT to 700 ºC 
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  Data were recorded up to 700 ºC at a rate of 5 ºC.min-1 in order to match the 

experimental conditions from the conductivity measurements. Upon oxidation, both 

samples gained weight (around 6.5 wt %), which can be related to the absorption of one 

oxygen ion. The main difference lies in the oxidation temperature since while the 

strontium-doped compound is fully oxidised at about 350 ºC, an approximate 

temperature of 500 ºC is needed for CeVO3 even if in both cases, the oxidation process 

seems to start at around 200 - 300 ºC. It appears that doping with strontium also changes 

the kinetics of the oxidation process due to the modification of the surface. 

 

3.2.3.3.  Microstructure 
 

In order to examine the microstructure of the material before and after reduction, 

SEM pictures of the orthovanadate and of the metavanadate were taken for comparison 

and are shown in Figure 3.38.  

 
Figure 3.38 SEM images of Ce0.85Sr0.15VOx at x2000 and x10 000 as ortho (A-B) 

and meta (C-D) 
 

The pictures of the orthovanadate (A and B) exhibit a well sintered structure of 

plain particles whereas the same magnification with the metavanadate (C and D) result 

in an important microporosity (already visible on the x10 000 picture) with channels 

and void spaces not observed in the orthovanadate (even at x40 000 – Figure 3.39) thus 

A       C 

B       D 
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indicating to be a consequence of the reduction leading to higher conductivity. This 

phenomenon also confirms that the loss of oxygen happens locally and that the sintering 

of yielded metavanadate is insignificant, probably caused by its higher melting point. 

This special property could benefit the redox cyclability when used as anode for SOFCs.  

 
Figure 3.39 SEM image of Ce0.85Sr0.15VO4 at x40 000 

  

3.2.3.4.  Conductivity 
 

Values obtained from the impedance measurements and from the temperature 

recordings were combined to obtain plots of the conductivity against temperature and 

are shown in Figure 3.40 for Ce0.85Sr0.15VO3 in (a) dry 5% H2-Ar and in (b) air; and in 

Figure 3.41 for CeVO3 in (a) dry 5% H2-Ar and in (b) air. 

 
Figure 3.40 Conductivity plots of Ce0.85Sr0.15VO3 in (a) dry 5% H2-Ar and in (b) air 

 

As shown in Figure 3.40 (a), the conductivity is first improved as the 

temperature is increased from RT to about 150 ºC then looses half its magnitude while 

reaching 700 ºC passing from roughly 6 S.cm-1 to just below 3 S.cm-1.  
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After a dwell at 700 ºC of 6 hrs, the sample was cooled down and the pattern 

obtained on heating was reversibly observed on cooling since the conductivity improved 

from 700 ºC to 200 ºC before decreasing slightly from 150 ºC to RT. This behaviour at 

low temperatures, corresponding to the transition from a semi-conductive to a metallic 

character was also observed in air as can be seen on Figure 3.40 (b) and was followed 

by a rapid decrease upon oxidation starting at 200 ºC, in accordance with the STA data 

(Figure 3.37).  

 

 Moreover and referring to this latter, oxidation to the orthovanadate should be 

achieved at 350 ºC, however the conductivity was found to stabilise at this same 

temperature and remain unchanged up to 700 ºC. Its decrease only started on cooling 

below 600 ºC and dropped sharply by three orders of magnitude from about 1 S.cm-1 at 

400 ºC to 1 mS.cm-1 at RT, reaching a conductivity similar to the one obtained in a 

previous study182. This plateau value could not be rationalised by any means from the 

diffraction data obtained afterwards since as shown in Figure 3.33, only orthovanadate 

phases are obtained, exhibiting monoclinic and tetragonal systems. Partial oxidation of 

the sample would not explain the observed behaviour as the rate of heating used during 

the conductivity measurements was slower than the one employed for the STA analysis 

giving a more stabilised character to the values obtained during impedance recordings 

compared to the oxidation values resulting from the STA analyses. The only plausible 

reason may therefore be that the re-oxidation process only occurs on the surface, thus 

not affecting the electrode’s interfaces resulting in high conductivity. Upon more 

cooling, oxidation increases inducing a volume change large enough to expose the 

electrode’s interfaces to air thus resulting in lower conductivity. 

 
Figure 3.41 Conductivity plots of CeVO3 in (a) dry 5% H2-Ar and in (b) air 
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Concerning CeVO3 for the case of dry 5% H2-Ar (Figure 3.41 (a)), an increase 

of the conductivity is observed from RT to 220 ºC before a continuous decrease to 440 

ºC where the conductivity oscillates around 50 mS.cm-1 up to 700 ºC. After a dwell of 

12 hrs at this latter temperature, the conductivity is stabilised around 90 mS.cm-1. On 

cooling, an identical pattern is observed, namely a plateau value up to 570 ºC followed 

by an increase up to 400 ºC where a maximum of 0.12 S.cm-1 is attained before a slow 

decrease to the starting value at RT. The variations in air (Figure 3.41 (b)) repeat the 

pattern observed for other metavanadates in air or in reduced atmosphere, namely an 

increase of the conductivity up to a limiting value where it subsequently drops upon 

oxidation.  

 

The conductivity of CeVO3 in air is lower than in reduced atmosphere from 

about 10 mS.cm-1 at RT and about 20 mS.cm-1 around 200 ºC. Beyond that temperature 

and correlating with the STA data (Figure 3.37), the conductivity sharply drops to 0.3 

mS.cm-1 at 340 ºC (similar to the value obtained for CeVO4 in 182 under the same 

conditions) in relation with the oxidation process occurring. 

 

3.2.4. Calcium-doped cerium metavanadate results and discussion 

3.2.4.1.  Crystal structure 
  

 Polycrystalline perovskite structures of Ce1-xCaxVO3 were obtained exhibiting 

orthorhombic and/or monoclinic unit cells of space group Pnma (62) and P21/n11 (14) 

and are shown in Figure 3.42. The only phase for x ≤ 0.2 is the orthorhombic form 

whilst for x ≥ 0.3, characteristic peaks of both unit cells are found with major phases 

being the orthorhombic and monoclinic form for Ce0.7Ca0.3VO3 and Ce0.6Ca0.4VO3 

respectively.  

 
 Rietveld refinements were carried out with both structural and profile parameters 

being varied. Initial structural and spatial parameters for the orthorhombic perovskite 

structure with space group Pnma (62) were used as mentioned in the literature183. 

Wyckoff sites assigned to Ce (and Ca), V and O were 4c, 4a and 8d and 4c respectively. 

Vanadium and oxygen were always refined with full occupancies, whereas cerium and 

calcium fractions were varied in accordance with the stoichiometry. Profile refinements 

were performed using GSAS136 after space group determination with TOPAS®. The 
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experimental and calculated profiles are shown in Figure 3.43 with the difference 

profiles at the bottom and the refinement parameters are shown in Table 3.14. 

Considering samples with x ≥ 0.3, refinements using the monoclinic form were 

attempted however major discrepancies in the unit cell remained for reflections at 2θ 

values of 23, 32, 47 and 59º corresponding to the orthorhombic strongest peaks. Major 

phases were therefore assigned, for each composition, on the basis of the observed 

intensities. 

 

 
 

Figure 3.42 XRD patterns of Ce1-xCaxVO3 with (A) x = 0.1 (B) x = 0.2 (C) x = 0.3 
(D) x = 0.4 
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Figure 3.43 GSAS plots of (A) Ce0.8Ca0.2VO3 and (B) Ce0.9Ca0.1VO3 
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XRD analysis was carried out after the conductivity measurements in air to 

monitor the stability of the perovskite phase and results are shown in Figure 3.44. 

Whereas for Ce0.9Ca0.1VO3, the oxidation leads in majority to the formation of the 

monoclinic phase of the orthovanadate; the oxidation of Ce0.8Ca0.2VO3 and 

Ce0.7Ca0.3VO3 yield the tetragonal structure of the corresponding orthovanadates and the 

oxidation of Ce0.6Ca0.4VO3 primarily yields the tetragonal and monoclinic phases of 

Ce0.6Ca0.4VO4 and Ca3(VO4)2. A point worth noting also is that for the x = 0.1 sample, 

both cerium metavanadate and orthovanadate phases are present in the oxidised product 

whereas for the others, only orthovanadate phases are detected. The high doping level of 

calcium in the structure of Ce0.6Ca0.4VO3 seems to be the key detrimental factor to its 

stability and when the oxidation process is started at low temperatures, the monoclinic 

calcium vanadium oxide phase is simply unconstrained and forms freely. 

 
  Atoms x y z Occ. Uiso x100 

C
e 0
.8
C
a 0
.2
V
O
3 Ce 0.4686 (1) 0.2500 0.0086 (1) 0.8 0.4 (1) 

Ca 0.4686 (1) 0.2500 0.0086 (1) 0.2 0.4 (1) 

V 0 0 0 1 0.1 (1) 

O (1) 0.2133 (1) 0.0491 (1) 0.2740 (1) 1 0.9 (1) 

O (2) 0.5094 (1) 0.2500 0.5557 (1) 1 2.6 (1) 

C
e 0
.9
C
a 0
.1
V
O
3 Ce 0.4610 (1) 0.2500 0.0010 (1) 0.9 0.9 (1) 

Ca 0.4610 (1) 0.2500 0.0010 (1) 0.1 0.9 (1) 

V 0 0 0 1 0.2 (1) 

O (1) 0.2316 (2) 0.0492 (1) 0.2835 (1) 1 3.8 (1) 

O (2) 0.5140 (1) 0.2500 0.5783 (1) 1 8.6 (1) 
 

Table 3.14 Atomic positions and thermal factors for Ce0.9Ca0.1VO3 and 

Ce0.8Ca0.2VO3 
 

 Rietveld refinements were carried out with both structural and profile parameters 

being varied. Initial structural and spatial parameters for the zircon structure were used 

as mentioned in the literature148. Wyckoff sites assigned to Ce and Ca, V and O were 

4a, 4b and 16h respectively. Vanadium and oxygen were refined with full occupancies 

while cerium and calcium fractions were varied in accordance with the stoichiometry. 
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Profile refinements were performed using GSAS with the experimental and calculated 

profiles shown in Figure 3.45 (cubic platinum as secondary phase indicated by red 

markers and difference profiles at the bottom).  

 

 
 

Figure 3.44 XRD patterns of Ce1-xCaxVO3 with (A) – (D) x = 0.1 – 0.4 after 

conductivity measurements 
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Figure 3.45 GSAS plots of (A) Ce0.8Ca0.2VO4 and (B) Ce0.9Ca0.1VO4 

  

 The phase reversibility was tested by reducing the oxidised vanadate from the 

conductivity test with results given in Figure 3.46 and Table 3.15. The Ca-doped 

compounds up to x ≤ 0.3 were found to regain their orthorhombic form making the 

process fully reversible. One explanation for the single-phase character of 

Ce0.7Ca0.3VO3 after the second reduction is that experimentally a slightly higher 

temperature was used namely 925 ºC for 15 hrs instead of the 900 ºC used in the first 

round of reduction. 
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Figure 3.46 GSAS plots of (A) Ce0.8Ca0.2VO3, (B) Ce0.9Ca0.1VO3 and (C) 

Ce0.7Ca0.3VO3 
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 Ce0.9Ca0.1VO3 Ce0.8Ca0.2VO3 Ce0.7Ca0.3VO3 

Space Group Pnma (62) 

a (Å) 5.5207 (5) 5.4775 (1) 5.4985 (2) 

b (Å) 7.8097 (7) 7.7407 (5) 7.7879 (3) 

c (Å) 5.5490 (5) 5.4988 (1) 5.4509 (2) 

V (Å3) 239.24 (2) 233.14 (2) 233.42 (1) 

wRp (%) 14.06 13.73 13.44 

Rp  (%) 11.03 10.82 10.57 

χ2 1.141 1.099 1.114 
 

Table 3.15 Refinement parameters of Ce1-xCaxVO3 with 0 ≤ x ≤ 0.3 after 2nd 
reduction cycle 

 

3.2.4.2.  Thermal analysis 
  

 To ensure total reduction of the synthesised samples, thermal analyses of the 

sintered pellets prior to reduction were carried out in air and in 5% H2-Ar. Air analyses 

were carried out up to 1000 ºC at a rate of 5 ºC.min-1 and the results obtained were 

found to be in accord with ref160 and served as a limiting value for the measurement in 

hydrogen, carried out up to 950 ºC at the same rate as in air with the same gas flow.  

  

 A temperature of 900 ºC was determined as being sufficient to fully reduce all 

samples as shown in Figure 3.47, even though for the second cycle of reductions, the 

highest doping stable sample was reduced at 925 ºC allowing formation of a single 

phase compound (orthorhombic only) in comparison to the two-phase metavanadate 

(both monoclinic and orthorhombic) obtained after initial reduction. The increase of 

reduction temperature was rationalise in order to determine if a single phase character 

could be obtained for the 30 % calcium doped compound in the eventuality that the 

initial 15 hrs at 900 ºC might have left the sample at an intermediate thermodynamic 

level where time was long enough to allow VO3 formation but temperature was too low 

to solely stabilise the orthorhombic phase. Weight changes observed for calcium-doped 

compounds were similar in nature to those observed in a previous study on strontium-

doped cerium metavanadates186.  
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 The thermal stabilities in air of the metavanadates formed were also determined 

and are shown in Figure 3.48. Data were recorded up to 700 ºC at a rate of 5 ºC.min-1 in 

order to match the experimental conditions from the conductivity measurements. Upon 

oxidation, all samples gained weight (between ~7 and 8 %), which can be related to the 

absorption of one oxygen ion (theoretically 6.98 to 8.04 % when increasing the dopant 

level respectively). 

 
Figure 3.47 TGA curves of Ce1-xCaxVO4 in 5% H2-Ar from RT to 950 ºC 

 

 
Figure 3.48 TGA curves of Ce1-xCaxVO3 in air from RT to 700 ºC 
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 Stabilities with dwellings at 180 ºC were also carried out in order to verify 

usability below 200 ºC. All samples were analysed under flowing air over 2 hrs at 180 

ºC with a 1 ºC.min-1 heating/cooling rate. Results obtained are shown in Figure 3.49 and 

3.50 for the thermal analyses and Xrd post-analyses respectively. 

 
Figure 3.49 TG curves of Ce1-xCaxVO3 in air up to 180 ºC with 2 hrs dwell 

 

 
Figure 3.50 XRD of Ce1-xCaxVO3 after thermal analysis at 180 ºC with 2 hrs dwell 
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It can be seen that from thermogravimetric and structural analyses after thermal 

analyse all compounds are stable to air atmosphere up to 180 ºC. Each compound does 

retain the crystal structure it exhibited prior to thermal analysis, namely orthorhombic 

for doping lower than 20 % and a mixture of orthorhombic and monoclinic phases for 

doping level higher than 30 %. 

 

3.2.4.3.  Microstructure 
  

Microstructure analysis as a function of the oxygen content was carried out for 

comparison over the entire cycle of experiment with SEM pictures of the 

orthovanadates and of the metavanadates shown in Figure 3.51 for the case of 

Ce0.8Ca0.2VOx.  

 

 
Figure 3.51 Ce0.8Ca0.2VOx as (A) VO4, (B) VO3, (C) after conductivity 

measurement and (D) back to VO3 

A      B 

D      C 
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The pictures – all taken at x10000 from the centre of cracked pellets – exhibit a 

well sintered structure of plain particles in case of the orthovanadate whereas the same 

magnification with the metavanadate results in an impressive particle microporosity 

with channels and void spaces not observed in the orthovanadate thus indicating to be a 

consequence of the reduction leading to higher conductivity. This phenomenon also 

confirms that the loss of oxygen is happening locally without great densification and/or 

of porosity thus indicating that the sintering of the yielded metavanadate is insignificant. 

 This special property has the potential of being beneficial to the redox 

cyclability if used as an anode for SOFC; and in fact, this is exactly what is happening 

as after conductivity measurements in air, a sintered – yet with smaller particle size 

distribution – channels- and voids-free sample is obtained. If re-exposed to a reducing 

atmosphere for a second cycle, the microporosity is recovered even though this latter 

property was found to be dependent on time of exposure as illustrated in Figure 3.52 

where Ce0.6Ca0.4VOx is taken as example.  
 

 
Figure 3.52 Ce0.6Ca0.4VOx as (A) VO4, (B) VO3 and (C) after conductivity 

measurement in H2 

A      B 

C 
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In its orthovanadate form, particles are plain and have well defined contours, 

whereas after exposure to 5% H2-Ar for 55 hrs (15 hrs of initial reduction and 40 hrs 

during conductivity measurements) the similar microporosity is observed – to a lesser 

extent however than in Figure 3.51 – with an intermediate porous state obtained after 15 

hrs though already in the metavanadate form. The main difference thus resides in the 

behaviour of the particle shells of the orthovanadates – physically speaking – during 

reduction and whether their integrity is sustained or not while oxygen is being lost. 

 

3.2.4.4. Conductivity 
  

Impedance measurements and temperature recordings were combined to obtain 

plots of the conductivity against temperature and are shown in Figure 3.53 for Ce1-

xCaxVO3 in dry 5% H2-Ar and in Figure 3.54-56 for Ce1-xCaxVO3 in air with decreasing 

x respectively. 

 
Figure 3.53 Conductivity plots against temperature of Ce1-xCaxVO3 in dry 5% H2-

Ar 
 
In reducing atmosphere, the conductivities behave in the same pattern of 

decreasing magnitude while reaching 700ºC. After stabilisation periods of one day, 

similar patterns are reversibly observed on cooling as values are improving from 700 ºC 

to RT, without fully recovering the initial value however probably caused by a too short 

period of stabilisation at very low temperature. It can be observed that with increased 
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calcium level, conductivity is also improved with the exception of Ce0.6Ca0.4VO3, which 

exhibits a lower conductivity than Ce0.7Ca0.3VO3. This is related to the phase 

composition of those two compounds and the lower conductivity of the monoclinic 

phase (predominant in Ce0.6Ca0.4VO3) compared to the orthorhombic one. Also, the 

unusual phenomenon of having a higher conductivity at RT after cooling than before 

heating for sample Ce0.9Ca0.1VO3 may be explained by the fact that the compounds had 

already started to reoxidise – partially at least – during the time elapsed from the 

moment of the reduction and the subsequent X-ray analysis and the following 

conductivity analysis. 

 

 
Figure 3.54 Conductivity plot against temperature of Ce0.6Ca0.4VO3 in air 

 

 
Figure 3.55 Conductivity plot against temperature of Ce0.7Ca0.3VO3 in air 
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For sample Ce0.6Ca0.4VO3 in air, decreasing conductivity was observed – as can 

be seen on Figure 3.54 – namely an initial decrease followed by another decrease upon 

oxidation starting at 200 ºC, in accordance with the STA data (Figure 3.48) with a 

plateau value at about 275 ºC corresponding to the partial oxidation into calcium 

vanadium oxide before reaching a value of 0.3 mS.cm-1 in accordance to the one 

obtained in a previous study181.  

 
 

Figure 3.56 Conductivity plot against temperature of Ce0.8Ca0.2VO3 in air 
 

 For Ce0.7Ca0.3VO3, the same decreasing conductivity is observed followed by 

another decrease upon oxidation starting around 200 ºC, in accordance with the STA 

data (Figure 3.48) with a plateau value this time between 200 and 250 ºC and a low 

point of 0.01 S.cm-1 at 350 ºC before reaching a value of 0.23 S.cm-1 at 700 ºC. After a 

day dwell during which the conductivity had virtually not varied in comparison to the 

behaviour observed in reduced atmosphere, the conductivity rapidly dropped upon 

cooling reaching values (<0.005 S.cm-1) similar to those obtained in another study181. 

In the case of Ce0.8Ca0.2VO3, again a decrease is observed with a plateau around 

250 ºC corresponding to the partial superficial oxidation into orthovanadate before 

reaching a value of 0.2 S.cm-1 from 360 º up to 700 ºC. After 24 hrs of dwelling at 

700ºC, the conductivity decreased upon cooling to reach levels in accordance with 

orthovanadates obtained in a previous study181. Concerning Ce0.9Ca0.1VO3 the variations 

in air, shown in Figure 3.57 repeat the pattern observed for other metavanadates, namely 

a generally slow decrease up to about 200 ºC where the conductivity subsequently drops 

upon oxidation (similar to the value obtained in ref181 under the same conditions). Also, 
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whilst all metavanadates have similar or higher values of conductivity at RT in air than 

final RT conductivities in reduced atmosphere, Ce0.9Ca0.1VO3 is the only one where the 

increase is that significant. 

 
 

Figure 3.57 Conductivity plot against temperature of Ce0.9Ca0.1VO3 in air 

 

In the same manner as thermal testing was carried out with an isotherm at 180 

ºC to evaluate usability as an anode material in low-temperature SOFCs, long lasting 

conductivity measurements were carried out at the same temperature in air for sample 

Ce0.7Ca0.3VO3 over a 72 hrs period. The choice of composition was based on overall 

conductivity values and the stability plot obtained is shown in Figure 3.58 below.  

 
Figure 3.58 Stability plot against time of Ce0.7Ca0.3VO3 in air at 180 ºC  
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Over the studied period of time, the compound was found to be stable on a 

practical point of view with conductivity variations lower than 10 %. Even though a 

decreasing trend is noticeable, it has to be put in context as anode materials are ideally 

not supposed to be exposed to air (considering that no electrolyte gas diffusion is 

occurring) while this particular stability test was carried out in static atmospheric 

environment (a considerable oxygen-rich environment). 

 

3.2.5. Conclusions 
 

 Single phase crystals of Ce1-xMxVO3 (M = Ca, Sr with 0.1 ≤ x ≤ 0.4 and 0 ≤ x ≤ 

0.15 respectively) were synthesised by a standard ceramic technique. All Sr-doped 

samples were found to exhibit the orthorhombic perovskite structure in space group 

Pnma (62) while all Ca-doped samples exhibited  orthorhombic – Pnma (62) – and/or 

monoclinic – P21/c (14) – unit cells. Impedance measurements carried out in air and in 

reduced atmosphere have shown that the conductivities of Ca/Sr-doped CeVO3 are 

higher both in air and in dry 5% H2-Ar compared to CeVO3. This latter actually behaves 

in the same manner as its orthovanadate conjugate whereas the conductivity of the 

Ca/Sr-doped compounds was found to be of three orders of magnitude higher in the 

metavanadate form compared to the orthovanadate counterpart. Moreover, while the 

oxidation of the reduced CeVO3 and Ce0.9Ca0.1VO3 to Ce0.9Ca0.1VO4 doesn’t yield back 

the zircon structure, in the case of other Ca-doped CeVO3 as well as Ce0.85Sr0.15VO3, a 

reversible phase transition (with formation of calcium vanadium oxide for x = 0.4) has 

been established. It was therefore concluded that due to the instability of CeVO3 and 

Ce0.9Ca0.1VO3 upon oxidation leading to a multiple of undesired phases, the formation 

of Ca3(VO4)2 for Ce0.6Ca0.4VO3 and negative TCE, Ce1-xSr/CaxVO3 compounds are not 

suitable per se as anode materials for IT-SOFCs, however the reversible phase transition 

observed for Ca/Sr-doped metavanadates to orthovanadates and the general character of 

the compounds investigated may find some use for low temperature fuel cells ( < 200 ºC 

as suggested by stability tests carried out in air for Ce0.7Ca0.3VO3 reflecting usability in 

an oxygen-rich atmosphere) and/or on an electrolyte-supported cell assembly. 
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4. Novel proton-conducting electrolyte and potential 

use in IT-SOFCs 
4.1. Background 

 

Proton- and mixed ionic/electronic conducting ceramics have attracted much 

attention in recent years with the possibility of a wide range of applications including 

fuel cells, gas sensors and thin films187.  

Among the materials being the focus of attention are cerium and zirconium-

based perovskite (ABO3) in either pure or doped form. Both the A and B site can be 

doped with several elements with barium and strontium the most used as on A-site 

element and yttrium or gadolinium as a B-site dopant. The structures predominantly 

studied are based on alkaline and alkaline-earth doping of the A-site as providing the 

most interesting performance in terms of protonic conductivity29, 62-67, 188, 189. The 

doping of the B-site with a low-valent atom (yttrium, gadolinium or ytterbium on a 

cerium site) may generate oxygen vacancies and gives rise to a mixed conduction in 

water-containing oxygen- and hydrogen-rich atmospheres with predominance of 

electronic conduction likely at very high temperatures (>700 ºC). Experimentally 

speaking, barium and strontium cerates exhibit higher total ionic conductivity than their 

zirconate equivalent with the latter still favoured principally due to their stability in 

water and carbon dioxide containing atmospheres69, 70.  

A recent study has however demonstrated that 10% zirconium doping was 

sufficient to stabilise a 20% yttrium BaCeO3 (BCs) up to 500 ºC in CO2-containing 

(2%) as well as H2O-containing (15%) hydrogen without any decomposition and 

exhibiting a higher conductivity below 550 ºC than the most commonly used 

electrolytes (GDC and YSZ)190. A major disadvantage with the use of zirconate 

materials is the high sintering temperature required (usually above 1600 ºC for several 

hrs) while cerate materials tend to sinter earlier (around 1500ºC).  

A large amount of studies have therefore being carried out to improve 

sinterability and lower its temperature using either low-melting point elements (like 

cobalt, iron, zinc or bismuth...) or by incorporating other elements directly into the 

lattice 191-197 (with one disadvantage of possibly replacing some lattice atoms by the 

sintering aid elements like it is the case for zinc in barium zirconates)196. 
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Praseodymium-doped compounds were investigated to some extent with the 

study of Pr/Gd barium cerate as potential cathode materials that required 10 hrs at 1650 

ºC to achieve usable density198 and the recently published Pr-doped barium zirconates 

sintered 8 hrs at 1600 ºC199. Bismuth-doped compounds were investigated to some 

extent with the study of both zirconate191 and cerate analogues as potential cathode 

materials200 as well as electrolytes201. When used as sintering aid by Duval et al.191, 24 

hrs sintering at 1720 ºC was insufficient to attain usable density and when introduced in 

the lattice 200, 202, bismuth was found to greatly influence conductivity towards 

electronic dominance via p-type conduction. The use of cobalt and/or nickel as a dopant 

or sintering aid has been reported in many yttrium zirconate compounds 203-205 as well 

as in some cerates 206-208 and all report a lowering of the required sintering temperature 

to achieve high density, albeit electrical properties are affected. Praseodymium-doped 

barium cerates on the other hand still require relatively higher sintering temperatures 199, 

209 and although a recent study 210 showed that milder conditions could result in high 

density and thus the effect of cobalt addition on the structural, thermal and electrical 

properties of Pr-Y co-doped barium cerates were studied. 
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4.2. Experimental 

4.2.1.  Materials and properties 
 

Barium carbonate (99% Alfa-Aesar), cerium oxide (99.5% REO Alfa-Aesar), 

zirconium oxide (99+% Alfa-Aesar), yttrium oxide (99.9% REO Alfa-Aesar), 

praseodymium oxide (99% REO Alfa-Aesar), cobalt (II/III) oxide (99+% Alfa-Aesar) 

and bismuth oxide (99.9% Aldrich) for the solid-state syntheses and duty free ethanol 

(Fisher Scientific) for ball milling were used as received. 

 
Yttria-doped barium cerates were synthesised by solid state reaction after ball 

milling in duty free ethanol. Typically, stoichiometric amounts of the respective oxides 

were ball milled for 8 hrs in duty free ethanol at 400 rpm in periods of one hr with 

inverse rotation and a pause of ten minutes between each repetition using a FRITSCH 

Pulverisette 6. Powders were then dried, pressed into large pellets and fired twice for 12 

hrs at 1100 ºC with heating/cooling rates of 5 ºC min-1 with intermediate grinding. Fired 

powders were then pressed into pellets of diameter 13 mm and sintered at 1400 or 1450 

ºC for 6 hrs or ‘quick-sintered’ at 1500 ºC for 1 hr – namely a direct introduction of the 

pellet-containing crucible into the furnace at 1500 ºC and subsequent quenching after a 

dwell time of one hr – depending on the composition for bismuth based compounds 

(Table 4.1), quick sintered at 1500 ºC for 1 hr for BaCe0.7-xZryY0.3-y-zPrzBixO3-

δ compounds as given in Table 4.2 and fired 1 hr at 1400 ºC or 1500 ºC for cobalt-doped 

compounds (Table 4.3).  

 

Designation Composition Sintering conditions Relative 
density 

BCYB BaCe0.7Y0.2Bi0.1O3-δ 
Quick sintering 1500 

°C, 1 hr 98.4 % 

BCZYB_03 BaCe0.7Zr0.1Y0.05Bi0.15O3-δ 1400 °C, 6 hrs 99.9 % 

BCZYB_04 BaCe0.6Zr0.1Y0.15Bi0.15O3-δ 1400 °C, 6 hrs 99.9 % 

BCZYB_05 BaCe0.6Zr0.1Y0.1Bi0.2O3-δ 1400 °C, 6 hrs 99.9 % 

BCZYB_06 BaCe0.6Zr0.1Y0.2Bi0.1O3-δ 
Quick sintering 1500 

°C, 1 hr 99.6 % 

BCZYB_07 BaCe0.5Zr0.1Y0.2Bi0.2O3-δ 1450 °C, 6 hrs 98.5 % 
 

Table 4.1 Designations and sintering conditions of the studied bismuth-doped 
BaCeO3 
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Designation Composition 

BCYP BaCe0.7Y0.2Pr0.1O3-δ 

BCZYP15 BaCe0.7Zr0.1Y0.05Pr0.15O3-δ 

BCZYP10 BaCe0.7Zr0.1Y0.1Pr0.1O3-δ 

BCZYPB BaCe0.6Zr0.1Y0.1Pr0.1Bi0.1O3-δ 
 

Table 4.2 Detailed description of the BaCe0.7-xZryY0.3-y-zPrzBixO3 compounds  

 

Designation Composition Sintering conditions 

BCYP BaCe0.7Y0.2Pr0.1O3-δ Quick sintering 1500 °C, 1 hr 

BCYP_03 BaCe0.75Y0.05Pr0.15Co0.05O3-δ 1400 °C, 1 hr 

BCYP_04 BaCe0.75Y0.075Pr0.15Co0.025O3-δ 1400 °C, 1 hr 

BCYP_05 BaCe0.7Y0.175Pr0.1Co0.025O3-δ 1500 °C, 1 hr 
 

Table 4.3 Designation and sintering conditions of the studied cobalt-doped BCs 

 

To prevent barium evaporation at high temperature, pellets were buried into the 

as-prepared powder. For the conductivity measurements, pellets obtained were coated 

with platinum paste and fired at 900 ºC for 1 hr with heating/cooling rates of 5 ºC min-1. 

 

4.2.2. Characterisation and conductivity 

4.2.2.1. Powder X-ray diffraction 
 

X-ray data were collected on a PANanalytical X’Pert Pro in the Bragg-Brentano 

reflection geometry with a Ni-filtered Cu Kα source (1.5405 Å), fitted with a 

X’Celerator detector and an Empyrean CuLFF XRD tube. Absolute scans in the 2θ 

range of 5-100º with step sizes of 0.0167º were used during data collection. 

 

4.2.2.2. Thermal analysis 
 

TG/DSC analyses were performed using a Stanton Redcroft STA/TGH series 

STA 1500 operating through a Rheometric Scientific system interface controlled by the 

software RSI Orchestrator in flowing air and 5% H2-Ar at a flow rate of 50 ml min-1. 
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Analyses were also carried out in a wet reducing atmosphere by bubbling 5% H2-Ar gas 

through RT water at a flow rate of 50 ml min-1. 

 

4.2.2.3. Scanning electron microscopy 
 

SEM pictures were taken with the use of a Quanta 3D FEG scanning electron 

microscope (FEI Company) with voltages of 5 kV. 

 

4.2.2.4. Infrared spectroscopy 
 

 Infrared scans by Attenuated Total Reflectance (ATR) were acquired with an 

ABB MB3000 FT-IR laboratory spectrometer fitted with a MIRacle™ single reflection 

diamond/ZnSe crystal plate in the range 4000 to 600 cm-1 and an apodised resolution of 

4 cm-1. 

 

4.2.2.5. Dilatometry 
 

 Dilatometric measurements were carried out using a Netzsch DIL 402 PC running 

under Proteus® software up to temperature of 1000 ºC in flowing air (50 ml min-1) with 

a ramp up and down of 5 ºC min-1 on all single phase materials. 

 

4.2.2.6. Conductivity 
 

 Total conductivity measurements were carried out using a computer-controlled 

Solartron Analytical® SI 1260 frequency response analyser within a temperature range 

of 700 ºC to 300 ºC and impedance data were recorded with the impedance 

measurement software, SMaRT®. Platinum coated pellets were fitted into the measuring 

apparatus and measurements were carried out in ambient air and then in a reduced 

atmosphere of 5% H2-Ar dried through 98% H2SO4 firstly and humidified through a 

solution of water secondly. Recordings were made on cooling from 700 °C to 300 °C by 

increment of 50 °C after stabilisation was attained at 700 ºC.  
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4.3. Pr-doped barium yttrium cerates 

4.3.1.  Crystal structure 
 

 Single-phase perovskite structures were obtained for all samples. Rietveld 

refinements were carried out with both structural and profile parameters being varied. 

Initial structural and spatial parameters for the orthorhombic perovskite structure with 

space group I mma (74) were used as mentioned in the literature211 as providing the best 

initial fit with the experimental patterns. Wyckoff sites assigned to Ba, Ce (and Zr, Y, 

Pr, Bi) and O were 4e, 4b and 8g and 4e respectively. Barium and oxygen were always 

considered – during the refinement processes – with full occupancies, whereas B-site 

atoms occupancies were varied in accordance with the stoichiometry. Profile 

refinements were performed using GSAS136 after space group determination with 

HighScore Plus. The experimental and calculated profiles are shown in Figures 4.1-4 

for BCYP, BCZYP15, BCZYP10 and BCZYPB respectively and the refinement and 

lattice parameters in Table 4.4. 

 

 
Figure 4.1 GSAS plot of BaCe0.7Y0.2Pr0.1O3 

 

 All atoms substituting cerium being on the B-site of the perovskite structure, 

replacing Ce by Zr, Pr and Bi or a mixture of all three has the effect of lowering the 

average radius of the perovskite B-site, optimising its structure towards a smaller spatial 
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occupation, hence the decrease of lattice parameters and volume observed from the 

structural refinements. Moreover, this correlation also confirms the results from the 

refinements as to the incorporation of the diverse dopants into the lattice of the barium 

cerate in comparison to other perovskite compounds that are densified using low-

melting point components as a sintering aid. 
 

 
Figure 4.2 GSAS plot of BaCe0.7Zr0.1Y0.05Pr0.15O3 

 

 
Figure 4.3 GSAS plot of BaCe0.7Zr0.1Y0.1Pr0.1O3 
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Figure 4.4 GSAS plot of BaCe0.6Zr0.1Y0.1Pr0.1Bi0.1O3 

 

 BCYP BCZYP15 BCZYP10 BCZYPB 
Space Group Imma (74) 

a (Å) 6.2136 (5) 6.1754 (2) 6.1657 (2) 6.1558 (1) 
b (Å) 8.7504 (8) 8.7200 (2) 8.0763 (3) 8.6898 (1) 
c (Å) 6.2370 (6) 6.2017 (1) 6.1984 (1) 6.1877 (1) 

V (Å3) 339.1 (1) 333.9 (1) 332.7 (1) 330.9 (3) 
wRp (%) 9.68 7.98 8.41 9.16 
Rp (%) 7.49 5.58 6.17 6.95 
DWd 1.039 1.139 1.063 1.005 
χ2 2.126 1.887 2.049 2.442 

ρcalc (g.cm-3) 6.1746 6.3262 6.2976 6.4690 
ρexp (g.cm-3) 6.1663 6.3127 6.0897 6.2451 

 

Table 4.4 Refinement parameters for BaCe0.7-xZryY0.3-y-zPrzBixO3 compounds 

 

 XRD analysis was carried out after the conductivity measurements to monitor 

the stability of the perovskite phase upon exposure to reduced and humidified 

atmosphere and results are shown in Figure 4.5. All samples retained their orthorhombic 

forms with the zirconium-free barium cerate (BaCe0.7Y0.2Pr0.1O3-δ) exhibiting a unique 

additional peak at a 2θ angle of 23.9° marked as * that could not – due to the absence of 
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other peaks – be assigned to a particular impurity phase and is therefore denoted as 

unidentified. 

 

 
Figure 4.5 XRDs of BCYs after conductivity measurements in air and dry and wet 

5% H2-Ar (triangular marks are electrodic Pt, * unidentified peak) 
 
4.3.2.  Thermal analysis 
  

 As thermal stability is essential for any type of conductor, TG/DSC curves of the 

sintered materials were measured in flowing air and 5% H2-Ar. Measurements in air 

were carried out up to 1000 ºC at a rate of 5 ºC min-1 and the results are shown in 

Figures 4.6 and 4.7  for the TG and DSC traces respectively. All samples can be 

considered stable up to the measured temperature, including the Zr-free sample with 
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weight losses of up to 1% (excluding the high content Pr-doped sample – BCZYP15 – 

exhibiting a loss of 3.5% after cooling to RT which can be reduced to below 1% by 

taking aside the region up to 200 ºC). The weight loss of this latter sample below 200 ºC 

can only be explained through the loss of absorbed water, as the DSC curve obtained for 

BCZYP15 shows an endothermic peak below 200ºC corresponding with the loss in 

weight; thus indicating that sample BCZYP15 is more hydrophilic than the other 

samples. 

 
Figure 4.6 TG curves of BCs in air from RT to 1000 ºC 

  

 Important information provided in Figure 4.7 is the presence at high temperature 

of first order phase transitions for all samples except the co-doped Pr/Bi compound 

(BaCe0.6Zr0.1Y0.1Pr0.1Bi0.1O3-δ). These transitions are fully reversible and may be put in 

relation with the observed changes in the crystal structure of BaCe0.8Y0.2O2.9 (BCY) as a 

function of temperature as reported by Malavasi et al.211.  

  

 In contrast to their conclusions, Pr-doped BCY and BCZY synthesised in this 

work do not exhibit a monoclinic phase at RT. This difference may be the result of the 

sintering process used as quenching the samples directly from 1500 ºC may enable the 

powders to retain a higher symmetry which is confirmed by the Rietveld refinements 

after sintering in Figures 4.1-4. 
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Figure 4.7 DSC curves of BCYs in air from RT to 1000 ºC 

  

 Moreover, the reversible nature of these transitions as indicated from the DSC 

traces suggests that Pr-doped barium cerates retain the orthorhombic morphology even 

after a relatively slow firing process up to 1000 ºC (5 ºC min-1 during STA analysis) at 

which point the structure has – upon heating and cooling – undergone several phase 

transformations. 

 

 Concerning the Pr/Bi co-doped sample, phase transitions are also observed at high 

temperature – between 800 and 900 ºC – however, these are non-reversible suggesting a 

change in symmetry to a more stable crystal system. Indeed, X-ray analysis performed 

after thermal analysis (Figure 4.8) shows a slight shift at the shoulder of the main 

reflections and an enhanced splitting of the same peaks; namely at 2θ angles of 41.08º 

and 41.45º compare to 41.33º, 50.91º and 51.48º instead of 51.41º, 59.60º and 60.12º 

compare to 59.75º and 60.04º, and so on for peaks around 68º, 75º and 82º. A rapid 

spacing analysis reveals that the crystal system is now centred monoclinic with a Laue 

symmetry of 2/m (as reported by Malavasi et al.211) and the non-reversible phase 

changes are thus not associated to losses of barium and/or oxygen. 
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Figure 4.8 XRDs of BCZYPB after sintering and after TG/DSC analysis in air 

 

Measurements in 5% H2-Ar were carried out up to 800 ºC at a rate of 5 ºC min-1 

and the results are shown in Figures 4.9 and 4.10 for the TG and DSC traces 

respectively. Stability for all samples is demonstrated as weight losses do not exceed 

1.5% of pre-analysis weights with a loss of absorbed water of up to 0.6% at 150 ºC and 

formation of oxygen vacancies between 500 and 650 ºC depending on the composition. 

 
Figure 4.9 TG curves of BCYs in 5% H2-Ar from RT to 800 ºC 
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DSC traces do not exhibit – to the same extent – the behaviours observed in air 

as only one single first order phase transition is noticeable for the Zr-free compound 

around 700 ºC which matches an identical transition observed in air at the same 

temperature. This indicates that the observed transitions in the studied compounds are 

not bound to the atmospheric conditions used but solely on thermodynamic factors.  

 
Figure 4.10 DSC curves of BCYs in 5% H2-Ar from RT to 800 ºC 

 

Analyses in wet 5% H2-Ar were carried out up to 750 ºC at a rate of 5 ºC min-1 

and the results are shown in Figures 4.11 and 4.12 for the XRD stabilisation patterns 

and the TG traces (DSC traces not shown as similar to Figure 4.10) respectively. All 

compounds except BCZYPB exhibit an overall weight gain from RT up to a region 

below 600 ºC indicating an uptake of water molecules, a phenomenon observed in many 

barium cerates212, 213.  

 

BCZYPB has a rather unchanged behaviour in wet 5% H2-Ar than in non-

humidified 5% H2-Ar which is as yet unexplained even though the presence of bismuth 

may have an influence. The uptake of water had also no effect at all on the structure of 

the compounds as confirmed by XRD analysis after water treatment, and all compounds 

can therefore be considered as stable in a water-containing atmosphere. 
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Figure 4.11 XRDs of BCYs after TG/DSC analysis in wet 5% H2-Ar (* grease 

support) 

 
Figure 4.12 TG curves of BCYs in wet 5% H2-Ar from RT to 750 ºC 
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4.3.3. Infrared spectroscopy 
 

The biggest current challenge and recurring issue with barium cerate compounds 

remains the fact that instability in the presence of CO2 leads to the formation of barium 

carbonate. To ascertain whether the unidentified peak in the X-ray diffraction pattern 

after conductivity measurement was due to degradation by contact with CO2, IR scans 

were measured on the same powders used for PXRD and results are shown in Figure 

4.13. Figure 4.14 represents IR scans of the same compounds after sintering. 

 

 
Figure 4.13 IR scans of Pr-doped BCYs after conductivity measurement 

 

 
Figure 4.14 IR scans of Pr-doped BCYs after sintering 
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With a pure sample of barium carbonate taken as comparison, one can clearly 

see that the major C=O and C–O stretch exhibited by barium carbonate are present in all 

samples except BCZYP10 after conductivity measurements (Fig. 4.13) while none are 

present after sintering (Fig. 4.14). The intensity distribution of the main carbonyl peak 

also provides information on how much carbonate seems to be formed depending on the 

composition as samples BCZYP10 and BCZYPB for example have a large differential 

in the carbonyl peak while having equal praseodymium, yttrium and zirconium 

contents. 

  

4.3.4. Conductivity 
 

Values obtained from the conductivity measurements – performed in air, dry and 

wet 5% H2-Ar – were used to plot Arrhenius type plots of the conductivity against 

inverse temperature and are shown in Figures 4.15-17 for air, dry and wet hydrogen 

respectively. It can be seen that all the Pr-doped compounds have much higher 

conductivities over the whole range of temperature than the Pr/Bi co-doped sample in 

all atmospheres and that within the singly Pr-doped compounds, both the Zr-free and 

the high Pr-content samples have similar or higher conductivities than the usually 

accepted base composition for barium cerates, namely a 10% yttrium doping level. 

 
Figure 4.15 Total conductivity of BaCe0.7-xZryY0.3-y-zPrzBixO3 in static air 
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Figure 4.16 Total conductivity of BaCe0.7-xZryY0.3-y-zPrzBixO3 in dry 5% H2-Ar 

 
Additionally, in contrast to other reports on barium cerates211, there is no evident 

slope change in the conductive behaviour of the Pr-doped yttrium barium cerates for 

what ambient atmosphere is concerned. In a reducing atmosphere, both wet and dry, a 

change in slope is at noticeable around 500 ºC for all Zr-containing samples while it is 

rather unchanged for the Zr-free compound. Total conductivity values therefore 

obtained at 700 ºC in air for BCYP, BCZYP15, BCZYP10 and BCZYPB are 0.0121, 

0.0036, 0.0022 and 0.0005 S cm-1 respectively. The conductivity of sample BCYP is 

comparable to the value obtained by Malavasi et al.211 for BaCe0.8Y0.2O2.9 (0.014 S cm-1 

at 700 ºC in air) that still constitute the best conductivity in air for a barium cerate53. In 

the case of dry and wet reducing atmospheres – in the same order – values obtained are 

0.0055 and 0.0047S cm-1, 0.0032 and 0.0058 S cm-1, 0.0011 and 0.0010S cm-1, 0.0001 

and 0.0001S cm-1 respectively. The unexpectedly low conductance of the co-doped 

sample cannot be related to the predominant electronic conduction introduced by the 

addition of bismuth as noted in the study of Hui et al.214 – where it was found that the 

proton conductivity of BaCe1-xBixO3 decreased significantly with an increased bismuth 

content and that the total conductivity of the 50/50 sample was almost entirely due to 

electronic contribution –as if it was the case, differences in conductivity for the co-

doped sample between ambient and reduced atmosphere would be greater than the order 

of five observed. One possibility for the lesser conductivity may be related to the 
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relative density as can be noted from Table 4.4, samples BCZYPB and BCZYP10 had 

after sintering slightly lower densities as the other two compounds, around 96% 

compared to > 99%.  

 
Figure 4.17 Total conductivity of BaCe0.7-xZryY0.3-y-zPrzBixO3 in wet 5% H2-Ar 
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compounds, conductivity measurements at high temperatures were carried out over a 

long period of time to allow stabilisation. A stabilisation plot is represented in Figure 

4.19 and shows that a time of above 14 hrs is required at 700 ºC to obtain stabilised 

conductivity values for the Zr-free compound, whose variations are most likely due to 

loss of oxygen due to prolonged high temperature exposure as measurements in air were 

carried out under static ambient air rather than under flowing atmosphere.  

 

 
 

Figure 4.18 AC-IS of BCZYP15 in air, dry and wet 5% H2-Ar at 700 ºC 

 

 
Figure 4.19 Total conductivity stabilisation plot of BCYP in air at 700 ºC 
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The fact that a stable value is obtained and sustained also indicates that the 

impurity with the unidentified peak in the X-ray analysis after conductivity –which is 

likely to be due to the formation of a barium carbonate phase considering results from 

the IR scans– does not constitute an obstacle to high conductance despite barium 

carbonate being an insulator. This may be due either to the formation of its latter 

reaches a maximum due to limited exposure to CO2 from atmospheric air during 

measurement and/or because its formation renders the compound passive and thus 

protects it from further reaction without affecting its conductivity. Moreover, it would 

constitute a strong argument that while doping with a non-negligible amount of 

praseodymium (>10%), zirconium is not essential to the stability of the yttrium-doped 

barium cerate family of compounds both in air and reduced atmosphere, a phenomenon 

also observed when tantalum215 is used or when yttrium is completely replaced by 

gallium216 or indium217. The stability of doped BaCeO3 is thus clearly related to the 

dopants chosen. 
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4.4. Bi-doped barium yttrium cerates 

4.4.1.  Crystal structure 
 

Single-phase perovskite structures were obtained for all samples. Rietveld 

refinements were carried out with both structural and profile parameters being varied. 

Initial structural and spatial parameters for the orthorhombic perovskite structure with 

space group I mma (74) were used as mentioned in the literature211.  

Wyckoff sites assigned to Ba, Ce (and Zr, Y, Bi) and O were 4e, 4b and 8g and 

4e respectively. Barium and oxygen were always considered –during the refinement 

processes– with full occupancies, whereas B-site atoms occupancies were varied in 

accordance with the stoichiometry. Profile refinements were performed using GSAS136 

after space group determination with HighScore Plus. The experimental and calculated 

profiles are shown in Figures 4.20-25 for BCYB, BCZYB_03 to _07 respectively and 

the refinement parameters in Table 4.5. Looking at the variations in volume and lattice 

parameters (decreasing as cerium content is reduced in favour of a mixture of yttrium-

bismuth), it is clear that bismuth is not solely acting as a sintering aid but is in fact 

incorporated into the lattice (based on the ionic sizes of 6-coordinated cerium (IV) at 

1.01 Å, yttrium (III) at 1.04 Å and bismuth (V) at 0.9 Å). 

 

 
Figure 4.20 GSAS plot of BaCe0.7Y0.2Bi0.1O3 
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Figure 4.21 GSAS plot of BaCe0.7Zr0.1Y0.05Bi0.15O3 

 
Figure 4.22 GSAS plot of BaCe0.6Zr0.1Y0.15Bi0.15O3 

 

Concerning the sintering, samples containing equal or higher amount of bismuth 

than yttrium are easily sintered to relative densities >98% at 1400 °C if the overall 

fraction of bismuth and yttrium is equal to or lower than 0.3 (1450 °C for higher values) 

while samples containing stoichiometrically more yttrium than bismuth require a quick-

sintering process at 1500 °C which involves placing the pellet-containing crucible into a 
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furnace directly at 1500 °C, dwelling it for one hr and quenching it to RT in air. All 

pellets obtained through these firings therefore achieve high relative densities. XRD 

analysis was carried out after the conductivity measurements to monitor the stability of 

the perovskite phase upon exposure to reduced and humidified atmosphere and results 

are shown in Figure 4.26.  

 
Figure 4.23 GSAS plot of BaCe0.6Zr0.1Y0.1Bi0.2O3 

 
Figure 4.24 GSAS plot of BaCe0.6Zr0.1Y0.2Bi0.1O3 
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Figure 4.25 GSAS plot of BaCe0.5Zr0.1Y0.2Bi0.2O3 

 

 BCYB BCZYB
_03 

BCZYB
_04 

BCZYB
_05 

BCZYB
_06 

BCZYB
_07 

Space 
Group Imma (74) 

a (Å) 6.1792 
(1) 

6.1675 
(3) 

6.1459 
(3) 

6.1511 
(4) 

6.1535 
(2) 

6.1313 
(2) 

b (Å) 8.7155 
(1) 

8.7096 
(1) 

8.6783 
(6) 

8.6850 
(6) 

8.6833 
(2) 

8.6714 
(3) 

c (Å) 6.2068 
(1) 

6.2013 
(2) 

6.1774 
(3) 

6.1847 
(4) 

6.1804 
(1) 

6.1677 
(1) 

V (Å3) 334.27 
(1) 

333.11 
(1) 

329.48 
(2) 

330.41 
(1) 

330.24 
(1) 

327.91 
(1) 

wRp (%) 9.28 9.05 8.64 8.18 7.29 7.65 

Rp (%) 7.04 6.76 6.29 6.04 5.28 5.47 

DWd 1.080 1.099 1.074 1.102 1.495 1.111 

χ2 2.249 2.090 2.029 1.913 1.441 1.880 

ρcalc 
(g/cm3) 6.3994 6.5460 6.5150 6.6174 6.3790 6.5640 

ρexp 
(g/cm3) 6.3713 6.5449 6.5080 6.6108 6.3545 6.4665 

 
Table 4.5 Refinement parameters for BaCe1-xZryY0.2-zBitO3 compounds 
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All samples retained their orthorhombic forms with the two compositions 

containing comparatively more bismuth than yttrium exhibiting a unique additional 

peak at a 2θ angle of ~27.2° marked as * that could not – due to the absence of other 

peaks – be assigned to a particular impurity phase and is therefore denoted as 

unidentified. In addition, sample BCZYB_05 shows traces of barium carbonate 

impurity with the presence of its strongest intensity peak around 24°. 

 

 
Figure 4.26 XRDs of BCYs after conductivity measurements (▼electrodic Pt, ○ 

BaCO3) 
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4.4.2. Thermal analysis 
  

 TG/DSC curves of the samples obtained after sintering were carried out to 

measure the thermal stability in flowing air and 5 % H2-Ar and are shown in Figures 

4.27-28 and 4.29-30 respectively. Figures 4.27 (A) and (B) that present the TG curves 

of the studied compositions in air, indicate that compounds are stable up to the studied 

temperature of 1000 °C with overall weight changes not surpassing 1% that can be 

attributed to the loss of absorbed water for samples in (A) especially.  

 

 
Figure 4.27 (A) and (B) TG curves of BCYs in air from RT to 1000 ºC 
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 DSC curves for air represented in Figures 4.28 (A) and (B) do not show any 

relevant information undermining stability except for the observed phase transitions at 

temperatures between 800 °C and 1000 °C in (B) that are non-reversible as not observed 

on cooling. These phase transitions cannot be rationalised by the sintering process used 

as those three compositions were sintered under different conditions and require 

additional investigations to be carried out (high temperature XRD). 

 

 

 
Figure 4.28 (A) and (B) DSC curves of BCYs in air from RT to 1000 ºC 
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In the case of a reduced atmosphere, TG curves shown in Figures 4.29 (A) and 

(B) indicate that the studied Bi-doped barium cerates are stable in a low oxygen partial 

pressure environment. Weight losses observed below 200 °C for samples BCZYB_03 

and _05 are due to absorbed water while losses for all compounds from 400 °C might be 

due to loss of oxygen with formation of oxygen vacancies. DSC traces represented in 

Figures 4.30 (A) and (B) do not show any of the phase transitions observed in air as 

analyses where only carried out up to 800 °C compared to 1000 °C in air.  

 
Figure 4.29 (A) and (B) TG curves of BCYs in 5% H2-Ar from RT to 800 ºC 
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Figure 4.30 (A) and (B) DSC curves of BCYs in 5% H2-Ar from RT to 800 ºC 

 

Analyses in wet 5% H2-Ar were carried out up to 750 ºC at a rate of 5 ºC.min-1 

and the results are shown in Figures 4.31 and 4.32 for the TG traces and XRD stability 

patterns respectively. All compounds exhibit an overall weight loss across the 

temperature range with total weight losses after return to room temperature of over 1% 
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for BCZYB_03, 1% for BCZYB_04 and just above 1% for BCZYB_05. These results 

contrast with those obtained in non-humidified un-dried 5% H2-Ar as in comparison 

samples BCZYB_03 to _05 either lost more or have an unchanged weight once back at 

room temperature. Thus, all samples do, to some extent, retain water molecules. The 

uptake of water had however a major effect on the structure of the compounds as 

confirmed by XRD analysis after water treatment, and all compounds exhibited – in 

addition to the orthorhombic phase – the presence of barium carbonate as shown in 

Figure 4.32. 

 
Figure 4.31 TG curves of BCs in wet 5% H2-Ar from RT to 750 ºC 
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would also indicate that the physical state of the measured sample influences the phase 

content as well, as conductivity measurements are carried out with highly dense pellets 

compare to powder for thermal analyses. 

 
Figure 4.32 XRDs of BCYs after TG/DSC analysis in wet 5% H2-Ar (* grease 

support, ○ BaCO3) 
 

From all the above, these samples should therefore be considered as structurally 

stable in water-containing atmosphere even though the presence of impurities is 

observed as effects observed during conductivity measurements (as discussed later) do 

not support the theory of a total uncontrolled degradation of the barium cerate 

orthorhombic phase. 

 

4.4.3.  Microstructure 
  

In order to verify the microstructural behaviour of the compounds after sintering 

and after reduction, SEM pictures of selected compositions were taken for comparison 
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and are shown in Figure 4.33 (all pictures are taken from the centre of the pellets, 

horizontally and vertically speaking). The pictures on the left – corresponding to the 

microstructure after sintering – exhibit a well sintered structure of plain particles 

forming a fused network of crystals (especially visible for BCZYB_06, B) while right 

hand side pictures – taken after conductivity measurements – show generally cracked 

and dispersed parts with obvious closed pores in combination to a well-sintered fused 

network as background. This latter observation is particularly true for BCZYB_06 (B 

and E) and BCYB (C and F) while BCZYB_03 (A and D) could be considered 

unchanged as no structural difference as evident as in the case of other compositions is 

noticeable. 

 
 

Figure 4.33 SEM images of BCYs after sintering (A to C) and after conductivity 
measurement (D to F) 
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4.4.4. Infrared spectroscopy 
  

As for each barium cerate compound, the instability in presence of CO2 leading 

to the formation of barium carbonate is the largest issue to be tackled with when 

synthesising that type of compounds. In order to ascertain the presence and/or absence 

of barium carbonate after conductivity measurements, IR scans were measured with 

results shown in Figure 4.34 and 4.35 for scans after conductivity and sintering 

respectively.  

 
 

Figure 4.34 IR scans of Bi-doped BCY’s after conductivity measurement 

 

 
Figure 4.35 IR scans of Bi-doped BCY’s after sintering 
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It can be seen, using a blank of barium carbonate as comparative sample, that 

the major C=O and C–O bands are present in all compounds studied after conductivity, 

although in a minor proportion for two of the compositions. From Figure 4.35, it can be 

seen that carbonates are in fact still present after sintering in at least two compounds, 

minor in two others and absent from the two remaining. Although not detected during 

phase refinement and XRD analyses, this brings additional information as to why 

barium carbonate peaks are observed in XRD after conductivity measurements by 

suggesting that an impurity intensification process by long-lasting firing in air at high 

temperature is plausible rather than a destructive phase transformation of the barium 

cerate structure and suggests BaCeO3 is crystallising during the high temperature 

treatment. 

 

4.4.5. Conductivity 
 

Values obtained from the conductivity measurements – performed in air, dry and 

wet 5% H2-Ar – were used to plot Arrhenius type plots of the conductivity against 

inverse temperature and are shown in Figures 4.36 and 4.37 for air and dry and wet 

hydrogen respectively.  

 
Figure 4.36 Total conductivity plot in ambient air of BCYs (filled symbol 

compositions not measured in reduced atmosphere) 
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Filled symbols in Figure 4.36 correspond to particular compositions (BCYP, 

BCZYB_06 and BCZYB_07) whose conductivities were not measured in reduced 

atmosphere due to mechanical degradation of the pellets, mainly caused by the 

reduction of bismuth causing a fundamental lattice change in the structure and inducing 

cracking.  

 

This behaviour is observed experimentally by a progressive increase of the 

impedance measured under reducing conditions at 700 °C. Rationalising why these 

compounds do not have sufficient mechanical strength in reduced atmosphere solely 

because of the bismuth content reduction is however not evident. Indeed, the three 

compositions that sustain reducing atmosphere conditions have a bismuth content 

greater than two of the compositions that fail to achieve sufficient mechanical integrity. 

A series of factors must therefore have a role to play in the variations of mechanical 

strength of the different compositions as no straightforward link can be established 

between the amount of bismuth contained in the structure and cracking. The electrical 

properties of these compositions in air are very close to one another for the two 

compounds that only differ on the presence of zirconium in the structure (BCYP: 

BaCe0.7Y0.2Bi0.1O3-δ and BCZYP_06: BaCe0.6Zr0.1Y0.2Bi0.1O3-δ) and reach total 

conductivity values common to barium cerates and zirconates at 9.4 x 10-3 S.cm-1 at  

700 °C for the zirconium-free compound (comparable with values obtained by Malavasi 

et al. for BaCe0.8Y0.2O2.9)211 while the lower conductivity of sample BCZYB_07 

(BaCe0.5Zr0.1Y0.2Bi0.2O3-δ) can be ascribed to the lower density attained after sintering as 

well as a lower content of cerium in the structure despite an increase in bismuth that 

would in principle boost electrical properties. Open symbol compositions shown in 

Figure 4.37 did exhibit similar properties in the same range of total conductivity values 

with a maximum for sample BCZYB_05 of 5.5 x 10-2 S.cm-1 at 700 °C attained after 

over 80 hrs of measurement at 700 °C (Figure 4.38) and show an increase in electronic 

conductivity dominance over time (Figure 4.39, evolving from a characteristic two 

semi-circle response to a depressed constant phase element before exhibiting an 

inductance combined with an ionic response and finally a pure inductance characteristic 

of metallic compounds), most likely due to bismuth reduction and/or loss of oxygen at 

high temperatures. In addition and in contrast to other reports on barium cerates211, 

there is no evident slope change in the conductive behaviour of the Bi-doped yttrium 

barium cerates for what ambient atmosphere is concerned. In a reducing atmosphere, as 
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can be seen in Figure 4.37 for both wet and dry, a change in slope is noticeable between 

500 and 600 °C with the exception of sample BCZYB_05 in wet reducing atmosphere, 

which exhibits a change in slope around 400 °C. Sample BCZYB_05 exhibits higher 

conductivity in wet 5% H2-Ar indicating proton conduction and highlighted by the 

increased conductivity over time in humidified atmosphere at 700 °C (Figure 4.38). 

 

 
Figure 4.37 Total conductivity plot of BCYs in dry (open) and wet (filled) 5% H2-

Ar 

 
 

Figure 4.38 Total conductivity stabilisation plot of BCZYB_05 
(BaCe0.6Zr0.1Y0.1Bi0.2O3-δ)at 700 ºC in air and in wet 5% H2-Ar 

0 10 20 30 40 50 60 70 800

10

20

30

40

50

60

0

2

4

6

8

10

Time (hours)

σ 
(m
S.
cm

-1
)

σ 
(m
S.
cm

-1
)

Air
wet 5 % H2-Ar



 

152 

The total conductivities of all samples in reducing atmosphere were found to be 

lower than the values obtained in air with samples exhibiting lower, similar or higher 

conductance in wet compare to dry reduced atmosphere (also noted during thermal 

analysis between non-humidified and wet reduced atmosphere). The presence of the 

barium carbonate phase detected after thermal analysis should – if a result of structural 

degradation rather than impurity intensification – have a direct diminishing effect on 

conductivity from the insulating nature of the BaCO3 phase. This is however not 

observed as stability of the conductivity is demonstrated at high temperature thus, the 

noticed phenomena are most certainly linked to the nature of the conduction with 

diverse predominance of mixed ionic/electronic conduction and diverse behaviour 

concerning water uptake and stability, as illustrated in Figures 4.31 and 4.32. 

 

 
Figure 4.39 Evolution of impedance spectra of BCZYP_05 during stabilisation 

loop at 700 ºC in air 
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4.5. Cobalt addition to Pr-doped barium yttrium cerates 

4.5.1.  Crystal structure 
 

 Using a previous study as a reference210, a series of samples where cobalt was 

added to praseodymium-doped  BCY were successfully synthesised. Rietveld 

refinements were carried out with both structural and profile parameters being varied. 

Initial structural and spatial parameters for the orthorhombic perovskite structure with 

space group were used as mentioned in the literature 211. Wyckoff sites 

assigned to Ba, Ce (and Y, Pr, Co) and O were 4e, 4b and 8g and 4e respectively. 

Barium and oxygen were always considered –during the refinement processes– with full 

occupancies, whereas B-site atoms occupancies were varied in accordance with the 

stoichiometry. Profile refinements were performed using GSAS 136 after space group 

determination with HighScore Plus. An experimental and calculated profile for 

BCYP_05 is shown in Figure 4.40 as example and the refinement and lattice parameters 

for all compounds are listed in Table 4.6.  

 

 
Figure 4.40 GSAS plot of BaCe0.7Y0.175Pr0.1Co0.025O3-δ 
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5%. Incorporation into the lattice is also confirmed from refinement parameters shown 

in Table 4.6 as if taking BCYP_05 as an example, its composition only differs from 

BCYP by the presence of 2.5% Co instead of yttrium and considering that the ionic 

radius of cobalt (in any oxidation state) is lower than that of yttrium (III) – ranging from 

0.53 to 0.745 Å for 6-coordinated Co(IV) and Co(II) respectively compared with 0.9 Å 

for 6-coordinated Y(III)167 –  the reduction in lattice volume observed is thus related to 

the decrease in average radii of the B-site proving cobalt incorporation into the lattice. 

 
 BCYP BCYP_04 BCYP_05 

Space Group Imma(74) Imma (74) Imma (74) 
a (Å) 6.2136 (5) 6.2002 (3) 6.1963 (3) 
b (Å) 8.7504 (8) 8.7579 (4) 8.7518 (4) 
c (Å) 6.2370 (6) 6.2192 (3) 6.2169 (3) 

V (Å3) 339.1 (1) 337.7 (1) 337.1 (1) 
wRp (%) 9.68 9.27 8.36 
Rp (%) 7.49 6.81 6.32 
DWd 1.039 1.062 1.135 
χ2 2.126 2.485 2.050 

ρcalc (g.cm-3) 6.1746 6.2871 6.1961 
ρexp (g.cm-3) 6.1663 6.2783 6.1938 

 
Table 4.6 Refinement parameters for BCs compounds 

 

 
Figure 4.41 Raw XRDs comparing purity depending on cobalt level 
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 XRD analysis was carried out after the conductivity measurements to monitor 

possible structural variations of the perovskite phase upon exposure to reduced and 

humidified atmosphere. As shown in Figure 4.42, all cobalt samples retained their 

orthorhombic form without changes and/or presence of impurities. 

 

 
Figure 4.42 XRDs of BCYs after conductivity measurement (▼electrodic Pt, * 

unidentified peak) 
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present 167 – has the effect of stabilising the obtained structure by a contraction and 
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rigidification of the lattice leaving little room left for the occurrence of distortions and 

transitions. 

 
Figure 4.43 TG/DSC curves of BCYs in air from RT to 1000 ºC 

 

Measurements in non-humidified and humidified 5% H2-Ar were carried out up 

to 800 ºC and 750 ºC respectively at a rate of 5 ºC min-1 and results are shown in Figure 

4.44 for the TG traces. 

 
Figure 4.44 TG curves of BCYs in 5% H2-Ar from RT to 800 ºC 
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Stability is demonstrated in non-humidified reducing atmosphere as weight 

losses of pre-analysis weights do not exceed 0.26% with the loss of oxygen vacancies 

between 500 and 600 ºC depending on the composition. In humidified atmosphere, a 

similar pattern is observed however a clear weight gain (around 0.25% for both 

compounds) is noticeable in comparison to the non-humidified analyses indicating 

water uptake, a phenomenon already reported for other barium cerates/zirconates199, 209, 

212, 213. XRD analysis was carried out for samples after thermal analyses in humidified 

reducing atmosphere and indicates stability in the presence of steam (not shown due to 

similarity with data from initial GSAS refinements, Figure 4.40 and Table 4.6). 

 

4.5.3. Infrared spectroscopy 
 

One main issue and recurrent challenge with barium cerate-based compounds 

remains the fact that the presence of carbon dioxide leads to the formation of barium 

carbonate. To verify the presence of this instability, IR scans of the studied compounds 

were taken on sample powders after the conductivity measurements and after sintering 

and are shown in Figure 4.45 and 4.46 respectively.  

 

 
Figure 4.45 IR scans of Pr and Co-co-doped BCY’s after conductivity 

measurement 
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With pure barium carbonate taken as reference sample, one can clearly see that 

the major C=O and C–O stretches exhibited by barium carbonate are present in all 

samples (Figure 4.45) while none are present after sintering (Figure 4.46). The intensity 

of the main carbonyl peak also provides information on how much carbonate seems to 

be formed depending on the composition as samples BCYP_04 and BCYP_05 for 

example have a large delta in the carbonyl peak intensity while having equal cobalt 

contents. 

 
Figure 4.46 IR scans of Pr and Co-co-doped BCY’s after sintering 

 

4.5.4. Dilatometry 
 

Considering the mechanical compatibility of these materials with other plausible 

cell components, thermal expansion measurements of dense ceramics were carried out 

in air using dilatometry. Figure 4.46 illustrates the ΔL/L0 values obtained using a 5 ºC 

min-1 heating rate in the 25 ºC to 1000 ºC range. The calculated thermal expansion 

coefficients were as follow, 12x10-6 K-1 for BCYP, 12.5x10-6 K-1 for BCYP_04 and 

11.6x10-6 K-1 for BCYP_05. These are similar to the values reported for 8YSZ and 

LSGM218 as well as the 10x10-6 K-1 found for 8YSZ synthesised through a low-

temperature carbonated method as confirmation169. Shrinkage measurements were also 

carried out on BCYP_04 as this was the only sample requiring a temperature below 
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1500 ºC to achieve high density (Figure 4.47 where it is clear that sintering has occurred 

by 1400 ºC). 

 
Figure 4.47 Dilatometric measurement in air up to 1000 ºC of BaCe1-x-y-

zYxPryCozO3-δ 
 

4.5.5. Conductivity 
 

Values obtained from the conductivity measurements were used to plot 

Arrhenius type plots of the conductivity against inverse temperature and are shown in 

Figure 4.48. It can be seen that compounds where cobalt was added have similar 

(BCYP_05) or slightly lower (BCYP_04) conductivity values as the cobalt free BCYP. 

Moreover, while conductivities in wet 5% H2-Ar are lower than in dry 5% H2-Ar for 

BCYP_04 (BaCe0.75Y0.075Pr0.15Co0.025O3-δ) under 600 ºC, in the case of BCYP_05 

(BaCe0.7Y0.175Pr0.1Co0.025O3-δ) wet hydrogen values are higher than dry over the whole 

range of temperature and to an extent greater than that observed with BCYP (Figure 

4.49 and 4.50) which would indicate an increased protonic conduction in that particular 

compound. This can be explained from the noticable water uptake shown in the TG 

curves between humidified and non-humidified reducing atmosphere. Being structurally 

very similar (differing only in the yttrium amount and the presence of cobalt), it is not 

surprising that values obtained for BCYP_05 are very close to those obtained for the 

cobalt-free compound, however a generally increased conductive behaviour is 

nonetheless observed across the different atmospheres favouring ionic conduction. 
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Cobalt is usually accepted as being a contributor towards electronic conduction (Figure 

4.49 and 4.50). This is noted as both plots show p-type semi-conduction with almost 

fully joined responses for hydrogen in the case of BCYP with closed termini Warburg 

diffusion while BCYZP_05 has clearly segregated responses with non-finite Warburg 

diffusion. 

 

 
Figure 4.48 Total conductivity plot of BCYs in various atmospheres from 700 ºC to 

300 ºC 
 

Additionally and in contrast to other reports on barium cerates211, there is no 

evident slope change in the conductive behaviour of the cobalt-containing samples 

except in reducing atmosphere for BCYP_05. Trend lines added on Figure 4.48 

illustrate the absence of such change and were omitted for samples exhibiting a slope 

change for clarity with activation energies given in Table 4.7. A slope change does 

however occur around 500 ºC for BCYP_05 in dry and wet reducing atmosphere 

correlating with the sudden weight gain prior to the loss from oxygen vacancies 

formation shown in Figure 4.44 but without noticeable change in conductive state 

during impedance measurements (no metallic to semi-conductor transition or vice-

versa). 

Total conductivity values thus obtained at 700 ºC in air for samples BCYP, 

BCYP_04 and BCYP_05 are 0.0121, 0.00403 and 0.00985 S cm-1 respectively. The 
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conductivity of samples BCYP and BCYP_05 are therefore comparable to values 

obtained by Malavasi et al.53 for BaCe0.8Y0.2O2.9. In the case of dry and wet reducing 

atmosphere –in the same order– values obtained are 0.0055 and 0.0047S cm-1, 0.0021 

and 0.0022 S cm-1, 0.0036 and 0.0051 S cm-1 respectively.  

 

    
Figure 4.49 Impedance of BCYP in various atmosphere at 650 ºC and 

corresponding ECs for air (L) and 5% H2-Ar (R)  
 

 

 
Figure 4.50 Impedance of BCZYP in various atmosphere at 650 ºC and 

corresponding ECs in air (L) and reducing atmosphere (R) 
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Ea in kJ mol-1 

A in S K cm-1 BCYP BCYP_04 BCYP_05 

Air 
Ea 67.6 ± 0.2 50.5 ± 0.1 62.6 ± 0.1 

A 4.2.104 ± 1.0 1.7.103 ± 1.7 2.3.104 ± 1.1 

dry 5% 
 

H2-Ar 

High 
Temp 

Ea 59.6 ± 1.1 63.9 ± 0.6 34.2 ± 2.1 

A 8.4.103 ± 1.2 5.3.103 ± 1.1 228.9 ± 1.3 

Low 
Temp 

Ea NA NA 7.8.105 ± 2.8 

A NA NA 84.4 ± 5.4 

Approx. Temp. 
Border (ºC) NA NA 500 

wet 5% 
 

H2-Ar 

High 
Temp 

Ea 54.1 ± 1.0 80.3 ± 0.7 37.2 ± 0.1 

A 3.8.103 ± 1.2 4.7.104 ± 1.2 489.9 ± 1.0 

Low 
Temp 

Ea 78.0 ± 0.8 NA 73.7 ± 1.3 

A 2.5.105 ± 1.2 NA 1.3.105 ± 1.3 

Approx. Temp. 
Border (ºC) 450 NA 500 

 

Table 4.7 Arrhenius constants and activation energies in BaCe1-x-y-zYxPryCozO3-δ
* 

 

Activation energies in air were found to slightly decrease with the introduction 

of cobalt into the structure and generally fit values reported in the literature for similar 

compounds with ~0.7eV (68 kJ mol-1) reported for BaZr0.8Y0.2O3-δ in air219 and 0.63eV 

(61 kJ mol-1) for BaZr0.9Y0.1O3-δ in dry Ar/O2
220. In doped BaCeO3, activation energies 

for protonic conduction are generally lower than 50 kJ.mol-1 221, 222 and raise to about 75 

kJ mol-1 when hydroxide ions conduction via vacancies is pre-dominant223 (a 

phenomenon often occurring when samples are exposed to saturated water atmosphere). 

Considering the case of hydrogen – both wet and dry – and using the two most 

neighbouring compositions (BCYP and BCYP_05), it is clear that cobalt addition has a 

                                                
* As in Table 3.5 
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direct effect on the value of the activation energy with a diminution of 1.5 times 

between dry and humidified conditions. 

 

In order to verify the conductive stability of the studied compositions, 

conductivity measurements at high temperature were carried out over a long period of 

time to reach a sustained equilibrium. A stabilisation plot is represented in Figure 4.51 

and shows that a time of under 12 hrs is required at 700 ºC to obtain stabilised 

conductivity values for the cobalt containing compounds in air and several days of 

recordings for measurements in reduced atmosphere. 

 
Figure 4.51 Total conductivity stabilisation plot of BCYP_04 (plain) and BCYP_05 

(open) at 700 ºC 
 

The fact that a stable value is obtained and sustained also indicates that the 

barium carbonate peaks detected in the IR scans after conductivity do not constitute an 

obstacle to high conductivity despite barium carbonate being an insulator. This may be 

due to either the formation of its latter reaches a negligible maximum (since below the 

XRD detection limit) due to limited exposure to carbon dioxide from atmospheric air 

during measurement and/or to its formation renders the compound passive and thus 

protects it from further reaction without affecting its conductivity and/or finally because 

it occurs due to adsorbed carbon dioxide onto the sample surface after conductivity due 
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to a greater time elapsed between conductivity measurement and IR scans than between 

conductivity measurement and XRD analysis. Thus, while the incorporation of cobalt 

allows conductivity levels to be maintained at a similar level than without it, when 

similar compositions are considered (BCYP and BCYP_05), the overall stability of Pr- 

and Y-co-doped BaCeO3 is clearly improved by the incorporation of cobalt into the 

lattice.  
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4.6. Conclusions 
 

Praseodymium-doped and bismuth-doped yttrium barium cerates were 

successfully synthesised by solid state reactions followed by quick sintering at 1500 ºC 

for 1 hr allowing densification over 96% to be obtained in the case of Pr-doped 

compounds and sintering at temperatures between 1400 and 1500 ºC for 1 to 6 hrs with 

densification over 98% obtained for Bi-doped compounds. Cobalt addition to 

praseodymium-yttrium co-doped barium cerates was also successfully achieved via 

solid state syntheses followed by sintering at 1400 ºC or 1500 ºC for only 1 hr achieving 

relative density > 98%.  

All bismuth samples were found to retain their original orthorhombic phase after 

treatment in either air, dry and wet 5% H2-Ar even though differences in mechanical 

strength were observed upon reduction that are not solely due to strains and stresses 

induced by bismuth ionic size variations. Conductivity values as high as 0.055 S cm-1 

were obtained for sample BaCe0.6Zr0.1Y0.1Bi0.2O3-δ and of 0.0094 S cm-1 for the Zr-free 

compound (BaCe0.7Y0.2Bi0.1O3-δ) at 700 ºC in air. Compounds with sufficient structural 

strength to support reducing atmospheres were however found to exhibit dominant 

electronic conduction as is noticeable from the conductivity measurements with water 

uptake behaviours different per each composition, which contrasts with the effects 

obtained from the doping of barium yttrium cerates with other elements but is in line 

with the conclusions of Hui and Pijolat.202 The presence of barium carbonate in samples 

after conductivity measurements however indicates that these materials are unstable in 

air. Praseodymium samples on the other hand were found to be stable in air, dry and wet 

hydrogen atmosphere with the highest conductivity values obtained for the Zr-free 

compound at 0.0121 S cm-1 at 700 ºC in air. Co-doping with Pr/Bi was found to be 

detrimental to the cerate normally higher conductivity despite the introduction of 

bismuth, that should have increased electrical capacity and is believed to be mostly 

related to structural constraints. Zr-containing Pr-doped samples were however found to 

have much higher conductivities in wet reducing atmosphere than in ambient air over 

almost the entire studied range of temperature suggesting a higher water uptake 

rendered possible by the introduction of praseodymium into the lattice of the perovskite 

structure – a phenomenon already observed for Pr-doped barium zirconates – which 

would greatly benefit ionic conduction of these types of materials especially for 
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applications such as high temperature solid oxide fuel cells or electrolysers. Cobalt 

addition to these Pr-containing compounds allows even larger amounts of water to be 

retained as suggested by the higher conductivities obtained in wet hydrogen compared 

to the values in dry hydrogen as well as to decrease the sintering burden overall without 

sacrificing too much the resulting conductivity. 
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5. Conclusions and Future work 
 

Crystals of Ce1-xMxVO4 (M = Ca, Sr with 0 ≤ x ≤ 0.7 and 0 ≤ x ≤ 0.4 

respectively) were synthesised by a standard ceramic technique and solid solution limits 

were found to lie between 0.4125 and 0.425 and 0.175 and 0.2 respectively. All single 

phase samples were found to exhibit the tetragonal zircon type structure of space group 

I 41/amd. Calculations were carried out and show that the lattice contraction on Sr/Ca-

doping is most likely due to the change of charge of cerium ions from Ce3+ to Ce4+ 

introducing oxygen hyperstoichiometry. This, however, reaches a maximum plateau 

level at which point further doping does not yield more and more oxygen content. This 

particular condition permits the creation of different concentrations of oxygen vacancies 

during reduction (resulting in different conductivity values depending on dopant levels). 

Conductivity measurements carried out in air and in reduced atmosphere have 

shown that the improvement in conductivity resulting from the doping is independent of 

the dopant level as well as of the temperature for the case of air and while CeVO4 

exhibits an increased conductivity in a reduced atmosphere, the conductivity for 

substituted compounds decreases except for sample Ce0.7Ca0.3VO4 which exhibits low 

level ionic conduction in combination with dominant electronic conduction. The 

relatively low conductivity in a reducing atmosphere will however restrain the 

application of these materials as anodes for intermediate temperature solid oxide fuel 

cells. Additionally, average expansion coefficients are disadvantageous. Most doped 

samples are redox stable (stable to fundamental structural changes) at a temperature 

below 600 °C although some lattice expansion was observed which is related to the 

chemical reduction of both cerium and vanadium ions. 

Single phase crystals of Ce1-xMxVO3 (M = Ca, Sr with 0.1 ≤ x ≤ 0.4 and 0 ≤ x ≤ 

0.15 respectively) were synthesised by a standard ceramic technique. All Sr-doped 

samples were found to exhibit the orthorhombic perovskite structure of space group 

Pnma (62) while all Ca-doped samples exhibited an orthorhombic – Pnma (62) – and/or 

monoclinic – P21/c (14) – unit cells. 

Impedance measurements carried out in air and in reduced atmosphere have 

shown that the conductivities of Ca/Sr-doped CeVO3 are higher both in air and in dry 

5% H2-Ar compared to CeVO3. This latter actually behaves in the same manner as its 

orthovanadate counterpart whereas the conductivity of the Ca/Sr-doped compounds 
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were found to be of three orders of magnitude higher in the metavanadate form 

compared to the orthovanadate counterpart. Moreover, while the oxidation of CeVO3 

reduced from CeVO4 and Ce0.9Ca0.1VO3 to Ce0.9Ca0.1VO4 does not yield back the zircon 

structure, in the case of other Ca-doped CeVO3 as well as Ce0.85Sr0.15VO3, a reversible 

phase transition (with formation of calcium vanadium oxide for x = 0.4) has been 

established. 

 

It was therefore concluded that due to the instability of CeVO3 and 

Ce0.9Ca0.1VO3 upon oxidation leading to a multiple of undesired phases and the 

formation of Ca3(VO4)2 for Ce0.6Ca0.4VO3, Ce1-xSr/CaxVO3 compounds are not suitable 

per se as anode materials for IT-SOFCs, however the reversible phase transition 

observed for Ca/Sr-doped metavanadates to orthovanadates and the general character of 

the compounds investigated may be used for low temperature fuel cells ( < 200 ºC as 

suggested by stability tests carried out in air for Ce0.7Ca0.3VO3 reflecting usability in an 

oxygen-rich atmosphere) either as a single electrode or a symmetrical system and/or on 

an electrolyte-supported cell assembly. Challenges remain relative to the sintering and 

cell fabrication due to abnormal thermal expansion of the orthovanadate phase. 

 

Praseodymium-doped and bismuth-doped yttrium barium cerates were 

successfully synthesised by solid state reactions followed by quick sintering at 1500 ºC 

in the case of Pr-doped compounds and sintering at temperatures between 1400 and 

1500 ºC for Bi-doped compounds in order to obtain overall densities above 96%. Cobalt 

addition to praseodymium-yttrium co-doped barium cerates was also successfully 

achieved via solid state syntheses followed by sintering at 1400 ºC or 1500 ºC achieving 

relative density > 98%. 

All bismuth samples were found to retain their original orthorhombic phase after 

treatment in either air or dry and wet 5% H2-Ar even though differences in mechanical 

strength were observed upon reduction that are not solely due to strains and stresses 

induced by bismuth ionic size variations and could be due to thermal expansion 

coefficients. Compounds with sufficient structural strength to support reducing 

atmospheres were however found to exhibit dominant electronic conduction as is 

noticeable from the conductivity measurements as a function of water uptake behaviour 

different per each composition. This contrasts with the effects obtained from the doping 

of barium yttrium cerates with other elements, but is in line with the conclusions of Hui 
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and Pijolat.202 The presence of barium carbonate in samples after conductivity 

measurements however indicates that these materials are unstable in air at high 

temperature with formation of carbonate phases. 

Praseodymium samples on the other hand were found to be stable in air, dry and 

wet hydrogen atmosphere with the highest conductivity values obtained for the Zr-free 

compound at 0.0121 S cm-1 at 700 ºC in air, comparable to results obtained in other 

studies for the standard BCY. Co-doping with Pr/Bi was found to be detrimental to the 

cerate conductivity despite the introduction of bismuth that should have increased 

electrical conductance. This is believed to be mostly related to structural constraints. Zr-

containing Pr-doped samples were however found to have much higher conductivities 

in wet reducing atmosphere than in ambient air over almost the entire studied range of 

temperature suggesting a higher water uptake rendered possible by the introduction of 

praseodymium into the lattice of the perovskite structure – a phenomenon already 

observed for Pr-doped barium zirconates by Fabbri et al.199. 

Cobalt addition to Zr-free Pr-doped BCY allows much larger amounts of water 

to be retained – as suggested by the higher conductivities obtained in wet hydrogen 

compared to the values in dry reducing hydrogen – as well as to decrease the sintering 

burden overall without sacrificing too much the resulting conductivity, which is in 

antagony with expectations as cobalt addition in other perovskite systems has been 

shown to drastically increase conductivity. 

 

It was concluded from all the electrolyte compositions studied that Pr-, Bi-, Pr-

Bi and Pr-Co doped barium yttrium cerates were not suitable as electrolytes for IT-

SOFCs due to a decreased but still too elevated sintering temperature and some 

structural instability towards redox and atmospheric treatment; however properties 

discovered about water uptake and conductive behaviour in reduced atmospheres 

greatly benefit the ionic conduction of these types of materials, especially for 

applications such as high temperature solid oxide fuel cells or electrolysers. 

 

Generally, results obtained during the electrode studies allowed many initial 

hypotheses to be answered. First, the hyperstoichiometry found for cerium 

orthovanadates forms another argument in contradiction with the studies carried out in 

1999 by Picardi156 and Krašovec155 that found evidence of an orthovanadate structure 

containing solely Ce3+ and V5+ atoms (neutron and XPS measurements should be 
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carried out in the future to fully ascertain the state of cerium ions within the structure). 

Secondly, the assumption that doping onto the A-site of the metavanadate should also 

result in much higher conductivity values and led to the creation of entirely new 

compounds with promising properties. Indeed, one major issues faced at the moment by 

researchers in the fuel cell community is the fact that current cermet materials are too 

energy demanding in terms of operating temperature, performance and impurities. 

However, decreasing the range of operation without the implementation of new 

materials does not seem feasible mainly as currently known materials require such high 

temperature so as to be able to use more impure fuel gases (the lower the temperature of 

operation, the higher the purity of the fuel gases need to be if the materials used are not 

stable to impurities). At the other end of the operational range, PEMFCs are limited to 

temperature below water vapour as their electrolyte medium is based entirely on water. 

Hence, the recent interests in developing materials for a 300 ºC to 600 ºC operational 

range. Electrolytes based on copper-containing ceramics have been identified as suitable 

materials at such temperatures, however, there is no known electrode material today that 

can be used in conjunction to these electrolytes without also requiring high cost noble 

metal catalysts.  

 

It is therefore believed that an entire temperature gap existing between PEMFCs 

and IT-SOFCs has been totally ignored and really constitutes the missing element in the 

future large scale implementation of fuel cell technology. In fact, diverse materials have 

been identified as being extremely stable and highly conductive in the range from RT to 

under 300 ºC (which is the case of the metavanadate compounds developed in this 

thesis). The main issue with these materials is the fact that there is no existing ceramic 

electrolyte that can effectively function in this temperature range as well as exhibiting 

decent cell performance. 

 

Concerning the series of electrolyte studied, some improvements have been 

identified. Doping of the barium cerate with praseodymium has shown to be effective as 

a phase stabiliser without the use of zirconium (although this latter is usually 

universally accepted as being essential to stabilise the barium cerate phase in presence 

of water/carbon dioxide-rich environments) and addition of small amount of cobalt into 

the lattice (shown to substantially increase oxide ion conductivity in LSGM for 
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example) have allowed the sintering temperature to be decreased without any loss in 

densification. 

 

Regarding future work, this should focus on polymer-oxide composite 

electrolytes based on alternative perovskite type oxides and/or developed vandates from 

this thesis and high temperature polymer membranes. This would permit to bridge the 

existing gap between the PEMFC and the SOFC and thus, develop a compatible 

electrolyte material permitting the metavanadate compounds to be used in symmetrical 

systems at much lower temperature (in order to provide a better match with the 

properties exhibited below 300 ºC). 
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