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Abstract 

The research into materials for use as cathode materials for solid oxide fuel cells (SOFC) 

is ongoing, with many different avenues being investigated. Copper based delafossites 

were studied for cathode side applications in SOFCs, as a novel and comparatively cheap 

material. The aim was to identify suitable materials with appropriate electrical 

conductivity, thermal, chemical and mechanical stability in air. Furthermore, 

understanding the behaviour of the delafossites during the thermal oxidation to spinel 

and copper oxide would be beneficial to further development of the materials. 

The structure and properties of the copper based delafossites CuFeO2, CuAlO2 and CuCrO2 

were studied, alongside several doped compositions for each parent composition. The 

electronic conductivity of the CuFeO2 family was improved by doping fluorine into the 

structure, with 1 atomic % doping producing ~3.8 S cm-1 at 800 °C. However, as reported 

in literature the structure is vulnerable to oxidation at higher temperatures. In contrast, 

CuAlO2 was stable over the SOFC temperature range, and therefore had appropriate 

thermal expansion coefficients (TEC) of ~11 x 10-6 K-1, but relatively low electronic 

conductivity. CuCrO2 compositions had good overall TECs, but aliovalent doping of Mg2+ 

improved the conductivity to ~17.1 S cm-1at 800°C for 2.5 atomic % doped CuCrO2. 

Neutron diffraction was utilised to study members of the solid solution CuFe1-xCrxO2 (x = 

0, 0.25 and 0.5) during in-situ oxidation at high temperature. Points of positive scattering 

density were identified within the CuFeO2 structure, which were attributed to the location 

of the intercalated oxygen ions before the transformation proceeded. Additionally, the 

cation distribution between the tetrahedral and octahedral sites within the developing 

spinel were characterised for x = 0, and partially for the x = 0.25 and 0.5 compositions 

using complimentary XRD patterns. 

Finally, magnesium doped CuCrO2 delafossites were used in several different preliminary 

symmetrical cells for study using electrochemical impedance spectroscopy (EIS). Pure 

delafossite inks gave relatively large area specific resistance (ASR) values, 

1.29 – 2.69 Ω cm2 at 800 °C. It was attempted to improve upon these values through infiltration 

of CeO2 and through change in microstructure using composite type inks, without much success. 

Inks using CuCr0.8Fe0.2O2 were also tested as both a single phase electrode and as a 

composite type electrode. The pure delafossite electrode still had a large ASR value, 

(~33.4 Ω cm2 at 800 °C) while composite electrodes obtained much more respectable ASR 

values ~0.75 Ω cm2 at 800 °C. 
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Chapter 1 Introduction and literature review 

1.1 Introduction 

The energy landscape today differs vastly from that seen less than half a century ago; in 

only 40 years our global energy demands have almost doubled, increasing from 4,672 

Mtoe(mega tone oil equivalent) (or 5.4x1010 MWh) in 1973 to 8,677 Mtoe (1.0x1011 MWh)1 

in 2010. In the 1970’s 86.7% of energy consumption was met by a combination of oil, gas 

and coal, but by 2010 coal and gas contributed only 81.8%.1 In the intervening years the 

use of coal and gas has increased, but not in pace with the increasing global demand for 

energy. Figure 1-1 shows the total energy supply for the world by fuel type for past and 

future, and shows the steady increase in ‘Other’ types of fuel. 

The decline in the use of oil, gas and other fossil fuel related energies may be attributed 

to several key factors, including; 

1. Non-renewability - the extensive time requirement for the precursors to form the 

final, usable fossil fuel, combined with the rapid depletion of current reserves that 

cannot be replaced, means that this fuel must be regarded as a non-renewable 

source;  

Figure 1-1 Total energy supply forecast, divided by source within each year.  Forecast years 
contain two predictions which are reliant on the adoption of different policies.91 
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2. Environmental concerns- the combustion of fossil fuels releases products into the 

atmosphere, such as carbon dioxide, which contribute to air pollution and global 

warming; 

3. Increasing cost - the increase in energy demand, coupled with oil, gas and coal 

production that has not risen in tandem, has increased their cost and made 

research and investment in alternative energy sources a viable option. 

These factors, together with a forecast of continued energy growth in the future, drive a 

movement to investigate alternative, renewable sources of energy2 which meet current 

efficiency and environmental targets. 

There are many alternative renewable energy sources in development and use presently, 

including wind and solar power. When meteorological factors are favourable these devices 

can be efficient and productive, but in uncooperative or inclement weather they can 

become inoperable3. There are many other methods of energy production that are 

renewable in nature, which avoid the intermittent nature discussed above. Fuel cells are 

within this category, and there are many facets of the technology that recommend them 

further; the fuels and exhaust gases used in fuel cells are often environmentally clean4, 

while the overall efficiency of the higher temperature fuel cells may be  augmented by use 

in combined heat and power (CHP) applications5. When looking to the future, the ability 

of the technology to use natural gas, biogas or hydrogen as a fuel demonstrates a flexibility 

that becomes attractive as we contemplate the challenges of the transfer from a fossil fuel 

to hydrogen or otherwise based economy6. A fuel cell may also be operated in ‘reverse’, as 

an electrolyser, and a combination of these two cells has the potential to store surplus 

energy as H2, for later use. 

 

1.2 Solid oxide fuel cells (SOFCs) 

The beginning of the cell may be considered approximately 1834, when Faraday first 

developed the concept of the ionic conductor7. Following this development, Christian 

Friedrich Schönbein was the first to propose the principal of the fuel cell, and only a short 

number of years later William Robert Grove developed and constructed the first 

operational fuel cell, the Gas Voltaic Battery8. These initial investigations paved the way 

for Walther Nernst in 1897 to suggest that a solid electrolyte of yttrium and zirconia could 

be used as a filament in his Nernst lamp9. He had created an ionic conductor which would 

become very important to the future of solid oxide fuel cells, and would be studied with 
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great attention over the following century. The ‘Nernst Mass’, a mix of 15% yttria and 85% 

zirconia, proved to be a highly successful electrolyte for SOFC applications, although 

technical and construction problems within the materials and cell design was an 

obstruction to rapid production of practical SOFCs9. 

The solid oxide fuel cell is an electrochemical device that collects the electrical energy 

released when the fuels added into the cell react together. The cell is comprised of three 

main components: anode, electrolyte and cathode. The electrolyte is inserted between the 

two porous electrodes: the negative anode and positive cathode. The cell must operate at 

elevated temperatures, usually between 600°C to 1000°C10, to provide the activation 

energy required for oxide ions to move through the solid materials. However, this 

restriction is also an advantage, as these higher operational temperatures mean that other 

fuels such a methane and natural gas may be used. 

Figure 1-2 shows a schematic of a SOFC. At the anode side of the cell oxidation of the fuel 

– H2, or an alternative – occurs catalytically at the electrode-electrolyte interfaces11,12. This 

reaction produces water (or oxidised carbon molecules), heat and electrons. The electrons 

then travel through the external circuit to reach the cathode, and reduce the oxygen fuel 

Figure 1-2  Schematic of the operational solid oxide fuel cell, where A = anode, E = electrolyte 
and C = cathode. 
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there to oxide ions13. The oxide ion may then migrate though the electrolyte, due to the 

concentration gradient, to oxidise the fuel and complete the circuit. 

 

Anode Reactions:  H2  +  O2- → H2O  +  2e-   Equation 1-1 

Cathode Reaction: 1/2O2  +  2e- → O2-    Equation 1-2 

Overall Reaction: H2  +  1/2O2 → H2O ΔG = -229 KJ mol-1    14 Equation 1-3 

Equations 1-1, 1-2 and 1-3 show the chemical reactions that are occurring at either side of 

the cell with pure hydrogen as the fuel gas. The third equation relates the overall chemical 

reactions, alongside the free energy of the system. The negative nature of this term shows  

how this system is spontaneous and thermodynamically favoured. The free energy of the 

system may be related to the electrical potential by Equation 1-4 

ΔG0 = -nFE0          Equation 1-4

  

where ΔG0 is the Gibb’s free energy, n is the number of moles of electrons involved, F is 

the Faraday’s constant and E0 is the electrical voltage. This potential is ideal and in 

standard conditions, and not the actual potential obtained from a working SOFC. The 

ideal equilibrium potential at other temperatures and pressures may be related together 

using the Nernst equation, shown in Equation 1-5 for a SOFC using H2 as the fuel14.  

 𝐸 =  𝐸0  +  (
𝑅𝑇

2𝐹
) 𝑙𝑛 (

𝑃𝐻2

𝑃𝐻2𝑂
) +  (

𝑅𝑇

2𝐹
) 𝑙𝑛 (𝑃𝑂2

1
2⁄

)      Equation 1-5 

where E is the ideal potential at the given temperature and pressures, known as the open 

circuit voltage OCV, E0 is the standard potential, R is gas constant, T is temperature, F is 

Faraday’s constant and P is the pressure of the gases. 

The actual potential drawn from a cell is again different from the ideal potential at a given 

temperature and pressure, and this is due to losses within the system, also called 

polarisation. There are three main types of loss15:  

(1) Activation polarisation – from the energy required to overcome activation energy 

barriers within electrochemical reactions. 

(2) Ohmic polarisation – from the resistance to flow ions through the electrolyte, 

electrons through electrode etc. 

(3) Concentration polarisation – from the concentration gradient of the fuels as they 

are consumed in the reaction. 
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These losses can all be mitigated through consideration of microstructure, operation 

temperatures and through control of material compositions and thickness, although they 

can never be truly removed altogether. The next section describes the properties of the 

different segments of the SOFC, and their component requirements. 

1.2.1 SOFC components 

For the SOFC to operate at a high efficiency, the materials used must fulfil certain 

objectives specific to the respective component. Due to the operating conditions, many of 

the cells constituents must be stable in a variety of situations (temperature, atmosphere), 

with similar coefficients of thermal expansion (CTE). The CTE must remain similar 

between all components to avoid mechanical stress and deformation that will decrease the 

performance of the cell. Additionally, anode and cathode must be stable in oxidising and 

reducing conditions at either side of the cell. The electrolyte must be stable in both 

conditions16,17, and all these materials must be stable, and adhesive, with one another. 

1.2.1.1 Electrolyte 

The electrolyte has different requirements to the electrodes in the SOFC. This central 

layer must be completely electronically insulating, while maintaining strong ionic 

conduction. Additionally, the material must be dense and gas tight to prevent the diffusion 

of gases across the electrolyte barrier18,19,20.  

As mentioned in Section 1.2, yttria-stabilised zirconia (YSZ) was the first and, to date, one 

of the better performing materials identified for electrolyte use21. The oxygen vacancies, 

inherent in the YSZ structure through the charge compensation reaction illustrated in 

Equation 1-6 are the origin of the anionic conductivity22. Here the equation is written in 

Kroger-Vink notation, where subscript elements indicate the original occupation of the 

site in the lattice, superscript ‘X’ means charge neutrality between the original  and new 

occupant, superscript (· ) indicates a positive charge difference and ( ´ ) represents a 

negative difference. 

M2O3 + 2ZrZrX + OOx → 2MZr‘ + VO·· + 2ZrO2     Equation 1-6 

However, there must be sufficient energy in the system to allow migration from occupied 

tetrahedral holes to vacancies, through the potential energy wall that results from the 

anion having to ‘squeeze’ between adjacent atoms. Operating at elevated temperatures, 

typically 700°C or above, allows this migration to occur. Materials such as doped ceria 

have the advantage of working as an electrolyte at lower temperatures. 
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1.2.1.2 Electrodes: anode and cathode 

The anode material requires several key properties: electrical conductivity (ionic is also 

desirable), high catalytic activity and high porosity. Electrical conductivity and high 

catalytic activity are required to fulfil Equation 1-1, allowing the oxidation of the hydrogen 

and the subsequent migration of electrons through the anode to the outer circuit.   

Porosity is required for two reasons – for permeation of the fuel/product gases, and for 

increased reactive surface area. If the anode material is not ionically conductive (i.e. is 

purely electronically conductive) then the electrochemical reaction sites are restricted to 

points where all three components (electrolyte, anode and fuel) come together – the triple 

phase boundary. To this end, composite materials, a mix of ionically conducting electrolyte 

and electronically conducting anode, are the preferred current composition23. 

In the early twentieth century precious metals such as platinum and gold, and transition 

metals such as nickel and iron, were originally investigated as possible anode materials. 

Problems with delamination from the electrolyte, and aggregation of particles affected the 

metals. H. S. Spacil24 first identified that the nickel aggregate problem could be addressed 

by the mixing of yttria-stabilised zirconia with the nickel to form a composite. This cermet 

proved successful, apart from a tendency to become poisoned by carbonaceous fuels23. 

Similar to the anode, the cathode must maintain catalytic activity with electronic 

conductivity, and have a porous structure. Initially platinum metal was used as cathode 

material, but the high cost of this made the practice prohibitive25. In the late 1970’s, 

perovskites such as LaCoO3
26, and LaMnO3

27, began to gain interest as new materials for 

cathode applications. The ability of the perovskite to both conduct ionically and 

electronically made it especially attractive. However, material degradation over time, due 

to reaction with the YSZ electrolyte resulting in electronically insulating third phases27,28, 

made them less ideal. 

To avoid unwanted formation of impurity phases such as La2Zr2O7, investigation into A-

site deficient perovskites ensued, with resulting materials having a much hardier cell 
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performance, while exploration of dopants in the A-site and/or B-site position have also 

yielded many good alternatives25,29,30,31. 

There are two main types of cathode, which depend on the material properties. For the 

cathode with ionic and electronic conduction, like lanthanum strontium manganite oxide 

(LSM), the reactive surface area is greatly increased. 30 However, for materials which are 

purely electronic there is a reduction in active sites. For composite materials, which 

contain a mix of two materials with electronic and ionic conductivity, the reaction must 

take place on the triple phase boundaries, as depicted in Figure 1-3(a). This scheme was 

proposed by Fleig32, with Figure 1-3(a) referring to a purely electronic conductor, 

Figure 1-3(b) a mixed ionic electronic conductor and Figure 1-3(c) a composite of ionic and 

electronic conducting materials. 

The perovskite type cathodes can have both ionic and electronic conductivity, and as such 

cell design is an important factor in cell performance. Hatchwell et al.33 indicated that 

layering the structure of the cathode, with upper layers acting as current collector and 

lower layers which had increasing incorporated ionic conductor content on approach to the 

electrolyte surface, would act as both electro-catalyst and ionic conductor.  

Although there are many compounds which incorporate many of the key properties 

required of cathode materials, many also have points that could be improved upon, 

including the thermal expansion coefficients and their ionic/electronic conductivity. 

Additionally, many of the more successful cathode materials contain rare earth metals 

(REMs). Contrary to the implication in the name, rare earth metals are not rare. However, 

the process for their extraction can be extremely expensive due to the dispersed nature of 

the minerals. The larger, more concentrated deposits are often subject to heavy export 

restrictions. Altogether this means that REMs can be very expensive. 

Figure 1-3 Three pathways through which the cathode electrochemical reaction may occur. a) Represents a 
purely electronic conducting material, b) a mixed electronic and ionic conducing material and c) shows a 
composite material mixture made with a pure electronic conductor and a pure ionic conductor mixed 
together. 
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Together these issues drive the continuing research into new and innovative cathode 

materials. 

1.2.1.3 Interconnects 

The interconnect completes the circuit in a fuel cell, and in SOFCs it separates and 

connects the individual cells, without allowing crossover between the fuels in the anode 

and cathode compartments. Interconnect materials must have a combination of properties 

that complement the other materials within the cell, including high electrical conductivity 

with no ionic, similar thermal expansion coefficients, mechanical stability in a range of 

atmospheres over a range of temperatures and overall chemical compatibility.  

Materials such as lanthanum chromite are a common ceramic interconnect material, while 

other SOFCs may use ferritic stainless steels or chromium based alloys. The metallic 

alloys have similar thermal expansions as other cell components, and are low cost. 

However, high temperature oxidation of the steels results in the formation of an oxide 

scale, often containing Cr which, depending on temperature and partial pressures within 

the gas chamber, may volatilise forming CrO3 (g) and Cr(OH)2O2
34. These compounds 

poison the triple phase boundaries of the cathode, as they are reduced to Cr2O3, and 

prevent further electrochemical reactions. 

To avert this problem, spinels systems were studied as protective coatings on the 

interconnect surface, to prevent Cr migration through reduction of scale formation35,36 and 

lowering the chromium concentration gradient37,38. 

 

1.3 The delafossite structure and related phases 

1.3.1 Background  

Delafossite, as a mineral, was first discussed by Charles Friedel. The name delafossite 

was given in honour of the French mineralogist and crystallographer Gabriel Delafosse, 

who was noted for his work on the correlation between crystallographic symmetries and 

properties39,40. Soller and Thompson41 originally established the model structure of 

delafossite from synthetic samples in the 1930s, which was later  verified by Pabst42 in the 

1940s. Delafossites were relatively unstudied until the beginning of the 1970s, when three 

papers were released by Shannon, Rogers and Prewitt which detailed the crystal 

structure43, synthesis44 and electronic transport45 of a large selection of compounds with 

the delafossite structure. They documented the compounds that adopted the delafossite 
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structure in preference to other phases. Three copper based delafossites were investigated 

over the course of this research; CuFeO2, CuAlO2 and CuCrO2. 

The mineral Delafossite exists as the stoichiometric form of CuFeO2, according to phase 

diagrams compiled in several volumes of Phase diagrams for Ceramists46,47,48, as seen in 

Figure 1-4. Earlier binary and tertiary diagrams show that it was possible to find CuFeO2 

from room temperature to 675°C, and later volumes showed CuFeO2 stable between 1000 

- 1100°C, with variations in composition forming as impurity phases of spinel and Cu2O. 

This is similar to many of the other delafossite compositions, which appear highly 

sensitive to off-stoichiometry. CuAlO2 delafossite is found between 900 - 1215 °C, with 

literature mentioning that quenching the phase to room temperature will provide the 

metastable structure49, while CuCrO2 is synthesised at the lowest temperature of 800 °C50. 

Delafossites are of interest to other sectors of research, where delafossites have shown 

catalytic abilities in hydrogenation51, as a thermoelectric material52,53,54 and as  

transparent conducting oxides (TCO) in optoelectronics55,56,57,58,59. 

 

Figure 1-4 Phase diagram taken from Phase Diagrams for Ceramists48 for the CuO-Cu2O-Fe2O3-
Fe3O4 system at Po2 = 2.1 x 10-4 Pa and Ptot = 1 x 105 Pa. I and II = solid solutions with spinel 
structure, III = the solutions (Cu0.5Fe2.5O4)x(Fe3O4)1-x + and α-Fe2O3 . IV = α-Fe2O3 and 
(Cu0.5Fe2.5O4+δ)x(CuFe2O4)1-x. It was originally developed by Zinovik and Khim in Russ. J. Inorg. 
Chem. 
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1.3.2 Structures 

The delafossite phase is seen in compounds with the formula A+IB+IIIO2, comprising of a 

layered structure with cation A, usually linearly coordinated to oxygen, linking layers of 

B cations which are in (oxygen) edge-sharing octahedra. These octahedra are slightly 

depressed with respect to the c axis. Figure 1-5 depicts the two polytypes of delafossite, 

which result from different stacking order within the layers. The symmetry of these two 

forms of delafossite may be described in the space groups R 3̅ m (No. 166) in a hexagonal 

setting (Figure 1-5(a)) and P63/mmc (No. 194) (Figure 1-5(b)). The first polymorph consists 

of an offset three layer sequence, where each A layer is orientated in the same direction. 

The second polymorph has each linear layer orientated 180° to the subsequent one58. The 

R 3̅ m and P63/mmc unit cells contain 3 and 2 formula units per unit cell respectively. The 

unit cell of R 3̅ m delafossite contains 12 atoms, with 3 A cations, 3 B cation and 6 oxygen, 

while P63/mmc delafossite contains 8 atoms, with 2 A cations, 2 B cations and 4 oxygen.. 

The R 3̅ m polymorph was mostly dealt with within this work, and Figure 1-6 shows the 

extended structure represented with polyhedra. A and B cations have fixed atomic 

coordinates within the unit cell, (0,0,0) and (0,0,1/2) respectively, while oxygen has the 

coordinates (0,0,u). 

A cations are typically Pd, Pt, Cu or Ag while B cations may be a range of p-block metals, 

transition metals or rare earth metals, or a combination of the above. There are a large 

range of different types of delafossites, as shown in Figure 1-7 which graphically shows a 

map of different documented possible delafossite and non-delafossite combinations. 

The delafossites indicated in Figure 1-7 are present in ambient conditions, but, as SOFCs 

operate at elevated temperature, understanding the structural behaviour of the structure 

on heating is vital information. For certain compositions, when heated in oxidising 

conditions there is an intercalation of oxygen into the structure. As this intercalation 

occurs in the centre of the triangle of Cu atoms60, the interstitial site must be of a size to 

accommodate the oxygen anion, as seen in Figure 1-8. This figure indicates that the length 

between adjacent copper is the length of the a parameter, which is most largely influenced 

by the size of the B cation, since the edge of the B cation octahedron defines the cell edge. 

Mugnier et al.61 reported a critical radius of ~0.7 Å for the B cation, below which the 

structure would not be able to intercalate the anion without structure distortion.  

This restriction may be circumvented by dilating the structure, and therefore the 

interstitial sites, by heating. Only a higher temperature will sufficiently dilate the  
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structure enough to allow the incorporation of the oxygen, which would be beneficial for  

Figure 1-5 Two forms of the delafossite structure, in space groups a)   𝑅 3̅ 𝑚 (No. 166) and b) P63/mmc 

(No. 194). c) shows how the difference in structure symmetry is due to a difference in stacking of layers. 
Blue spheres are the copper cation, red spheres are the oxygen anion and brown spheres are the B cation.  

Figure 1-6 The 𝑅 3̅ 𝑚 form delafossite with the structure extended to show the 

linking polyhedra formed in the structure. Blue spheres are the copper cation, 
red spheres are the oxygen anion and brown spheres are the B cation. 
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Figure 1-7 Map of structure types for the composition ABO2 39 

 

Figure 1-8 A representation of the space available for an intercalated oxygen 
anion within the delafossite structure, where small blue spheres are the copper 
cations. 
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structure enough to allow the incorporation of the oxygen, which would be beneficial for 

cathode materials in SOFCs. However, an excess of oxygen in the structure has been 

shown to result in formation of a spinel and copper oxide phase. 

Lalanne62 describes the formation of the cuprous spinel system, as shown in Figure 1-9; 

the over oxidation of the Cu1+ cations leads to a shearing of the M3+ octahedral layers, 

which allows their movement along the Burgers vector. Copper may then escape the 

structure as copper oxide, while remaining copper can either stay in their current location 

(which becomes an octahedral sublattice) or migrate through the structure to sit in the 

internal tetrahedral holes (steps 3, 4, 5 and 6 from Figure 1-9).  

The final step depends on the relative stabilities of the two cations in the spinel structure63 

– in CuFeO2 delafossite the Cu cation is more stable in the octahedral sites than Fe, and 

so diffuses into the octahedra, while the Cu migrates to the tetrahedra. This 

transformation is reversible, but only when annealed above 1050°C. 

Lalanne showed that a M3+ cation that was more stable in the octahedral site could prevent 

this transformation, as the final step would be avoided, and so would lower the 

temperature at which the reverse transition was possible. For example, the use of Cr3+ 

prevents the intercalation of oxygen, so CuCrO2 delafossite is stable to a minimum 

temperature of 1000°C. A solid solution of CuFe1-xCrxO2 showed that with increasing x a 

corresponding reduction in the rate of oxidation of Cu to CuO was observed, and a drop in 

temperature for the reverse transformation back to the delafossite system62. 

Figure 1-9 Schematic representation of the transformation from delafossite to spinel/tenorite strucutres as 
proposed by Lalanne et al92. Red spheres are the copper cation, small white spheres are the oxygen and grey 
octahedral contain the B cation. 
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The layered structure of delafossites has a unique effect of creating a non-uniform thermal 

expansion of the structure. Ishiguro et al. documented that the CuAlO2 delafossite type 

structure had two distinct thermal expansion values – along the a axis the mean thermal 

expansion coefficient (MCTE) is 11.0 x 10-6 K-1, while the c axis had a MCTE of 4.1 x 10-6 

K-1 in the temperature range of 22-927K64. The difference in CTE between the axes was 

attributed to the expansion of AlO6 octahedra along the basal plane. This expansion has a 

smaller effect on the c axis. 

It is also shown that a negative thermal expansion occurs along the c axis below room 

temperature65. This can be attributed to the thermal motion of the Cu perpendicular to 

the O-Cu-O linkages. 

1.3.2.1 Related phases 

As seen in the above section, the delafossite structure may transform to a mixture of 

phases of spinel and copper oxide. A basic understanding of these related phases would be 

beneficial for further work. 

Generally, spinels of the formula AB2O4 have a cubic symmetry with a space group of 

F d 3̅ m (No. 227) at high temperatures, and tetragonal phase with space group I 41 /a m d 

below 440 °C66. There are 8 formula units per unit cell. Typically the A cation is divalent 

and the B cation is trivalent with the oxide ions forming the close packed lattice with the 

octahedral and tetrahedral site partially occupied (1/2 and ¼ respectively) by the 

mentioned cations. Atomic positions are determined by the choice of origin at either the A 

site cation/ tetrahedral vacancy, or in origin choice two at the B site cation/octahedral 

vacancy. Tetrahedral and octahedral sites are fixed ((1/8, 1/8, 1/8) and (½, ½, ½) 

respectively), while oxygen has the coordinates (u,u,u) in origin choice two. With perfectly 

cubic close packing the u parameter is 1/4, although it is possible to deviate. The structure 

in the second setting is shown in Figure 1-10(a). 

In some spinels, lower temperature structures are observed as a tetragonal  phase, 

wherein there is a compression or elongation along a cubic axis to transform to the 

tetragonal structure. This structure is described as a smaller unit cell using the space 

group I 41/ a m d, with atoms positioned at (0, 0, 0), (0, ¼, 5/8) and (0, y, z) for A, B and O 

respectively. The phase transition between the two phases may be explained by the 

Jahn-Teller effect, wherein the oxygen environments surrounding the copper become 

distorted to reduce the overall energy of the system. 
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The cations may be found across both sites67, as dictated by electronic configuration and 

energy+ field stabilisation. Generally, cations with a noble gas configuration have a 

preference for neither configuration. These cations must be placed according to the 

minimalised lattice energy. Cations with half-filled 3d shells also have no preference 

(e.g. Fe3+). Other transition metal cations with 3d3 and 3d8 have a preference for six-fold 

coordination (e.g.Cr3+) due to their symmetry, while 3d1, 3d2, 3d6, 3d7 and 3d9 configuration 

cations must have their preference determined from the calculate the Octahedral Site 

Preference Energy (OSPE) – the larger the OSPE, the stronger preference for that cation 

to stay in an octahedral environment. 68,69 

Copper (II) oxide, as the mineral tenorite, has monoclinic symmetry with the space group 

C2/c (No. 15)70 or C1c1 (No. 9)71. The copper cation is coordinated by four oxygen atoms in 

a distorted square planar configuration, with 4 formula units per unit cell. The copper 

coordinates are fixed as (¼, ¼, 0) while the oxygen anions coordinates may be described 

as (0, u, ¼), where u is changeable. All three unit cell axis have separate unit cell 

parameters, and as the structure is monoclinic the cell angles are α = 90 °, β = x° and γ = 90°.  

The structure may be seen in Figure 1-10(b) in the C2/c (No. 15) structure. 

 

Figure 1-10 a) Spinel structure in the second setting in the high temperature 𝐹 𝑑 3̅ 𝑚 space group.Red 

spheres are oxygen, blue are cation A and white are cation B b) CuO tenorite structure with the C2/c 

space group. Red spheres are oxygen and blue are copper. 
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1.4 Defect chemistry, and aliovalent substitution  

1.4.1 Defect chemistry 

Within a crystal lattice atoms are approximately situated on their lattice points, vibrating 

within positon. Additional energy given to the system may lead to atoms being displaced, 

misplaced and replaced. Smaller concentrations of imperfections are favoured due to the 

reduction of free energy the system experiences on their inclusion, as described by 

Equation 1-7 below, where ΔG is the change in Gibb’s free energy, ΔH is the change in 

enthalpy, T is the temperature and ΔS is the change in entropy, and as see in Figure 1-11. 

ΔG = ΔH – TΔS         Equation 1-7 

The formation of the defect requires an increase in enthalpy, but the increase in entropy 

is greater initially, lowering the overall free energy. Each additional defect within the 

system has slightly lower entropy, and so eventually the formation enthalpy will be large 

enough to thwart their spontaneous formation. A crystal will have a free energy minimum, 

the lowest point in the ΔG curve in Figure 1-11, which is typically the equilibrium 

concentration of defects in the structure. This minimum will increase with an increase in 

temperature, as the – TΔS term is affected.   

 

There are several different types of defect which may be found within a crystal structure, 

which fall broadly into two separate categories of stoichiometric and non-stoichiometric 

defects. Schottky and Frenkel defects, illustrated in Figure 1-12, are stoichiometric defects,  

Figure 1-11  Graph of the effect on free energy of a system when introducing 
defects. T = temperature. 
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and form when a pair of vacant sites form, with displacement of the original site occupiers 

to the crystal surface (Schottky) or when an atom is displaced from its original lattice point 

into an interstitial site (Frenkel). The opposite formations of these defects are also possible, 

as can also be seen in Figure 1-12. The vacancies and interstitials are oppositely charged, 

and so may attract each other to form pairs of defects. Overall, these pairs are now 

neutrally charged, but dipolar in nature. This dipolar nature may then attract other such 

pairs, forming clusters, and thwarting defect movement through the structure. 

The above defects are intrinsic defects, occurring naturally in stoichiometric crystals, but 

defects may be induced in a structure through doping aliovalent atoms into a structure. 

The structure may attempt to address the difference in charge by a form of ionic and/or 

electronic compensation. In ionic compensation, substituting a lower valence cation (or 

anion) may result in either the formation of a) cation interstitials or b) anion vacancies, 

while substituting higher valence cations will result in the formation of a) cation vacancies 

or b) anion interstitials. These mechanisms depend on if there are sufficiently large 

interstitial sites to accommodate the displaced cation or anion. Materials that exhibit ionic 

compensation often also show ionic conductivity associated with the interstitials or 

vacancies, such as in yttrium doped zirconia where the formation of oxide ion vacancies 

allows the conduction of oxide ions through the structure, as seen in Equation 1-8 

Figure 1-12 A schematic of different defects that may form intrinsically within a solid crystal 
lattice. Blue circles represent anions and yellow are cations. Atoms with black bordered are 
removed from their regular lattice point, while white boxes show vacancies in the lattice. 
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2𝑍𝑟𝑍𝑟
𝑥 +  𝑂𝑜

𝑥 =  2𝑌𝑍𝑟
′ +  𝑉𝑂

..         Equation 1-8 

However, many compositions may experience electronic compensation instead of ionic, 

where substitution of lower valence cations result in the formation of positive holes, while 

substitution of higher valence cations result in the formation negative electrons. Creating 

interstitial anions or cation vacancies may also result in holes and electrons respectively. 

These materials are then metallic, semiconductors or superconductors.  

 

1.4.2 Intrinsic conductivity in delafossites 

Kawazoe at al.59 reported the presence of p-type semiconductivity in the delafossite single 

crystal CuAlO2 at room temperature, with a maximum conductivity of 1 S/cm. This 

conductivity is thought to arise from several different mechanisms: Shannon et al. 

discussed a mechanism, later revised by Jacob72, Tanaka73 and Ingram74. It is proposed 

that hybridisation occurs between dz2 –s orbitals in the A cations, as well as between the 

dz2 – s and the oxygen pz. This creates the highest occupied molecular orbital and top of the 

valence band. Therefore, the occupation of the d orbitals in this new HOMO will ultimately 

dictate the conductivity of the structure; A cations like Cu+ and Ag+ (d10) have a filled 

valence band (3d10 4s1 and 4d10 5s1 respectively), which is responsible for the 

semiconductivity reported in such compositions if charge carriers may be promoted. 

However, Pd+ and Pt+ based delafossites exhibit more metallic like conductivity due to 

their unfilled d orbitals. 

Additionally, the cation on the B site is shown to affect the intrinsic conductivity of the 

delafossite, and it was originally proposed that decreasing radius from Y – Sc – Cr  

Table 1-1 Selection of conductivity data for CuFeO2 and CuAlO2 in both bulk and crystal forms, with 
corresponding references, where HT = hydrothermal, SS = solid state and || = parallel. 

Composition Form σ(S/cm) at RT Type Reference 

CuFeO2 Crystal (||to a  axis/ 
||to c axis) 

2/ 3.3 x 10-4 n 45 

CuFeO2 Bulk 0.65/ 1.9 x 10-5 p/ n 75/ 76 
     

CuAlO2 Crystal 6.3 x 10-4 p  77 
CuAlO2 Bulk*(HT/SS) 0.2/ 0.03 p  49 

     
CuCrO2 Film 1 p 78 
CuCrO2 Bulk 3.5 x 10-5 p 79 
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increased the conductivity, as the a lattice parameter was decreased and forced a better 

mobility through an increase in Cu d orbital overlap78. However, as there cannot be any 

bonding between the copper due to the filled electronic configuration80, it is suggested that 

favourable mixing of the 3d states on the M3+ within the Cu-O-M-O-Cu linkages lower the 

barrier of polaron hopping within the O-M-O layers79, allowing easier mobility of charge 

carriers. 

Conductivity values in a single composition can vary greatly due to the anisotropic nature 

of the structure affecting the electronic structure.  For example, Shannon and Rogers45 

report that PdCoO2 has values ranging from 5x105 S/cm perpendicular to the c axis, to 

5x102 S/cm parallel to the c axis. Meanwhile, pellets of CuAlO2 and CuFeO2 had 

conductivities of 1.7 x 10-3 S cm-1 and 1.5 S cm-1 respectively at room temperature. 

Even in the absence of external doping, the copper based delafossites still exhibit 

conduction, leading to the suggestion of intrinsic defects acting to increase carrier 

concentration. There are several mechanisms that are suggested to work together: copper 

holes forming ionised vacancies (VCu
’)81, mixed oxidation states of copper (Cu+/Cu2+) and/or 

interstitial oxygen content (Oi
’’)59,81 which together induce the p-type semiconductance. 

Ashmore and Cann82 proposed that the stoichiometry of the copper did not affect the 

overall conductivity of CuGaO2, which indicated that the defect species in this case is 

independent of the copper stoichiometry. However, it was also noted that the compositions 

were very sensitive to changes in stoichiometry, and that secondary phases were formed 

during the study. This would mean that the copper related defect conductivity mechanism 

is still relevant, but may be difficult to manipulate. This was supported by a study by Yagi 

et al. which showed that variation in Ag+ stoichiometry within AgxCoO2 lead to an increase 

in the conductivity83. 

Within Table 1-1 the conductivities at room temperature for CuFeO2,CuAlO2 and CuCrO2 

are given, in both their bulk and crystal forms. A variety of synthetic methods were used. 

The conductivities in the table show a range of conductivities available for the several 

delafossites stated. The bulk CuAlO2 values is derived from two different synthesis 

methods; hydrothermal and solid state. They indicate that the form of synthesis also 

dictates the conductivity, or the carrier concentration84. Additionally, the anisotropic 

nature of the structure can be seen by the varying conductivities, as is shown in the 

variance in recorded values along the different axis in the CuFeO2 crystal.  
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1.4.3 Defects in delafossites 

Extrinsic doping to modify the conductivity type and value has been investigated with 

some success; see Table 2-2. A few examples exist that, due to doping, have largely 

increased conductivity. Compounds such as Mg doped CuScO2 and Sn doped AgInO2 

showed some of the highest conductivities of the delafossites, as shown in the table. 

 

Table 1-2 Selection of conductivity data for several different dopants of delafossites with corresponding 
references. 

  

In the CuBO2 system when the B cation is exchanged down the periodic table (B=Al, Ga 

and In) the bandgap increases55. Stadler describes how larger band gap systems such as 

CuInO2 can be both p and n doped by the insertion of Ca or Sn respectively, while this is 

not possible with CuAlO2 and CuGaO2. CuFeO2 can also be doped for either conductivity, 

using Mg as the acceptor or Sn as the donor75. 

Overall doping has been reported to be problematic. This is suggested to be due to the low 

solubility of many cations in the structure, limited by the stoichiometry. Some doping can 

be compensated by the formation of vacancies, but this neutralises the effect of the dopant, 

and can result in a decrease in conductivity87. 

As mentioned in Section 1.3.2 the delafossite system has the ability to incorporate 

additional oxygen. This intercalation of oxygen into the additional sites is represented in 

the Equation 1-9 below88. The additional oxygen can increase the conductivity of the 

system by providing positive holes88. 

1/2𝑂2 (𝑔) +  𝑉𝑖
𝑥 →  𝑂𝑖

′′ + 2ℎ·       Equation 1-9 

where O is the oxygen, 𝑉 is the vacancy on the surfaces of material, h represents a positive 

hole and ‘i’ is an interstitial site. Neutral, positive and negative charge differences to 

original site occupants are represented by x, · and ‘ in a superscript position.  

Composition Form X σ(S/cm) at RT Type References 

CuFe1-xMgxO2 Bulk 0.02 8.9 p 75 
CuAl1-xMgxO2 Film 0.01 4 x 10-4 p 85 

      
CuSc1-xMgxO2 Film 0.05 30 p 86 

AgIn1-xSnxO2 
Film/Film on 

sapphire substrate 
0.05 5-70 n 58 

      
CuCr1-xMgxO2 Bulk 0.02 0.01 – 0.077 p 75 
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This introduction traps electrons, leaving empty positive holes which may add to the pool 

of hole carriers. Mugnier61 describes the ability of delafossites with large B cations, such 

as Y and lanthanide systems, to incorporate oxygen into ABO2+δ with up to δ=0.5. Smaller 

cations limit the diffusion of the intercalation of the oxygen – as mentioned earlier, the B 

cation correlates to the a cell parameter. This is the restricting factor for the oxygen 

intercalation - the oxygen must fit into the centre of a triangle of copper cations, and so a 

smaller a parameter will exclude the oxygen. 

Kawazoe89,59 reported that thin film CuAlO2+δ could incorporate around δ= 0.0002 at room 

temperature, while CuFeO2+δ may incorporate δ to 0.1861 when annealed from 400-500°C. 

These off stoichiometric compositions reported decreased resistivity due to combinations 

of oxidised CuI/CuII pairs. 

Brahimi90, Tate86 and Nagarajan79 discuss that intercalation of oxygen into interstitial 

sites in the structure improves the electrical conductivity. Brahimi explained that the 

conductivity of single crystal CuAlO2 is dependent on the insertion of oxygen into the 

lattice, providing an acceptor level in the band gap. This increases the volume of positive 

hole conductors, which can then contribute to conductivity by the positive holes proceeding 

through the structure via small polaron hopping between mixed valence Cu ions. This 

conductivity is highly anisotropic, with the highest values found in the basal a-b plane77.  

Ingram49, however, suggested an additional mechanism that affected the conductivity. 

After his study showed that hydrothermally produced CuAlO2 had a greater conductivity 

at room temperature than solid state synthesised samples, he proposed that a population 

of (AlCu
·· 2Oi

’’)’’ intrinsic defects form, dependent on the Cu/Al stoichiometry of the 

compound. These defects trap the mobile polarons, reducing the mobility of the holes 

according to Equation 1-10 below.  

2𝐶𝑢𝐶𝑢
𝑥 + (𝐴𝑙𝐶𝑢

·· 2𝑂𝑖
′′)′′ + 2ℎ·  ⟷ (𝐴𝑙𝐶𝑢

·· 2𝑂𝑖
′′2𝐶𝑢𝐶𝑢1+

2+   ·)𝑥             Equation 1-10 

However, it was noted that these trapped holes would dissociate from the substituted atom 

on heating to higher temperatures, allowing the conductivity to increase. 
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1.5 Aims and objectives 

As was discussed in previous sections, an investigation of alternative cathode materials 

for SOFC applications that would avoid some of the problems seen within current 

generation cathodes would be of interest. Therefore, materials that are low in REMs while 

maintaining good chemical and structural stability in oxidising atmospheres at high 

temperatures are required. Additionally, the materials must have sufficient electrical 

conductivity. 

To this end, a series of delafossite (ABO2) compositions with B = Fe, Al and Cr were 

synthesised, characterised and investigated for these suitable properties. Additionally, 

modification of the properties through aliovalent doping was performed. Furthermore, it 

was undertaken to expand the understanding of the delafossite to spinel/tenorite 

transition through use of neutron diffraction alongside several other techniques. Finally, 

key compositions were utilised in symmetrical cell testing so as to begin to characterise 

the processes that were dominant within these new cathode type materials.  
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Chapter 2 Experimental 

This chapter is concerned with highlighting and describing the principal techniques used 

during the course of the investigation. 

2.1 Synthesis 

Many methods can be used to synthesise solids, but often the identification of the 

appropriate route is particularly important, especially when desiring to tailor specific 

properties of the materials, such as particle size. Additionally, the thermodynamic 

stability of the desired material may also affect the synthesis route1. This subsection is 

concerned with the description of the two main approaches used to produce delafossites. 

2.1.1 Solid State synthesis 

The first method used to synthesise the delafossites was the traditional solid state method. 

It is a simple method that involves the mixing and grinding of high purity oxide precursors 

in stoichiometric ratios before uniaxial pressure is applied. The pellets are fired at the 

appropriate elevated temperatures for a prolonged period of time1. Further re-grinding 

and heat treatment may be required to obtain the desired phase. 

This method, while not sophisticated, is highly effective at producing a number of different 

materials and has been used extensively for producing mixed metal oxides, sulphides, and 

other ceramics2. 

The initial reagents used for the solid state reaction synthesis were Fe2O3 (Alfa Aesar 

99.8%), Al2O3 (Fisher Scientific 99%), Cr2O3 (Alfa Aesar 99%), CuO (Alfa Aesar 98%), CuF2 

(Alfa Aesar 99.5%), MgO (Sigma-Aldrich 99.99%) and (MgCO3)4.Mg(OH)2.5H2O (Sigma-

Aldrich 99.99%). 

Intimate mixing of the reagents was achieved through the grinding of the powders in a 

mortar and pestle under a small amount of solvent (acetone) until homogeneity was 

achieved. The powders were dried and pressed into pellets (13mm diameter and 2±0.4 mm 

thickness) using a uniaxial press with a pressure of ~200 MPa. The subsequent pellets 

were then sintered in appropriate atmosphere and temperature according to the parent 

composition, as shown in Table 2-1. Heating and cooling rates were 6°C/min, and 

compositions in the CuAlO2 series were quenched from high temperatures in air, while the 

CuFeO2 series compositions were cooled or quenched in an argon atmosphere. 
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2.1.2 Combustion Synthesis 

Solution combustion synthesis was the second method used to form the delafossite phases. 

It is an effective method of obtaining particles of a homogeneous small size for a reduced 

external energy input in comparison to traditional solid state synthesis.  

Solution combustion involves the dissolving of metal salt reagents in deionised water with 

an additional organic complexing agent that acts as fuel for the combustion reaction. Once 

the metal salts have been dispersed the water is completely evaporated. This leaves a 

residue which, with sufficient thermal activation, will ignite. The process is self-sustaining, 

as the overall combustion reaction is exothermic. This exothermic nature provides the 

energy required for the formation of the oxide material. 

Citric acid C6H8O7.H2O or glycine C2H5NO2 was used as the complexing agent and fuel in 

solution, alongside metal nitrate reagents Cr(NO3)3.9H2O (Sigma Aldrich 99.5%), 

Cu(NO3)2.3H2O (Sigma Aldrich 99.5%), Mg(NO3)2.6H2O (Sigma Aldrich 99%), and 

Fe(NO3)3·9H2O (Sigma Aldrich >98%). An excess of citric acid or glycine was used 

(nitrate:fuel ratio 1:2) to ensure complete reaction. The solution was heated at 100 °C while 

stirring with a magnetic stirring bar. Water was evaporated from the system by increasing 

the temperature to 200 °C. The residue powder was then heated at 300-320 °C to induce 

the self-sustaining combustion. 

The resulting powder was calcined initially according to Table , and finally between 0.5 to 

1 hours depending on particle size requirements. 

 

 
Reaction 

Atmosphere 

Temperature 

(°C) 
Reaction time (h) 

CuFeO2 Argon 900-950 20-24 

CuAlO2 Air 1100 ≥24 

CuCrO2 Air 1200 ≥8 

Table 2-1 Solid state synthesis condition for sintering of delafossite pellets 
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2.2 X-ray and Neutron Powder Diffraction 

2.2.1 Background 

X-ray powder diffraction is a powerful, non-destructive technique that can be used to probe 

the inner atomic structure of a solid material. X-rays are used in investigating these 

materials as the wavelength of the X-ray is of the same order of magnitude as the inter-

nuclear distances within solids, approximately 10-10 m 3, 4. This similarity in size between 

the X-rays and the inter-nuclear distances means that interaction between the 

electromagnetic wave and the crystalline solid results in the diffraction of the X-ray 

through the ‘grating’ of the atoms, as shown by Max von Laue in 19125. 

X-ray diffraction can be used to probe the structure of both single crystals and powders. 

The X-ray diffractometer typically consists of an X-ray source, mounting platform for the 

sample and an X-ray detector. The set-up will also have some form of moving part; the 

source/detector assembly or the sample itself, or both. The mobile section moves through 

a series of different incident angles to collect data over a specified range. 

X-rays are generated when electrons are accelerated through high voltages before being 

forced to collide with a target metal material (often Cu)1. The incident electrons have 

enough energy to promote a 1s orbital electron within the target Cu out of the electronic 

structure. This vacant 1s orbital is now filled by the subsequent falling of electrons in 

higher orbitals (2p or 3p), and is accompanied with the release of a characteristic 

wavelength X-ray. The 2p → 1s X-radiation is called Kα, and has two wavelengths (Kα1 = 

1.54051 Å and Kα2 = 1.54433 Å) which is due to the two possible spin states that the 

electron can inhabit in the 2p orbital. It is possible, and often practical for diffraction 

experiments, to filter the X-rays generated in this method to leave only the Kα lines6, 7. 

Particles with the correct wavelengths may also be diffracted by periodic lattices in solids. 

Neutrons, with a wavelength on the order of 0.5 – 3 Å, are ideal for diffraction experiments. 

The production of neutrons is slightly different than X-rays, and is a far more expensive 

process1. The ISIS Rutherford Appleton Laboratory (shown in Figure 2-1) is a spallation 

source, and protons are accelerated in a synchrotron, before colliding with the tungsten 

target. The collision of the high energy protons with the heavy tungsten excites the nuclei 

of the target. The excited nuclei reduce their energy by evaporating neutrons, until the 

nuclei can decay with the release of neutrons, protons and other high energy particles8. 

The high energy particles will re-collide to excite further nuclei, producing further 
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neutrons. The neutrons are then are guided to sample stations surrounding the tungsten 

target9. 

Neutron wavelength depends on the velocity of the ejected particles according to the de 

Broglie relation in Equation 2-1. 

𝜆 = ℎ/𝑚𝑣 

Equation 2-1 De Broglie relation, where λ is the wavelength, h is Plank’s constant, m is the neutron mass 
(1.675 x 10-27 Kg) and v is the velocity 

The ejected neutron is first slowed before following know flight paths to the sample 

stations. This results in the diffracted radiation arriving at the detector separated by 

wavelength and time of flight, which means for fixed 2θ the wavelength and d-spacing are 

the variables. 

2.2.2 Powder Diffraction 

Within crystalline solids the smallest repetitive group of atoms which also contains all the 

symmetry elements is together called the unit cell. The crystal as a whole is constructed 

by the stacking of these unit cells in three dimensions. The X-rays are deflected and 

reflected by the cloud of electrons that surround the nucleus of the atoms or ions within 

the crystal lattice.  Depending on the interaction between the wave and the atom points 

the X-ray is partially absorbed and scattered. The X-radiation may then interfere 

constructively or destructively with other waves according to the phase of each of the 

involved waves. Radiation that is completely in phase will behave in a constructive 

Figure 2-1 Schematic of the Rutherford Appleton Laboratory, with larger scale map of Target Station 19. 
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manner, where the amplitude of the two waves is added together. Alternatively, radiation 

that is completely out of phase will destructively interfere, resulting in cancellation of the 

two waves. All the scattered radiation may interfere at any magnitude between these two 

extremes. 

 

 

 

Figure 2-3 Visual representation of Bragg’s Law. 

Figure 2-2 (a) shows the variable scattering length of atoms subject to neutron diffractions. (b) shows a 
schematic of the apparent the cross section of an atom for both X-ray and neutron diffraction. From 
http://www.ncnr.nist.gov/AnnualReport/FY2003_html/RH2/fig2.png  
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The magnitude of scattering is affected by the atomic number Z, with heavier atoms 

scattering the radiation in a stronger fashion. All the atoms in the unit cell contribute 

their individual scattering factor to the overall scattering factor, called the structure factor. 

The intensity of the diffracted beam is inversely proportional to the magnitude of the 

structure factor squared. 

Neutrons scattering is independent of atomic number, shown in Figure 2-2. This is because 

the scattering is performed when the inbound neutron interacts with the nuclei and/or the 

magnetic moment in the crystal.10 This makes neutrons scattering a particularly effective 

tool when studying compositions which have a similar X-ray scattering amplitude (for 

example, transitions metals) or light atomic elements such as hydrogen and oxygen. 

Using Bragg’s Law11, shown schematically in Figure 2-3 it is possible to identify the 

interatomic distances of the unit cell in a crystalline material. 

2d sin θ = nλ  

Equation 2-2 Bragg's Law, where d is the distance between planes of atoms, θ is the incident angle, n is an 
integer and λ is the wavelength 

Bragg’s Law assumes that the crystal can be considered constructed of semi-transparent 

partially-reflective layers of atoms, and is a simple model of the system which makes 

calculation of the interatomic distances relatively straightforward. 

The primary instruments used in-house for X-ray diffraction were a PANalytical 

Empyrean Diffractometer with Cu Kα1 radiation with monochromator, a Rigaku Miniflex 

600 (used for intermediate firing sample quality assessment and rudimentary analysis) 

and a PANalytical Empyrean. Mo X-ray tube. ß-filter (Mo Kα1,2) for variable temperature 

measurements. All these machines use flat plate Bragg-Brentano geometry. Data were 

processed using STOE WinXPow12 and/or GSAS13 software.  

Neutron diffraction was performed at the ISIS neutron facility using the High Resolution 

Diffraction Powder (HRPD) instrument. 

 

2.2.3 Rietveld Method Refinement of Crystal Structures 

The structure solution calculated for a structure is a model of the structure, which shows 

calculated reflections and intensities. It may be compared to the observed pattern, and 

there are often significant differences in the two patterns. These errors arise from errors 

within the model, which does not fully describe the system. The solution to this is to vary 
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the parameters in the model to optimise their values to provide the best fit between 

observed and calculated pattern profiles7. 

Rietveld refinement method was initially developed by Hugo Rietveld, and involves the 

fitting of the observed diffraction pattern by least squares variation of atomic and 

structure parameters alongside effects of the specimen and instrument. The quantity 

minimised is S, which is shown in Equation 2-314.  

𝑆 =  ∑ 𝑤𝑖

𝑖

(𝑦𝑖
𝑜𝑏𝑠 −  𝑦𝑖

𝑐𝑎𝑙𝑐)2 

where     𝑤𝑖 =  
1

𝑦𝑖
𝑜𝑏𝑠 

Equation 2-3 The quantity minimised for Rietveld refinement via least squares method. i is all data points, wi 
the weight of each observation point, yi

obs and yi
calc the observed and calculated intensities at each point. 

S is the summation of the differences between the observed and calculated intensities. 

This difference profile gives an indication into where the model must be improved to 

minimise the residuals. 

The quality of the fit from the refinement may be evaluated by reliability factors, or R-

values.  

𝑅𝑝 = 100 ∙  
∑ |𝑦𝑖

𝑜𝑏𝑠 − 𝑦𝑖
𝑐𝑎𝑙𝑐|𝑖=1,𝑛

∑ 𝑦𝑖
𝑜𝑏𝑠

𝑖=1,𝑛

 

Equation 2-4 Profile factor 

𝑅𝑤𝑝 = 100 ∙  [
∑ |𝑦𝑖

𝑜𝑏𝑠 −  𝑦𝑖
𝑐𝑎𝑙𝑐|

2
𝑖=1,𝑛

∑ 𝑤𝑖𝑦𝑖
𝑜𝑏𝑠

𝑖=1,𝑛

]

1
2⁄

 

Equation 2-5 Weighted profile factor 

𝑅𝑒𝑥𝑝 = 100 ∙  [
𝑛 − 𝑝

∑ 𝑤𝑖(𝑦𝑖
𝑜𝑏𝑠)

2
𝑖=1,𝑛

]

1
2⁄

 

Equation 2-6 Expected weighted profile factor, where p is the number of refined parameters, n is the total 
number of points and n-p are the number of degrees of freedom. 
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𝜒2 = [
𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
]

2

 

Equation 2-7 Reduced chi-square 

Equation 2-4 through to Equation 2-7 show the mathematical basis for the R-values, and 

indicate that all factors should be considered when assessing the quality of fit obtained 

throughout the refinement.  

 

2.3 Electron Microscopy 

Electron microscopy is an important tool in characterisation of materials. The limit of 

optical resolution may be described by the Rayleigh criterion, in Equation 2-8. 

𝑟 =
1.22 𝜆

2𝑛 𝑠𝑖𝑛 𝜃
 =  

0.61 𝜆

𝑁 𝐴
 

Equation 2-8 Rayleigh criterion describing the resolution limit or minimum resolvable distance, where λ is the 
wavelength, n the refraction index of surrounding media, θ the angular resolution. 

The resolution limit is the point where diffraction of the inbound waves around the object 

begins to occur, resulting in the distortion and blurring of the subject. What this equation 

conveys is that to obtain greater resolution the wavelength must decrease. With optical 

microscopes this restricts the resolution to, at best, a couple of hundred nanometres.  

The acceleration of an electron to high energy or high voltage the intrinsic wavelength of 

the particle is reduced. This reduced wavelength is the basis for electron microscopy, 

allowing the depiction of specimens down to the atomic scale. 

2.3.1 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a technique that uses the aforementioned high 

energy electron beam to image the surface morphology, topography and composition of a 

sample. The basic operation of a SEM begins with the generation of a high energy electron 

beam in the electron gun that is accelerated towards the sample. The beam is focused 

using a combination of apertures and magnetic lenses to become thin and monochromatic.  

The beam of electrons is scanned across the surface, and information on the sample can 

be collected in a number of ways according to the interactions on the sample surface. 

Different types of collectors can be used to collect by-products. This set-up has been shown 

schematically in Figure 2-4. 

For SEM the intended interactions are the inelastic surface interactions, such as the 

production of secondary electrons (SE). These electrons are produced when the inbound 



52 

 

electron inelastically collides with an electron within the sample, transferring enough 

energy to eject it from the system. The ejected electron makes its way through the sample 

to escape at the surface before being collected by a SE detector. 

The energy of the secondary electrons detected is highly reliant on the topography of the 

sample surface. Due to the low energy of these electrons only those located close to the 

surface may escape to be collected. 

 

 

 

Samples were prepared by fracturing to observe an inside face and were sputter coated 

with gold to avoid any beam charging problems before being placed on a carbon disc on the 

SEM sample holder. Jeol JSM-5600, Jeol JSM-6700F scanning electron microscopes and 

Oxford Inca Energy Dispersive X-ray system were used. 

 

2.4 Van Der Pauw Conductivity  

Conductivity in a cathode material is vital for the successful operation of the cell as a 

whole. Conductivity in a semiconducting material can vary according to the band gap and 

donor/acceptors, and can be assessed through the use of Ohm’s law in Equation 2-9. 

Figure 2-4 Schematic of a scanning electron microscope, from Encyclopedia 
of Nanotechnology23 
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𝑉 = 𝐼𝑅 

Equation 2-9 Ohms law, where V is the voltage measured, I is the current induced and R is the resistance. 

    

However, many semiconductors have a very low induced voltage (in applied current- 

induced voltage apparatus set-up), and so the apparatus used to read the output voltage 

must be very sensitive to accurately measure the output voltage while correcting for jig 

effects and contact resistance. 

Four probe set-ups, which use separate current and voltage sensing contacts, are the best 

method to remove these effects. The Van der Pauw (VdP) type process is especially useful 

as it can be used to measure the specific resistivity of an arbitrarily shaped sample, as 

long as it has: 

 Uniform thickness 

 Homogenous and isotropic composition 

 Symmetry 

 Contacts around the edge of the sample 

Current is caused to flow between contacts 1 and 2 (I12) while voltage is measured between 

3 and 4 (V4-V3=V34) and conventional Ohm’s law is used to find the resistance R12,34. 

Reciprocal measurements of the resistance can be made as 

𝑅12,34 = 𝑅34,12                                              

Equation 2-10 

 

Additionally, the accuracy can be improved by the inversion of the polarity of the current 

and voltage meter and repeating the measurements. This will correct for the Seebeck effect 

by cancelling out any offset voltages. 

Finally, this will provide two resistance values: 

𝑅𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 =
 𝑅12,34𝑅43,12𝑅21,43𝑅43,21

4
   𝑅𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 =

 𝑅23,41𝑅41,23𝑅32,14𝑅14,32

4
            

Equation 2-11 

The Van de Pauw relation, Equation 2-12, relates the resistivity to the above resistances 

with the sample distance: 
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𝑒
𝜋𝑑

𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙

𝜌 +  𝑒
𝜋𝑑

𝑅ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙
𝜌 = 1       

Equation 2-12 

The resistivity can then be expressed by Equation 2-1315,16. The conductivity is the inverse of the 

equation. 

𝜌 =  
𝜋𝑑

𝑙𝑛2
 (

𝑅𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙 + 𝑅𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙

2
) 𝑓    

 

               where                  cosh(
[𝑅𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙−1]

[𝑅𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙+1]

ln 2

𝑓
) =  

1

2
exp

ln 2

𝑓
 

Equation 2-13 

The factor f is a correction factor shown in the above relation.  When the sample is 

symmetrical and has the contacts placed at 90° to each other, thereby making 

Rverticle=Rhorizontal=R, and the resistivity can be simplified to Equation 2-14: 

 

𝜌 =  
𝜋𝑑

𝑙𝑛 2
𝑅        

Equation 2-14 

Samples were prepared as pellets with four gold mesh contacts on the edge at 90° intervals, 

as shown in Figure 2-5. They were subjected to temperatures up to 850°C in the 

appropriate atmosphere. 

 

2.5 Thermal Analysis 

Observing the response of a material when subjected to an increase in temperature can 

yield information on phase stability, change in composition and thermal expansion. This 

Figure 2-5 Schematic of placement of gold contacts on DC Van Der Pauw 
conductivity samples. 
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data is important to understand the stability of the material in operation conditions of 

target applications. 

2.5.1 Thermal Gravimetric Analysis 

Thermal gravimetric analysis (TGA) is a technique where the weight of a sample is 

measured over a change in temperature in a chosen atmosphere. Changes in weight relate 

to the decomposition of the material studied, perhaps through reduction or oxidation of 

the internal atoms. A basic schematic of a TGA is shown in Figure 2-6(a). 

Coupled to the TGA is the Differential Thermal Analysis (DTA) technique. Within the 

sample chamber a second, empty, crucible is placed. This inert reference sample is 

compared to the sample of interest through identical thermal cycles, with changes to the 

temperature between them recorded. The temperature difference between the inert 

crucible and sample relate to endo- and exothermic reactions occurring in the sample. 

Through their study it is possible to identify phase transformations in the sample. 

The combination of these two techniques is very powerful, allowing the observation of 

phase change with mass loss/gain, and thereby providing a deeper knowledge of the 

processes occurring within the sample. 

Powdered samples between 5 – 35 mg were placed in alumina crucibles within the TA 

Instruments SDT 2960 instrument, and data were processed using RSI Orchestrator 

software. 

 

 

Figure 2-6 Schematics of (a) TGA balance and (b) dilatometer. 
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2.5.2 Dilatometry 

Within a fuel cell components must have similar coefficients of thermal expansion, 

otherwise when exposed to a thermal cycle the stress and strain of several materials in 

close contact and expanding/contracting at different rates will cause the material to fail, 

with eventual detrimental results to the performance of the cell. 

Thermal expansion is related to the crystal lattice vibration, where an increase in thermal 

energy results in an increase in the amplitude of the vibrations. On applying energy in the 

form of a temperature increase the anharmonicity of the atomic interactions results in the 

average equilibrium atomic position becoming larger due to the stronger repulsive 

interaction nature compared to the corresponding attraction. This will result in an 

expansion of the unit cell and, by proxy, the bulk material. Additionally, physical changes 

to the chemistry of the composition can affect the thermal expansion, such as a change in 

oxidation state resulting in a change in atomic radii. 

Dilatometry allows the observation of the change in volume in a sample, relative to 

temperature. It can be used to determine the optimum sintering temperatures, the 

sintering rate and even the CTE.  

Pellet samples were prepared of approximately 2mm length, placed between two alumina 

holders. The dilatometer rod places a pressure on this sandwich, and the change in this 

pressure relates the change in volume of the sample. The instrument used was a Netzsch 

Dilatometer DIL402C, shown schematically in Figure 2-6(b), and data were processed 

using Netzsch Proteus software. 

Figure 2-7 Schematic of a tape caster and components 
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2.6 Cell Fabrication 

2.6.1 Tape casting and dense pellets 

A viscous slurry is spread over a removable plastic sheet (mylar) using a carefully 

controlled blade and reservoir arrangement, as shown in Figure 2-7. The blade, or doctor 

blade, is stationary while the mylar sheet is moved along the stationary surface, drawing 

the slurry through the gap between doctor blade and mylar. The tape will then dry by 

evaporation process, which will take different times depending on the solvent used in the 

slurry17. This method is used to produce large areas of dense, uniform thickness ceramic 

tape which have a thickness of ~1 µm to ~ 1 mm. 

Tapes of dense 8YSZ were produced in this method. The slurry was prepared via an 

aqueous method, where the 8YSZ powder (2 µm), deionised water and dispersant KD6 

were mixed in a plastic bottle and ball milled for 24 hours at 160 rpm. The organic 

plasticisers (Poly ethylene glycol 300 and glycerol) and binder (PVA) were then added 

before further ball milling for a minimum of 4h at 100 rpm. Finally the de-foamer 2,4,7,9 

tetramethyl(5-decyne)4,7 diol ethoxylate was added before a slow de-air stage occurred.  

The tape was cast at a speed of 50 rpm with the blade height set at 0.25 mm to produce a 

tape of approximate 200 µm thickness. 

Alternatively, dense electrolyte pellets of YSZ or GDC could be fabricated using the 

traditional solid state method. Between 2.7- 2.9 g of YSZ were pressed uniaxially in the 

pellet press before firing a 1500 °C for 5 hours. These finished pellets were then polished 

to obtain a smooth interface for further processing. 

2.6.2 Screen printing and inks 

A screen and stencil, which is partially ink blocking, is suspended close to the printing 

substrate, as shown in Figure 2-8. When the squeegee is drawn across the stencil the ink, 

a mix of ceramic particles, dispersant, plasticiser, binder suspended in a vehicle, is forced 

through the aperture and onto the substrate below in a negative of the stencil. This can 

typically leave a 5-40 µm thick layer of the functional material18. 
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Screen printing was performed on a DEK 248 screen printer, and inks were printed onto 

8YSZ tape. Inks were prepared using terpineol as the vehicle, KD1 as a dispersant and 

PVB as the binder. The functional material was the delafossite, or a mixture of 

delafossite/8YSZ or delafossite/GDC for composite inks. Inks for porous 8YSZ skeletons 

were also mixed, with graphite used as pore former to control the microstructure of the 

final ceramic layer. The functional materials, vehicle, and dispersant were planetary ball 

milled in  at speed 6 (moderate speed) for 2 hours before the addition of the binder followed 

by a final milling stage of 30 mins at speed 4 (lower-moderate speed). Final layers were 20 

– 60 µm thick, according to the final number of layers printed.  

Particle size and porosimetry of the functional materials was assessed using a Malvern 

Mastersizer 2000 and a Hiden IGA porosimeter respectively. Particles were suspended in 

acetone and a ultrasonic bath was used to distribute the particles in the suspension. 

2.6.3 Infiltrating electrode materials into scaffolds 

Screen printed porous scaffolds 8YSZ skeletons were infiltrated with delafossite 

precursors, while delafossite scaffolds were infiltrated with the catalyst CeO2. This was 

achieved by forming aqueous nitrate solutions prepared from Cr(NO3)3.9H2O Sigma 

Aldrich (99.5%), Cu(NO3)2.3H2O, Mg(NO3)2.6H2O Sigma Aldrich(99%), and Fe(NO3)3·9H2O 

Sigma Aldrich(> 98%). To obtain the desired loading volumes of final functional 

material/catalyst a multistep process of intermediate calcination steps at 450 °C followed 

by a final sintering step at 1200 °C for delafossites, and 450 °C for CeO2. 

Figure 2-8 Schematic diagram of a screen printer, showing 
the masked areas on the screen which act as a stencil for the 
printing vehicle to be deposited through. Adapted from 
Analyst, 2010,135, 845-867. 
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2.7 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy is a sensitive material characterisation 

technique that is used to evaluate the electrochemical and electrical properties of a 

material. Besides SOFCs, it has applications in the study of interface processes and 

corrosion diagnosis and coatings19. 

Impedance is a measure of effective resistance of a circuit to an alternating current. A 

small AC potential is applied to a circuit and the response current is measured over a 

range of frequencies. The current response to the applied sinusoidal potential will also be 

sinusoidal, but be shifted in phase and have a different amplitude20. Described in Equation 

2-15 is Ohm’s law, which is used to describe an ideal resistor which is independent of 

frequency, and follows Ohm’s law for all current and voltage levels. With more complex 

behaviour the concept of impedance is used, which is not limited by the simplifications 

used in Ohm’s law. Equation 2-16 shows the the relationship for impedance which is 

analogous to Ohm’s law. In place of resistance, in more complex  The input and output 

signals may be represented in Equation 2-17 and Equation 2-18 

𝑅 =  
𝑉

𝐼
 

Equation 2-15 where R is resistance, V is voltage and I is current 

𝑍 =  
𝑈𝑡

𝐼𝑡
 

Equation 2-16 where Z is impedance,  𝑈𝑡 is the potential at time t and  𝐼𝑡 is the output response signal 

 

𝑈𝑡 =  𝑈 cos(𝜔𝑡) 

Equation 2-17 where 𝑈𝑡 is the potential at time t, U is the amplitude and ω is the angular frequency (=2𝜋𝑓) 

 

𝐼𝑡 =  𝐼 cos(𝜔𝑡 +  𝜑) 

Equation 2-18 where 𝐼𝑡 is the output response signal, I is the amplitude and ϕ is the phase shift, ω is the 

angular frequency (=2𝜋𝑓) 

Impedance may be defined as in Equation 2-19, from application of Ohm’s law. 

𝑍 =  
𝑈𝑡

𝐼𝑡
=  

𝑈 cos(𝜔𝑡)

𝐼 cos(𝜔𝑡 +  𝜑)
=  𝑍𝑜

cos(𝜔𝑡)

cos(𝜔𝑡 +  𝜑)
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Equation 2-19 where Z is the impedance, Ut and It are the potential and current at time t, Zo is aplitude, ϕ is 

the phase shift, and ω is the angular frequency (=2𝜋𝑓) 

 

Euler’s law (Equation 2-20) allows this equation to be converted to a complex domain, as 

seen in Equation 2-21. 

 

exp(𝑗𝑥) = 𝑐𝑜𝑠(𝑥) + 𝑗𝑠𝑖𝑛(𝑥) 

Equation 2-20 Euler’s law 

 

𝑍 =  𝑍𝑜 exp(𝑗𝜑) =  𝑍𝑜(𝑐𝑜𝑠𝜑 + 𝑗𝑠𝑖𝑛𝜑)  

Equation 2-21 

Impedance is then expressed as having both a real and imaginary part, which can be 

considered a resistive and capacitive/inductive part respectively. This can be plotted as a 

Nyquist plot, where Figure 2-9 shows an example, where the negative imaginary part of 

the impedance Z’’ is plotted against the real part Z’. Frequency information may be  

annotated onto the plot. Bode plots can be used when comparing the real and imaginary 

impedances or the phase shift as a function of the frequency. 
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Within a ceramic different regions can be characterised by a capacitance and resistance in 

parallel, and the characteristic relaxation time τ is given by the product of these (Equation 

2-22), and is also related to the angular frequency by Equation 2-23.  

 

𝜏 = 𝑅𝐶 

Equation 2-22 

𝜔𝑚𝑎𝑥𝑅𝐶 = 1 

Equation 2-23 

 

Table 2-2 Table of capacitance values and corresponding phenomenon, adapted from 21. 

Capacitance (F) Phenomenon 

10-12 Bulk  

10-11 – 10-8 Grain boundary 

10-7 – 10-5 Sample – electrode interface 

10-4 Electrochemical reactions 

Figure 2-9 Nyquist plot, labelled with all the contributing factors, or pertinent information derived from the 
graph. ReZ = Z’ and ImZ = Z’’.  
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This results in the assignment of these different elements to different regions and physical 

phenomena within the sample. This assignment is often based on the magnitudes of the 

capacitances21, as seen in Table 2-2, or by observing the summit frequency, the frequency 

at the apex of the arc (fmax), which also provides useful characterisation information22. 

Equivalent circuits have been used extensively to model the physical and chemical 

processes that occur within a material, with circuit components often beings used for 

corresponding processes. Elements include resistors, capacitors and inductors, as shown 

in Table 2-3 alongside their impedance. 

Table 2-3 Circuit elements and corresponding impedance (Z), where Z’ and Z’’ are the real and imaginary 
components of the impedance. i is square root of (-1) while ω is the angular frequency of the AC signal. R and 

C are resistance and capacitance in Ω and F respectively, while T and P are the capacitance and a 

dimensionless exponent. 

Circuit element Impedance 

 
Z = iωL (Z’ = 0  Z’’ = ωL) 

 
Z = R  (Z’ = R  Z’’ = 0) 

 
Z = 1 / (iωC) (Z’ = 0  Z’’ =  1 / (ωC)) 

  
Z = 1 / [T(i*ω)P] 

 

Data were collected using a Solartron 1260 frequency response analyser with the 

frequency range 1 MHz – 0.1 Hz with 10 mV AC perturbation amplitude. Zview v3.1c 

software (Scribner Associates) was used for data analysis. 

Samples were symmetrical cells of active geometric area of approximately 1.2 cm2 on 

either side of a dense electrolyte layer. The active area was painted with silver in a circular 

geometric pattern to provide contact for the platinum contacts within the alumina testing 

jig. They were evaluated in air in a non-air tight furnace into which the alumina testing 

jig was inserted. The ohmic resistance of the testing jig and wires was measured and 

subtracted from the results obtained for the symmetrical cells. 
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Chapter 3 - Characterisation of cuprous delafossites for SOFC 

air-side applications 

3.1 Introduction 

As discussed in more detail in Chapter One, delafossites have a myriad of applications 

currently in the area of p-type conducting transparent oxide thin films for opto-electronic 

applications, but within this study three families of delafossites were investigated for 

possible application in solid oxide fuel cells.  

The chapter introduces the three delafossite families under investigation, and follows 

their syntheses. The material compositions are characterised, with a brief look at their 

respective morphologies, before the thermal and electrical properties over a high 

temperature range are presented and discussed. Overall, these observations will allow 

conclusions to be drawn as to the suitability of these materials for SOFC air side 

application.  

Unless otherwise stated, materials were synthesised according to a solid state synthetic 

methodology as explained in Chapter Two – Experimental. 

3.2 Synthesis and characterisation of materials 

The structural characterisation of materials is essential to the understanding of a 

material’s properties, and how these can be utilised in a useful manner. Syntheses of these 

materials is an important first step that must be explored to produce materials that are 

consistent and repeatable, which can then be used for characterisation, testing and 

eventually final use in real world applications.  

3.2.1 CuFeO2, and related compositions 

CuFeO2 delafossite and related analogues were synthesised under an inert argon 

atmosphere. Synthesis without the argon atmosphere resulted in secondary phase 

formation of mixtures of cuprous spinel and copper oxides. Synthesis using anything but 

stoichiometric mixtures of the precursor oxides also resulted in a mixture of phases. 

Single phase delafossite CuFeO2 was produced and then examined initially by X-Ray 

Diffraction (XRD), where the phase purity of the material could be assessed and 

characterised. Unit cell parameters, space groups and phase fractions were determined by 

using the least squares method program WinXPow1, and via Rietveld refinement using 

GSAS software package2. Peaks specific to delafossite CuFeO2 are indexed and shown on 

the XRD pattern in Figure 3-1.  
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Figure 3-1 The Rietveld refinement using GSAS software of single phase CuFeO2 XRD pattern, where black 
is observed data, red is calculated pattern and blue is the difference between these two data sets. The 
relevant peaks are indexed. 

 

Figure 3-1 also displays the Rietveld refinement of the same data set, with the red data 

showing the calculated pattern, and the blue data representing the difference between the 

calculated pattern from the model and the actual pattern. Table 3-1 shows a summary of 

the unit cell parameters determined from both GSAS and WinXPow. These unit cell 

parameters compare favourably to literature, which often reports a = 3.0344(2) Å and c = 

17.158(3) Å3. 

Marquart et al reported that the a-unit cell parameter of delafossites is related to the 

distance between the linearly co-ordinated CuI+ ions in the copper sheet layer. This 

distance, in CuFeO2, is large enough to admit the insertion of oxygen into the structure, 

allowing the oxidation of the copper from CuI+ to CuII+. This disruption to the charge 

neutrality of the overall structure is coupled with the preference of CuII+ ions to avoid 

linear co-ordination4, and instigates the transformation from the delafossite structure to 

a mixture of spinel and copper oxide above a critical temperature. Additionally, the co-
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ordination preference of the B site III+ metal ion also contributes to the stability of the 

structure5.  

 

Table 3-1 Unit cell parameters for CuFeO2 calculated via WinXPow software and GSAS structural Rietveld 
refinement. The experimental and fitted patterns are shown in Figure 3-1. 

Refinement Parameter 
CuFeO2 

GSAS 

CuFeO2 

WinXPow 

a (Å) 3.0338(5) 3.0358(3) 

c (Å) 17.1617(3) 17.1716(14) 

V (Å3) 136.798(1) 137.052(18) 

Rp 2.02 N/A 

Rwp 1.25 N/A 

Rexp 0.81 N/A 

χ2 2.373 N/A 

 

Lalanne et al6 reports on the transformation of delafossite CuFeO2 to a combination of the 

phases CuFe2O4 (spinel) and CuO (tenorite). It is proposed that the mechanism proceeds 

through an oxygen rich delafossite intermediate, with several literature sources 

confirming the ability of delafossites to tolerate a slight oxygen excess7,8.  

The ability of CuFeO2 delafossite to tolerate a slight oxygen excess allows the structure to 

exhibit an intrinsic p-type conductivity, which allows the material to behave as a 

semiconductor. This is described in Kroger-Vink notation in Equation 3-1 below, where 𝑂𝑖
′′ 

represents an oxygen on an interstitial site, and 2ℎ∙  represents the formation of a 

positively charged hole. The super-script indicates the charge of the respective site. 

1

2
𝑂2 (𝑔) ↔  𝑂𝑖

′′ + 2ℎ∙         Equation 3-1 

3.2.1.1 Mg2+ doping 

The doping of aliovalent ions into a materials structure is a common technique used to 

promote both electronic and/or ionic conductivity in the sample due to the difference in 

valence change between the substituted and original ion. Substituting a MgII+ ion for a 

FeIII+ ion in the CuFeO2 delafossite structure creates a difference of local charge in the 

substituted area, leaving a postivie hole within the structure that can be used to introduce 

p-type conductivity in the system. This is described in Equation 3-2, where 𝑀𝑔𝐹𝑒
′  
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represents the magnesium ion on the iron site in the lattice, and ℎ∙  represents the 

produced positively charged hole. 

𝑀𝑔2+ ↔ 𝑀𝑔𝐹𝑒
′ +  ℎ∙         Equation 3-2 

CuFe1-xMgxO2, where x = 0.01, 0.1 and 0.5, was synthesised in the same manner as the 

parent composition. Originally MgO was used as the oxide precursor in the grinding stage. 

However, it was observed that the MgO was highly hydroscopic, gaining weight on the 

scale during the weighing process. This made accurate measurement of the precursors 

impossible. To address this issue the magnesium precursor was changed to 

(MgCO3)4.Mg(OH)2.5H2O (Sigma Aldrich, 99.99 % trace metal basis). The XRD patterns 

are presented in Figure 3-2, where it can be seen that both the x = 0.01 and 0.1 

compositions contain a combination of the delafossite parent (𝑅 3̅ 𝑚), spinel (𝐹 𝑑 3̅ 𝑚, a =  

8.391 (2) Å) and copper (I) oxide (𝑃 𝑛 3̅ 𝑚, a  = 4.260(2) Å) phases. GSAS phase analysis 

suggests that delafossite phase percentage is 98 % and 85 % respectively for x = 0.01 and 

0.1. The spinel unit cell parameter for these compositions is similar to literature values 

for Fe2+Fe3+
2O4 

9, and, as there are no additional peaks of a second MgFe2O4 spinel phase, 

this suggests that the magnesium was doped successfully into the structure. This is 

corroborated with the change in unit cell values, which are seen in Figure 3-3(a) and (b). 

Unexpectedly, there is a decrease in the unit cell parameter from x = 0 to x = 0.01 as the 

slightly larger Mg2+ was incorporated into the structure, which may be related to the 

removal of copper and iron from the delafossite structure, seen in the secondary phases. 

Close observation of the XRD pattern shows slight line broadening of several peaks (such 

as the [012], [104] and [108]), suggesting a reduction in symmetry as defects are 

introduced into the structure.  The composition x = 0.5 does not contain a delafossite phase, 

the XRD pattern showing a mixture of spinel (𝐹 𝑑 3̅ 𝑚, a = 8.364(1) Å, 22%) and Cu2O 

(𝑃 𝑛 3̅ 𝑚, a = 4.264(2) Å, 78%) phases. The spinel unit cell parameter is similar to literature 

value for MgFe2O4
9. Additionally, the larger phase percentage of Cu2O suggests that the 

copper in the synthesis was used to form the Cu2O phase. When looking at the balanced 

equation in Equation 3-3 below, MgO is also included as cubic MgO and Cu2O have similar 

unit cell parameters (a = 4.212 and a = 4.269 Å respectively). This gives a 3:1 ratio for 

Cu2O/MgO to spinel phases, which is similar to the ratio experimentally observed. 
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Figure 3-2 XRD patterns of CuFe1-xMgxO2, where x=0.01 (black), 0.1 (red) and 0.5 (blue). Tickmarks 

represent the reflections for R 3̅m, 𝐹𝑑3̅𝑚 and 𝑃𝑛3̅𝑚 for the delafossite, spinel and Cu2O phases 
respectively. 
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Figure 3-3 Unit cell parameters of CuFe1-xMgxO2 and CuFeO2-xFx. (a) displays the a unit cell length, while (b) 
shows the c unit cell length. In both figures the black squares are parent CuFeO2, red circles are magnesium 
doped compositions, and blue triangles are fluorine doped compositions. Estimated standard deviations are 
also indicated. 

 

 

a) 

b) 
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2𝐶𝑢2𝑂 +  𝐹𝑒2𝑂3 + 2𝑀𝑔𝑂 → 2𝐶𝑢2𝑂 + 𝑀𝑔𝑂 + 𝑀𝑔𝐹𝑒2𝑂4   Equation 3-3 

 

In the lower percentage doped compositions the presence of additional phases suggests a 

high sensitivity of the delafossite structure to charge imbalance, brought about by the 

difference in charge between FeIII+ and MgII+. Additionally, the difference in size between 

the two ions is also a factor, where the larger MgII+ ion causes strain to the crystal 

structure which may adapt by the formation of local defects and secondary phase to 

equilibrate the stress. 

Table 3-2 Table of effective ionic radii of common atoms used in the delafossites for doping and parent 
compositions, taken from Shannon in Revised Effective Ionic-Radii and Systematic Studies of Interatomic 
Distances in Halides and Chalcogenides. Acta Crystallographica Section A, 1976. 32, 751-767 

 Shannon radii 

(Å) 

Cu (+1, II) 

Fe (+3,VI, high spin) 

0.46 

0.645 

Al (+3,VI) 0.535 

Cr (+3,VI) 0.615 

Mg (+2VI) 0.72 

O (-2,IV) 1.38 

F (-1,IV) 1.31 

 

However, CuFeO2 delafossites doped with larger, trivalent metal ions have been 

synthesised before in literature10,11, suggesting the size of the magnesium alone would not 

cause decomposition of the parent phase. This lack of solubility of magnesium within 

delafossites has been reported in literature before12.  

3.2.1.2 F- doping 

An alternative method to dope the CuFeO2 structure is to exchange the oxygen in the unit 

cell with a less electronegative element, such as F-. This would introduce holes into the 

parent structure, allowing or enhancing p-type conductivity. This is shown in Equation 3-4 

below, where 𝐹𝑂
′  represents the fluorine ion on the oxygen lattice site, and ℎ∙ is the 

positively charged hole. 

𝐹−  →  𝐹𝑂
′ +  ℎ∙             Equation 3-4 

All the compositions were made in the traditional solid state method, using a bed of CuF2 

to provide an excess of fluorine in the argon synthesis atmosphere. The initial composition 

x = 0 was synthesised only in the fluorine/argon atmosphere. Later compositions were 

synthesised in a solid state manner by intimately mixing CuF2 with the original oxide 
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mixture. These compositions are stoichiometrically copper rich, and therefore copper 

metal, or an alternative phase, would be expected to form on synthesis. Figure 3-4 shows 

the XRD patterns of fluorine doped CuFeO2, where x = 0 (on a bed of CuF2), 0.01, 0.1 and 

0.3. Compositions x = 0.1 and 0.3 have additional peaks from the PTFE substrate used for 

XRD collection. 

 

Figure 3-4 XRD patterns of CuFeO2 (black), CuFeO2-xFx synthesised on a CuF2 bed with x = 0 (red), 0.01 
(green), 0.1 (blue) and 0.3 (pink). Tickmarks represent the reflections for R 3̅m, 𝐹𝑑3̅𝑚 and 𝑃𝑛3̅𝑚 for the 
delafossite, spinel and Cu2O phases respectively. 

 

Composition x = 0 (F atm) contained the delafossite phase, with no additional phases 

present. The unit cell parameters decreased slightly in respect to the parent delafossite 

phase, with a = 3.0360(3) Å and c = 17.1757(9) Å, but might be considered insignificant. 

This could suggest that there was no change in the composition of the delafossite. Further 

fluorine doping via intimate mixing resulted in a clear increasing trend for both x = 0.01 

and 0.1. These compositions both had strong contributions in their XRD patterns from the 

delafossite phase, with small contributions from secondary phases. Unit cell parameters 

increased in line with the introduction of the larger dopant (see Table 3-2), as expected, 
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indicating the inclusion of the fluorine in the structure. Composition x = 0.3 contained 

reflections from the delafossite phase within the XRD pattern with a significant 

contribution from a spinel phase (F d 3̅ m, a = 8.399(2) Å) and a third small impurity phase 

(79:18:3). Copper metal and both CuO and Cu2O phases were not identified in the XRD 

patterns for the fluorine doped compositions. The x = 0.3 composition showed a decrease 

in unit cell parameters, to a value less than the original parent composition. Phase 

fractions were calculated using the GSAS program and can be seen in Table 3-3, and show 

the overall change in phase fraction with change in original fluorine concentration.  

 

3.2.1.3 Morphology of the copper iron oxide delafossite family 

Microstructure of the samples was observed using a scanning electron microscope (SEM), 

and images can be seen of the typical structure of CuFeO2 in Figure 3-5. The magnification 

was chosen to be representative of different microstructures. These images are typical of 

magnesium doped samples also. The samples were prepared via hand grinding in a mortar 

and pestle from the sintered pellet form. The particle size is bimodal in nature, with 

particles ranging between 0.1 µm and 5 µm. The typical particle has the appearance of an 

Table 3-3 Phase fractions for the CuFeO2 based compositions 

Composition %  Delafossite % Spinel % Cuprite 

CuFeO2 100 - - 

CuFe0.99Mg0.01O2 98.34 1.65 0.01 

CuFe0.9Mg0.1O2 85.30 7.37 7.33 

CuFe0.5Mg0.5O2 0 22.02 77.98 

CuFeO2 in F atm 100 0 - 

CuFeO1.99F0.01 97.25 2.73 - 

CuFeO0.9F0.1 92.73 7.27 - 

CuFeO0.7F0.3 75.06 24.50 - 

 

irregular truncated sphere, hexagon or disc, with closer observation showing that the 

particles have a stacked layer nature. The discoidal nature of the particles is as expected 

from the rhombohedral space group delafossites. Additionally, as explained in Chapter 1, 

the unit cell is constructed of sheets of octahedra coordinated to copper sheets, and this  
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Figure 3-5 Scanning electron microscopy images of CuFeO2 at 5,000 and 10,000x magnifications. 

 layered structure is reflected in the layers seen in the images. Average calculated 

densities of CuFeO2 pellets were between 61 - 73 % of theoretical density.  

Figure 3-6 shows the micrographs of the fluorine doped compositions, where (a) shows the 

regular CuFeO2 stoichiometric mix of oxides, synthesised on a bed of CuF2. Micrographs 

(b) and (c) picture the compositions x=0.01 and 0.1 respectively. Figure 3-6(a) shows the 

pellet surface, with significant improvement in connectivity between particles in  
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Figure 3-6 Scanning electron microscopy images of the CuFeO2-xFx series synthesised on a CuF2 bed in argon 
atmosphere, where a) is the CuFeO2 starting materials, b) is the x=0.01 and c) is the x= 0.1 compositions 
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comparison to the parent CuFeO2 composition, with grains sizes between 5 – 20 µm. The 

layered structure of the parent CuFeO2 composition can still be seen by the terraced faces 

of the particles. A bimodal particle nature is still present, but smaller particles have 

significant regions of necking to the bulk. These smaller particles, which can still be seen 

attached to the bulk of the surface, range between 1 – 5 µm. It is supposed that the 

presence of F2 has a positive effect on the mobility of the ions during synthesis, leading to 

further densification of the composition. This has been reported before, in other 

fluorination of ceramic oxides13. Calculated densities were between 70 – 76 % of theoretical 

density. 

Compositions which were intimately mixed with CuF2 also show an improved connectivity 

between grains. The overall densities of the compositions showed a slight increase when 

compared to the the x = 0 composition synthesised on the CuF2 bed, with calculated 

densities between 74 – 78 % of theoretical density for x = 0.01 and between 73 – 80 % for 

x = 0.1. The bi-modal nature of the particles was more pronounced, with smaller particles 

ranging between 0.2 – 2 µm for CuFeO1.99F0.01, and 0.1- 1.5 µm for CuFeO1.9F0.1. These 

smaller particles had a different morphology, more octahedral in nature, and may be 

attributed to the spinel secondary phase. With increased fluorine content the 

microstructure lost the smooth nature seen in Figure 3-6(a), and additional artefacts were 

seen that were not present in the parent composition, or the starting materials synthesised 

upon the CuF2 bed. Figure 3-7 displays these characteristic defects over a range of 

magnifications. 
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Figure 3-7 Scanning electron microscopy images of the CuFeO1.9F0.1x composition, where a) is x10,000 
magnification, b) is x20,000 magnification and c) is x45,000 magnification. All three images show an area 
with honeycomb/particle defect structure that was prevalent in high level dopant compositions. 
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The defects were found primarily on the edge of exposed grains, appearing on terraced 

surfaces. Not every grain with this crystallographic face exposed contained the defect. The 

defect appeared as cube-like holes with a magnitude of 10-20 nm, as seen in Figure 3-7(b). 

Figure 3-7(c) shows the corresponding particles that are found surrounding the cratered 

faces. These particles are of a similar magnitude to the holes. The evolved nano-particles 

are found in areas where the pitted defect surface is also present, suggesting that the hole 

and particle were formed together in the same process. 

High resolution transmission electron microscopy (TEM) and energy dispersive 

spectroscopy (EDX) in Figure 3-8(a) and Figure 3-8(b) were employed to identify the 

composition of the particles, and the nature of the composition around the pits. HRTEM 

was used to observe the fringes within the composition, and calculate the d-spacing of the 

layers and compare with known structures. The nano-particle d-spacings were 

characteristic of Cu2O, shown in the image Figure 3-8(a), while the EDX results in Figure 

3-8(b) suggest that areas containing the particles are slightly copper rich in comparison to 

the bulk material. Together, these suggest that the particles are a form of copper (I) oxide. 

Au is detected in the EDX spectra from the gold coating sample preparation. 
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Figure 3-8 (a) shows the high resolution transmission electron microscopy image, where A marks bulk 
CuFeO1.7F0.3 with a d-spacing of 2.80 Å = (006), and B marks Cu2O with d-spacing of 3.05 Å = (110). (b) 
shows the scanning electron microscopy image with two areas which were subjected to energy dispersive x-
ray spectroscopy. The table shows the relative weight % the elements within their respective areas. 

 

3.2.2 CuAlO2, and related compositions 

Synthesis of the CuAlO2 parent phase (and related compositions) was performed in argon 

atmosphere. The samples were prepared by regrinding and sintering a minimum of two 

times, with a sintering time of 24 - 40 hours. Even then, single phase materials were not 

synthesised, although the impurity level was quite low. Figure 3-9 shows the XRD pattern 

after three cycles of grinding and sintering. It contains two common polymorphs of the 

delafossite structure; the rhombohedral 𝑅 3̅ 𝑚  and the hexagonal 𝑃 63/𝑚𝑚𝑐  forms. 
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Figure 3-9 XRD pattern of parent phase R  3̅ m CuAlO2, with indexed peaks indicated. Tickmarks represent 

the reflections for R  3̅ m delafossite (A), P63/mmc delafossite (B) and 𝐹𝑑3̅𝑚  CuAl2O4 spinel (C) phases 

respectively. 

These polymorphs are separated by the stacking of the sheets, as described by Buljan et 

al 14, who suggested that generally there was no obvious preference for either polymorph. 

This synthetic method always yielded both polymorphs (𝑅 3̅ 𝑚 a = 2.85790(5) Å and b = 

16.9478(3) Å, 92 %; 𝑃 63/𝑚𝑚𝑐  a = 2.8580(3) Å and c = 11.2989(7) Å, 2 %) but the 

rhombohedral form was the dominant phase. These unit cell values are comparable to 

literature values, according to a summary published by Marquardt et al. Additionally, 

further phases of the spinel CuAl2O4 [JCPDS-ICDD 33-1448], Cuprite Cu2O [JCPDS-

ICDD 5-667] and Corundum Al2O3 [JCPDS-ICDD 43-1484] are present in the pattern. 

Cu2O and Al2O3 are unreacted starting materials.  

3.2.2.1 Mg2+ doping 

Magnesium was doped into the parent CuAlO2 structure in the same method as was used 

with the CuFeO2 compositions. Again, the difference in local charge between the Al3+ and 

the substituted Mg2+ was intended to form structures with a larger volume of charge 

carriers and increase the p-type electronic conductivity of the composition. 
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Figure 3-10 XRD pattern of the compositions CuAl1-xMgxO2, where black is x = 0, red is x = 0.01 and blue is x 

= 0.02. Tickmarks represent the reflections for R  3̅m delafossite (A), P63/mmc delafossite (B) and 𝐹𝑑3̅𝑚 

CuAl2O4 spinel (C) phases respectively.  

Figure 3-10 shows the XRD patterns for the Mg doped CuAlO2, with x = 0.01 and 0.02. 

Low dopant concentrations were chosen to avoid passing the low solubility limit of the 

magnesium in the delafossite structure. With only 1 and 2 atomic % doping of magnesium 

the XRD patterns show a slight decrease in the spinel phase, but a much larger increase 

in the hexagonal delafossite polymorph, with a subsequent reduction of impurity phases. 

Table 3-5 reports the percentage fraction of the phases as calculated from GSAS software 

package. Starting material phases Cu2O and Al2O3 are also present in small fractions.  

Unit cell parameters can be seen in Figure 3-11(a). The rhombohedral form of the 

compositions seem to remain relatively constant. However, the hexagonal form 

experiences a slight increase in the c – axis, from 11.2989(25) Å to 11.3010(20) Å. This 

suggests that the magnesium has stabilised the hexagonal polymorph in preference. 
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Figure 3-11 Unit cell parameters for CuAl1-xMgxO2 and CuAl1-xFexO2. (a) and (b) show CuAl1-xMgxO2 for a 
and c unit cell lengths respectively, while (c) and (d) show CuAl1-xFexO2 for a and c unit cell lengths 

respectively. Open icons represent the 𝑅 3̅ 𝑚 polymorph (R), while filled icons represent P63/mmc 

polymorph (H). Estimated standard deviations are also shown. 

 

 

 

 

 

 

 

a) b) 

c) d) 
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Table 3-1 Phase fractions of CuAlO2 (both common polymorphs) and related compositions. 

Composition %  delafossite 

R �̅� m 

% delafossite 

P 63 /mmc 

% other 

CuAlO2 92.21 2.02 5.77 

CuAl0.99Mg0.01O2 90.03 8.89 1.08 

CuAl0.98Mg0.02O2 83.17 12.20 4.63 

CuAl0.99Fe0.01O2 80.32 18.79 0.90 

CuAl0.9Fe0.1O2 98.00 1.37 0.63 

CuAl0.85Fe0.15O2 89.14 0.01 10.85 

 

3.2.2.2 Fe3+ doping 

The oxidation of the copper sheets in the delafossite structure is linked to the p-type 

conductivity. The change in local charge as Cu1+ → Cu2+ is a source of positive charge 

carriers. The oxidation of these copper layers is reliant on the ability of the oxygen to enter 

the channels formed between the coppers, which is controlled by the distance between 

coppers. The radius of the B - cation largely contributes to the a-axis length, and therefore 

the Cu – Cu overlap. Therefore, on increasing the overall B - site cation size, there may be 

a resulting increase in conductivity. According to Table 3-2, Fe3+ has a larger ionic radius 

than Al3+, and so would be suitable to use to increase the average B-site cation radius. 

For CuAl1-xFexO2 three dopant levels were explored; x = 0.01, 0.1 and 0.15. These are seen 

in Figure 3-12. The lowest dopant concentration of x = 0.01 showed an increase in the 

phase percentage of the hexagonal delafossite polymorph, with small additional phase 

peaks of tenorite [JCPDS-ICDD 45-0937] and spinel CuAl2O4 [JCPDS-ICDD 33-1448] 

phases. The x = 0.1 composition has a weaker contribution from the hexagonal delafossite 

phase. There are minimal additional reflections from the spinel and tenorite phases. This 

indicated that the increase in B-site cation size has stabilised the rhombohedral 

delafossite polymorph. This stabilisation effect persists for the x = 0.15 composition, where 

the hexagonal polymorph is not present. However, there is now a much larger contribution 

to the XRD pattern from CuAl2O4, which may be attributed to the inability of the structure 
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to cope with the increasing volume of internal stress as the larger ion is incorporated into 

the structure. 

 

Figure 3-12 XRD patterns of the compositions CuAl1-xFexO2, where x = 0 (black), x = 0.01 (red), x = 0.1 (blue) 

and x = 0.15 (pink). Tickmarks represent the reflections for R 3̅m delafossite (A) and P63/mmc delafossite (B) 

phases respectively.  

 

Unit cell parameters for the compositions are shown in Figure 3-11(c) and (d). There is a 

relatively linear trend for increasing Fe dopant concentration against unit cell parameters 

for the hexagonal phase, suggesting that the iron is successfully being incorporated into 

the structure, while the change in unit cell parameter for the rhombohedral phase 

remained approximately consistant. The deviation of the x = 0.01 composition suggests 

that the hexagonal polymorph also contains a portion of the iron.   

3.2.2.3 Morphology of the copper aluminium oxide delafossite family 

Morphology of the CuAlO2 parent composition can be seen in Figure 3-13. There is again 

a bimodal distribution of particles, with small particles approximately 0.3 – 1 µm, and  
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Figure 3-13 Scanning electron microscopy images of CuAlO2 parent composition, where (a) is x5,000 and (b) 
is x20,000 magnification. 

larger particles between 2 – 8 µm. The smaller particles have several different 

morphologies, representative of the secondary phases present as discussed above.  

Isometric system phases such as the CuAl2O4 spinel and Cu2O cuprite can be seen as 

octahedral type particles. These appear as a portion of the smaller particles. The trigonal 

system phases (CuAlO2 and Al2O3) appear as layered structures, with some smaller 

particles also appearing to have this layered morphology.  Larger particles appear to be 

agglomerates of smaller particles, and not a single mass.  The density was generally ~ 57 % 

of theoretical density. 
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Figure 3-14(a) and (b) are representative images for the CuAl1-xMgxO2 and CuAl1-xFexO2 

compositions respectively. The iron doped compositions also contained smaller particles 

which could be attributed to the secondary phase. However, the higher doped compositions 

had a more uniform morphology, containing larger particles formed of plates and stacks 

of layered particles. The small particles were between 0.5 – 1 µm thickness, while length 

could exceed 1 – 3 µm. The overall larger particles were between 10 – 20 µm. The 

magnesium doped compositions were generally in the range of 52 – 57 % of theoretical 

density, while the iron doped compositions were between 42 – 51 % of theoretical density. 

Figure 3-14 Scanning electron microscopy images of (a) CuAl1-xMgxO2 x = 0.01 and (b) CuAl1-xFexO2, x=0.1. 
Both samples are x5,000 magnification. 

 

 

b) 

a) 
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3.2.3 CuCrO2, and related compositions 

Synthesis of the parent composition CuCrO2 was initially performed by the traditional 

solid state method, with later work using a citric acid-nitrate combustion method. Both 

these methods are described in Chapter 2. Formation of single phase CuCrO2 delafossite 

occurred when the constituent components were sintered in air at 1200 °C for 12 hours on 

a bed of sacrificial powder. The resultant phase is shown in Figure 3-15. The XRD pattern 

shows a single polymorph of delafossite; the rhombohedral type with space group 𝑅 3̅ 𝑚 

and unit cell parameters a = 2.97534(11) Å and c = 17.1076(9) Å. These are comparable to 

literature values of a = 2.975 Å and c = 17.096 Å, which are reported by Marquardt et al 

in their summary table. 

 
Figure 3-15 XRD pattern of single phase CuCrO2, with indexed peaks assigned. 

 

3.2.3.1 Mg2+ Doping  

The delafossite structure has shown a low tolerance for magnesium doping in the previous 

two parent structures, and therefore low dopant concentrations were chosen for aliovalent 

doping of CuCr1-xMgxO2, with x = 0.005, 0.01, 0.015, 0.02 and 0.025.  
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Figure 3-16 displays the XRD patterns for this series, with the inset showing the expanded 

2θ axis between 30 – 38°. This closer view of the patterns shows that, even at 0.5 at% 

dopant, there is the formation of a spinel secondary phase. The volume of this phase is 

small, but increases with dopant level as shown in Table 3-6. Figure 3-17 (a) shows the 

unit cell parameters, while Figure 3-17 (b) shows a typical SEM image from the series, 

with the characteristic octahedral particle of the isometric spinel. EDX in the same figure 

is not of these specific particles, but of a similar, larger particle within the sample. From 

these images and the XRD pattern the second phase can be identified as spinel MgCr2O4 

[JCPDS-ICDD 10-5-351], space group 𝐹 𝑑 3 𝑚 with a = 8.3262(3) - 8.3327(9) Å, which is 

comparable to literature values 9. This suggests that, instead of being incorporated into 

the delafossite phase, the magnesium is helping form the secondary spinel phase. 

Guilmeau et al suggested a maximum solubility limit of 5 at% of magnesium in CuCrO2 

delafossite12. However, it is seen here that this small dopant level is still not incorporated 

into the delafossite structure with the conventional solid state synthesis.  

 

Table 3-6 Phase fractions for CuCr1-xMgxO2 compositions. ‘Other’ phase percentages represents spinel, and 
occasionally cuprite, phases. 

Composition 
%  delafossite 

𝐑 �̅� 𝐦 
% other 

CuCr0.995Mg0.005O2 98.77 1.23 (±0.054) 

CuCr0.99Mg0.01O2 98.44 1.56 (±0.064) 

CuCr0.985Mg0.015O2 98.44 1.56 (±0.054) 

CuCr0.98Mg0.02O2 98.14 1.86 (±0.060) 

CuCr0.975Mg0.025O2 98.08 1.92 (±0.068) 

CuCr0.97Mg0.03O2 98.19 1.81 (±0.052) 
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Figure 3-16 (a) XRD patterns of CuCr1-xMgxO2, where x = 0 (black), 0.005 (red), 0.01 (blue), 0.015 (pink), 0.02 
(mustard)  and 0.025 (purple). (b) shows XRD pattern between 34– 38 ° 2θ. Tickmarks represent the 
reflections for R 3̅m, 𝐹𝑑3̅𝑚 and C2/c for the delafossite (A), spinel (B) and CuO (C) phases respectively 

 

 

 

 

b) 

a) 
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3.2.3.2 Changing the synthetic method 

Combustion synthesis may be used to synthesise compounds for a variety of reasons, as 

often it can provide a starting mixture with homogeneously mixed precursors and good 

b) 

a) 

Figure 3-17 (a) shows the a and c unit cell parameters, where black squares represent CuCrO2 and red 
circles represent CuCr1-xMgxO2. ESDs are also shown. (b) shows the SEM image of a characteristic large 
spinel secondary phase on the bulk main phase. The map images from EDX to the right of figure (b) are from 
a different particle in the same sample. The table gives the atomic and weight percentages of the elements.  
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stoichiometric control, and yields smaller size particles on completion. The combustion of 

the fuel (citric acid or glycine in this study) leads to an instantaneous self-sustaining 

reaction, with the formation of an intermediate composition that, on further firing, 

produces the desired product. The compositions were calcined for 8 hours in the same 

conditions as the solid state synthesis of CuCrO2 after completion of the combustion 

reaction. 

Figure 3-18(a) shows the morphology of CuCrO2 synthesised via traditional solid state 

methodology. The particles are of a bi-modal nature, ranging between 1 – 10 µm. They are 

of the typical layered platelet structure that is seen in other delafossites. 

Compositions created using the combustion method with glycine as the fuel component 

were often found to contain a range of particles with a bi-modal size distribution, between 

2 – 12 µm. The SEM micrographs also showed the glycine compositions contained 

octahedral particles of the scale of 1 – 2 µm, which can be seen in Figure 3-18(b). These 

particles appear embedded in the parent delafossite composition, suggesting growth 

occurring alongside the parent composition. These particles were not seen in SEM 

micrographs in compositions made with citric acid as the combustible fuel, as can be seen 

in Figure 3-18(c). The citric acid combustion method morphology appears similar to the 

parent phase CuCrO2, with platelet type structures. However, the morphology appears to 

contain a larger particle size range, between 5 -12 µm. The length of the calcination period 

could be adjusted to control the particle size of the final composition according to 

experimental requirements. 

The densities for CuCrO2 were generally in the range of 47 – 53 % of theoretical density, 

while the citric acid combustion synthesised magnesium doped compositions were between 

64 – 68 % of theoretical density. 

According to propellant chemistry the species Cr3+, Cu2+, C and H are considered reducing, 

with valences of +3, +2, +4 and +1 respectively. Oxygen is considered oxidising, with a 

valence of -2. Nitrogen is considered neutral, with a valence of zero15. The reducing or 

oxidising nature of the chemicals may then be calculated from the sum of their constituent 

elements, with fuels glycine and citric acid having reducing valences of +9 and +18 

respectively, and chromium and copper nitrates having a total oxidising  valence of -25. 

The difference in valence between the two fuels suggests that the less reductive nature of 

the glycine failed to provide the reducing condition required to form the delafossite phase, 

resulting in the secondary formation of the spinel.  
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Figure 3-19 shows the expanded XRD pattern of the magnesium doped CuCr1-xMgxO2 

series synthesised through citric acid combustion. At lower dopant levels it shows the lack 

of the additional spinel phase which was seen in the solid state synthesis method. The 

composition doped with 2.5 at% Mg is the first to show the additional MgCr2O4 spinel 

phase. This shows that at lower concentrations the magnesium has been incorporated 

successfully into the parent composition, although this is only half of the limit proposed 

by Guilmeau et al. Figure 3-20 shows the trend of the unit cell parameters as a straight 

line, indicating the obedience to Vegard’s law. The filled icons represent samples with a 

discernible secondary phase, and can be seen to lie outside the line. This again supports 

that magnesium has been incorporated into the structure fully at lower levels.  
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Figure 3-18 CuCr0.98Mg0.02O2 synthesised via (a) traditional solid state methodology, (b) glycine fuel 
combustion and (c) citric acid fuel combustion methodology. 
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Figure 3-19 XRD patterns of CuCr1-xMgxO2 synthesised through citric acid combustion method, over the 34 
– 38 ° 2θ range, where x = 0 (black), x = 0.01 (red), x = 0.015 (blue), x = 0.02 (pink) and x = 0.03 (mustard). 
Tickmarks represent the reflections for R 3̅m and 𝐹𝑑3̅𝑚 for the delafossite (A) and spinel (B) phases 
respectively. 

 

Figure 3-20 Unit cell parameters for CuCr1-xMgxO2 series, where black squares represent the a unit cell 
parameter, and red circles represent the c unit cell parameter. Filled icons represents patterns with 
secondary phases present in XRD. E.S.Ds. are also shown.. 
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3.2.3.3 Fe3+ doping 

As mentioned above, the size of the B-site cation has a profound effect on the electrical 

conductivity of delafossites. In the CuCrO2 parent composition the chromium ion is too 

small to sufficiently open the channels between the copper layers, and allow ingress of the 

oxygen into the structure. Doping the larger FeIII+ ion increases the average size of the b-

site cation, and should permit the oxygen access to the copper in the structure. 

Members of the solid solution CuCr1-xFexO2 with x= 0.25, 0.5 and 0.8 were synthesised 

using the citric acid combustion method. Parent end-member compositions were also 

synthesised in this manner. The XRD pattern showing the single phase nature of this solid 

solution is seen in Figure 3-21(a). 

Members of the solid solution CuCr1-xFexO2 with x= 0.25, 0.5 and 0.8 were synthesised 

using the citric acid combustion method. Parent end-member compositions were also 

synthesised in this manner. The XRD pattern showing the single phase nature of this solid 

solution is seen in Figure 3-21(a). 

All compositions have the hexagonal polymorph delafossite, space group 𝑅 3 ̅𝑚, with unit 

cell parameters shown in Figure 3-21(b). The solid solution patterns in Figure 3-21 show 

a clear shift to the left from CuCrO2 to CuFeO2, as the larger Fe3+ ions are incorporated 

into the structure. The XRD pattern of composition CuFe0.75Cr0.25O2 contains a small 

fraction of secondary phase, as seen by the slight shoulders either side of the peak at 35.9 ° 

2θ. These may be attributed to a cuprous spinel phase (𝐹 𝑑 3̅ 𝑚, a = 8.3721(8)) which is 

similar to the literature value for CuFe2O4. 
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Figure 3-21 (a) XRD patterns of CuCr1-xFexO2, where x= 0 (black), 0.25 (red), 0.5 (blue), 0.8 (teal) and 1 
(pink). Tickmarks represent the reflections for R 3̅m and 𝐹𝑑3̅𝑚 for the delafossite (A) and spinel (B) phases 
respectively. (b) CuCr1-xFexO2 series, where black squares represent the a unit cell parameter, and red 
circles represent the c unit cell parameter. Filled icons represents patterns with secondary phases present in 
XRD.. 

 

 

 

a) 

b) 
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Unit cell parameters are seen in Figure 3-20(b) for all families of compositions, and it can 

be seen that they are roughly linear with change in delafossite average B-site radius, 

which provides further evidence of a solid solution formation between the two end 

members. 

Figure 3-22(a), (b) and (c) shows the morphology of the compositions CuCr1-xFexO2, with x 

= 0, 0.5, 0.75 and 1 respectively. The samples were gently hand ground in an agate mortar 

and pestle before images were taken. CuCr0.5Fe0.5O2 is shown in Figure 3-22(b), and 

displays a change in morphology. There is still evidence of the discoidal type particles of 

between 1 – 3 µm, but the overall connectivity between them has increased, to create bulky 

agglomerates. This trend continues for Figure 3-22(c) of CuCr0.25Fe0.75O2, where the 

mottled surfaces hint at the rapid growth of the condensed bulk material from the 

particulate form. Small particles of approximately 2 – 3 µm decorate the bulk surfaces. 

Figure 3-22(d) shows the morphology of CuFeO2 delafossite synthesised via the citric acid 

combustion method. It shows irregular shaped particles of < 1 µm scattered across a 

sintered bulk material. The sequence of morphology suggests that the sintering 

temperatures was approaching the melting point for the iron containing compositions, 

allowing the rapid densification of close proximity particles and formation of a dense bulk. 

 

3.2.4 Summary 

The three parent delafossite compositions were of interest due to the innate electronic 

conductivity present. Adapting the original delafossite structure by doping was often 

successful for the CuFeO2 and CuCrO2 compositions, but altering the CuAlO2 parent 

composition often resulted in the formation of secondary phases, alongside the another 

delafossite polymorph. Doping was used to augment the valence of the B-site, or increase 

the a unit cell length and hopefully thereby permit the oxidation of copper the 

compositions while retaining the delafossite structure. These materials, if used at the 

cathode side of a solid oxide fuel cell, would be subjected to high temperatures of 600 – 

800 °C in air, and as such the structural stability is the next section of discussion. 
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Figure 3-22 SEM images of CuCr1-xFexO2, where (a) is x = 0.5, (b) x = 0.75 and (c) x = 1. All images are 
presented at x1,000 magnification. 
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3.3 Thermal stability  

When considering an oxide material for a solid oxide fuel cell application the material in 

question must be stable in air over a range of temperatures. This then requires a thermal 

expansion coefficient similar to other components of the cell, and minimal thermal 

degradation of the material in the relevant atmosphere. The techniques of dilatometry and 

thermogravimetric analysis (TGA) were used to probe these areas. 

3.3.1 Dilatometry and Thermogravimetric Analysis 

The dilatometer was used to take measurements from room temperature to 900 °C at 

3 °C/min in air, before returning to room temperature. Data was recorded across this range. 

Pellets of the different compositions were pressed in a uniaxial manner under 1 tonne and 

sintered as described in Chapter 2.  

A small volume (15-45 mg) of the composition was placed in the alumina crucible for 

thermogravimetric analysis measurements. The compositions were heated from room 

temperature to 900 °C at 3 °C/min in air before returning to room temperature. 

Measurements were taken every 5 seconds over this range. 

Figure 3-23 shows typical measurements for dilatometry and TGA from each parent 

composition. These are also representative of the child compositions for each family. 

Dilatometry data (black curve) shows the change in length of the sample with temperature, 

while TGA data (blue curve) shows the weight gain with temperature. Each graph axis 

scale is chosen to display the data in a useful manner, and therefore cannot be directly 

compared. 

Figure 3-23(a) shows the results for CuFeO2. The dilatometry graph shows a relatively 

consistent increase between room temperature and 450 °C, with a coefficient of thermal 

expansions (CTE25-450) of 8.37 (± 0.31) x 10-6 K-1. Above this temperature the graph 

experiences a drastic change, with an inversion of the expansion polarity seen under 

450 °C and a dramatic change in CTE to -225.77 x 10-6 K-1. This change is mirrored by the 

TGA data, where there is a dramatic weight gain of 0.78 mg, or 5.5 %, which at the same 

onset as the CTE change. A change in the CTE as seen in the figure can sometimes be 

attributed to a further sintering process, when the material densifies. However, repeating 

both dilatometry and TGA experiments in a nitrogen atmosphere revealed that the 

CuFeO2 delafossite did not experience the same shrinkage event, or weight gain. This 

suggests that the oxygen in the air is the cause of this shrinkage/weight gain. 
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Figure 3-23 Dilatometry (black data) and TGA graphs (blue data) of the three parent compositions; 
(a)CuFeO2, (b)CuAlO2 and (c)CuCrO2.  

 

a) 

b) 

c) 
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XRD patterns of the samples after annealing at 800 °C for an hour show a change in 

dominant phase, from the rhombohedral delafossite to a mixture of spinel and tenorite 

phases. This transformation proved to be irreversible, with the cooling data remaining at 

a plateau. This is supported by literature, where Mugnier et al 16 discussed the ability of 

the delafossite structure to intercalate oxygen into the copper layers, allowing the 

oxidation of copper from CuI to CuII, followed by a transformation to the spinel and tenorite 

phases. 

Equation 3-5 below shows the oxidation of CuFeO2 to the tenorite and spinel phases, and 

is devised by Mugnier et al, where δ is the off-stoichiometric oxygen value gained via the 

oxygen integration below 450 °C, and ε is the stoichiometry of the spinel phase. If we 

assume the spinel is stoichiometric, then ε→0. 

2𝐶𝑢𝐹𝑒𝑂2+𝛿 +  
1−2𝛿

2
𝑂2  → 𝐶𝑢𝑂 + (𝐶𝑢1

3

𝐹𝑒2
3

−𝜀
)3+ 𝑂4      Equation 3-5 

The reaction requires 1 mol of oxygen to completely oxidise the delafossite, leading to a 

percentage weight gain = 5.28 %. Therefore the weight gain of the sample may be 

expressed as in Equation 3-6 below. 

% 𝑤𝑒𝑖𝑔ℎ𝑡 𝑔𝑎𝑖𝑛 = (5.28 − 10.56 ∙ 𝛿)%     Equation 3-6 

Using this equation it is then possible to calculate the value of δ.  

The overall weight gain is 5.34 % (corrected for instrument drift) of the original weight, 

which is similar to the value at the completion of the transformation reaction. The oxygen 

non-stoichiometry below 450 °C may then be calculated as δ = 0.011 (~0.2 % mass gain) 

which is comparable to the possible range for intercalated oxygen (δ = 0.008 – 0.18) 

according to Mugnier et al. 

In contrast, copper aluminium oxide delafossite in Figure 3-23(b) and copper chromium 

oxide delafossite in Figure 3-23(c) dilatometry results both show straight consistently 

increasing δL/L0, with CTE25-800 11.1 (± 0.44) x 10-6 K-1 and 10.26 (± 0.35) x 10-6 K-1 

respectively. The TGA curves for both compositions show a minimal weight gain, with 

CuAlO2 and CuCrO2 gaining 0.35 % and 0.62 % of the original sample weights between 25 

-800 °C. Post-study XRD patterns also showed a lack of the transformation seen in the 

CuFeO2 delafossite samples. The oxygen non-stoichiometry may now be calculated using 

the Equation 3-7 below: 

𝑥𝑜𝑥𝑦𝑔𝑒𝑛 =  
𝐹𝑊𝐶𝐹𝑂∙∆𝑇𝐺𝐴 %

100⁄

𝑚𝑎𝑠𝑠 𝑜𝑥𝑦𝑔𝑒𝑛
       Equation 3-7 
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This gives values of δ = 0.037 and δ = 0.060 for CuAlO2 and CuCrO2 respectively. This is 

again within the suggested limits for the intercalated oxygen, but significantly higher than 

seen in CuFeO2 below 450 °C. However, this is easily explained when it is understood that, 

because of the lack of the degradation to spinel and tenorite, both CuAlO2 and CuCrO2 

have been annealed in the atmosphere for approximately double the time, allowing further 

oxygen to be incorporated into the structure. 

The TGA and dilatometry behaviour of the parent compositions in Figure 3-23 were 

representative of the doped compositions synthesised in the earlier sections. Table 3-8 

presents a summary of dilatometry result. For iterations of copper iron oxide delafossite, 

magnesium as a dopant tended to increase the onset temperature of the sharp decrease in 

dL/L0, and a slight decrease in thermal expansion coefficient was observed but may be 

considered insignificant. For fluorine dopant the onset temperature increased, while the 

CTE decreased with higher dopant level. With CuFeO1.7F0.3 the CTE became negative, 

which may be expected due to the change in composition of the samples. The increase in 

onset temperature may be related to the smaller unit cell parameters stopping the 

intercalation and oxidation of the copper. For iterations of the copper aluminium oxide 

delafossite, magnesium dopants seemed to decrease the thermal expansion coefficient, 

while iron dopant increased the CTE. Iron and magnesium, with radii larger than 

aluminium, would be expected to increase the CTE slightly, but at low dopant 

concentrations this may not be observed clearly. Further iterations of the copper 

chromium oxide delafossite at small magnesium dopant levels appeared to have similar 

CTEs, but further doping increased the CTE slightly. Overall, the compositions’ CTE 

values remained close to their parent delafossites’ CTE value. SOFC electrolyte materials, 

such as yttria stabilised zirconia and gadolinium doped ceria, have CTE30-800°C of 10.5 x10-

6 K-1 and 12.5 x10-6 K-1 respectively 17, which is similar to the CTE value of several of the 

delafossites, especially the CuAlO2 and CuCrO2 families. 

3.3.2  Summary 

Result from dilatometry and TGA experiments showed that compositions from the CuFeO2 

family had a structural change from the delafossite structure to a mix of spinel and 

tenorite phases above 450 °C, which was not affected by doping.  This oxidation of the 

delafossite results in a sharp change in CTE, which would not be ideal for use in the SOFC. 

CuAlO2 and CuCrO2 families did not experience this transformation, and retained a stable 

CTE over the investigated temperature range of 25 – 850 °C, and had CTE values close to 

literature values for commonly used industrial electrolyte materials. 
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The next section concerns the electrical properties of the synthesised compositions, which 

is another important consideration for cathode materials in an SOFC. 

 

Table 3-8 Table of the summary of dilatometry results, including onset temperatures for CuFeO2 

compositions experiencing shrinking event alongside coefficients of thermal expansion for the temperatures 
above the shrinkage event. CTEs for CuAlO2 and CuCrO2 and further iterations are shown for between 25 – 
800 °C. Gaps in the table are due to problems collecting data. 

 Iteration 
Onset Temperature 

°C 

CTE25-450 

x10-6 K-1 

CTE25- 800 

x10-6 K-1 

CuFeO2  471.1 8.37  

 Mg 0.01 - -  

 Mg 0.02 477.8 7.77  

 Fatm 477.1 7.85  

 F0.01 486.9 7.43  

 F 0.1 505.1 7.38  

 F0.3 496 -8.03  

CuAlO2    11.1 

 Mg 0,01   10.67 

 Mg 0.1   - 

 Fe 0.01   11.48 

 Fe 0.1   11.47 

CuCrO2    10.26 

 Mg 0.005   9.9 

 Mg 0.01   7.72 

 Mg 0.015   7.53 

 Mg 0.02   10.88 

 

  

3.4 Electrical properties 

Electrical p-type conductivity has been identified within the delafossite structures before, 

and thin film devices for application at low and room temperature have been fabricated 

and investigated. However, SOFC devices must work at higher temperatures for 

thermodynamic considerations, and therefore investigation of the electrical properties of 

the compositions would be useful.  
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Figure 3-24 (a) Typical change in conductivity with temperature for the three parent compositions; CuFeO2, 
CuAlO2 and CuCrO2. (b) shows the Arrhenius type plots of the same compositions. 

3.4.1 Van der Pauw DC conductivity 

Samples were prepared as described in Section 2, before measuring between room 

temperature and 900 °C, heating at 3 °C/ min with measurements every 1 minute. 

a) 

b) 
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The conductivity of the delafossite families increased with increasing temperature in a 

semiconductor manner. Figure 3-24(a) shows this increase, and also the difference 

between the CuFeO2 and the CuAlO2 and CuCrO2 delafossites. Both the latter 

compositions followed a similar trend of increasing conductivity with temperature before 

levelling off at higher temperatures, whereas CuFeO2 conductivity appears to 

exponentially increase with temperature. From earlier sections it is known that the iron 

delafossite transforms into a spinel and tenorite mixture of phases at around 450 °C, which 

is marked on the figure. Figure 3-24(b) shows in a clearer manner when this transition is 

occurring in the Arrhenius plots (ln(σ) vs T-1) of the same data; the iron cuprous delafossite 

has two straight regions on the graph, with a small range of disruption (marked) which 

corresponds to the temperature of the transformation. Both the aluminium and chromium 

cuprous delafossites show a departure from the linear trend, presenting an elongated 

curve towards lower temperatures. This suggests that there are two or more regions with 

different mechanisms which are thermally activated. At higher temperatures a thermally 

activated band conduction, or large polaron, mechanism is dominant as seen from the 

linear behaviour of the data, while another mechanism is prevalent at lower temperatures.  

For thermally activated processes the conductivity can be expressed using Equation 3-8 

below, where 𝜎0  is the pre-exponential constant, Ea is the activation energy, k is 

Boltzmann’s constant and T is temperature. 

𝜎 =  𝜎0exp (−
𝐸𝑎

𝑘𝑇
)         Equation 3-8 

At lower temperatures for p-type semiconductors many of the holes recombine in the 

valence level. However, they may conduct by hopping from energy level to energy level in 

the impurity band, and so conductivity is no longer dominated by band conduction. These 

mechanisms have different relationships to temperature (nearest-neighbour hopping has 

ln(σT) ∝ 1/T,  ; Efros-Shklovskii’s and Mott’s variable range hopping has ln(σT) ∝ T-1/2  and 

ln(σ T1/2) ∝ T-1/4 respectively). The graphs of these relationships are shown in Appendix 1, 

but show little improvement of the linearity of the data at lower temperatures, preventing 

clear assignment of a single mechanism of conduction.  
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b) 

a) 
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Figure 3-25 Arrhenius plots for (a) the CuFe1-xMgxO2 series, (b) the CuFeO2-xFx series, (c) the 
CuAl1-xMgxO2series and (d) the CuCr1-xMgxO2 series. 

 

Figure 3-25(a) – (d) show the Arrhenius plots of the doped compositions. Figure 3-25(a) 

and (b) show the magnesium and fluorine doped CuFe1-xMgxO2 and CuFeO2-xFx, where x = 

0.01 and 0.02 and x =  0(in fluorine atmosphere), 0.1 and 0.3 respectively. Again, the copper 

iron delafossites have a different profile to the other compositions, showing several regions 

c) 

d) 



108 

 

on the graphs. In the magnesium doped samples, there is an initial deviation around 

150 °C, which may be related to the uptake of oxygen into the delafossite structure. At 

450 °C the next transition occurs, which, according to TGA and dilatometry results, fits 

with data showing the loss of delafossite structure. Between 450 – 600 °C it can be 

assumed that there is a mixture of all three phases in the composition, and, as such, the 

conductivity will be hindered by the mixture of domains with different resitivities. The 

final section above 600 °C may be related to a critical loss of the delafossite structure. A 

similar situation may be occurring in the fluorine doped compositions, as the dips in 

conductivity match well for the temperature of delafossite transformation, and formation 

of the spinel and tenorite phases. 

Figure 3-25(c) and (d) show the Arrhenius type plots for CuAl1-xMgxO2 (x = 0.01, 0.02) and 

CuCr1-xMgxO2 (x = 0.005, 0.01, 0.02, 0.025) respectively. Both families of compositions are 

similar to their parents, with the elongated curve that could be comprised of two 

overlapping regions. An alternative understanding of the Arrhenius graph would be to 

consider the idealised Arrhenius plot given by a doped semiconductor. As the temperature 

increases, the slope’s initial positive increase is attributed to extrinsic dopants providing 

the charge carrier for conduction, either via promoting electron into the conduction band, 

or accepting them from the valence band. Once the entirety of the charge carriers have 

been created the slope encounters a region where the conductivity cannot be further 

augmented, before the temperature provides enough energy to promote the intrinsic 

charge carriers from the valence to conduction band. These compositions may be at the 

beginning of this idealised Arrhenius plot, where the temperature has not provided 

sufficient energy for intrinsic charge carriers to become available, or alternatively, the 

central section of the graphs relate to an overlap of the two processes. 

Activation energy may be calculated, as per the relationship in Equation 3-8 above, when 

the data are shown in a straight line.  However, the data are seen to deviate from linearity 

rather abruptly, or are shown as a slightly elongated curve. This then required the 

designation of linear regions of data from which to calculate the activation energy. 

Table 3-8 presents these activations energies alongside their pertinent temperature 

ranges. The iron delafossite and children compositions had significantly different regions 

than the other two composition families.  

The parent CuFeO2 had two clear regions; from before and after the decomposition of the 

delafossite. The higher activation energy at higher temperature supports the reduction in 

conductivity due to interaction between the resultant phases. The magnesium doped 
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compositions show an overall lower activation energies at temperatures below 600 °C in 

comparison to the parent iron delafossite, but above this temperature the Ea is a similar 

value to that of the corresponding parent composition, as the transformation of phases is 

complete. 

The fluorine containing compositions, as can be seen in Figure 3-25(b), diverged most from 

their parent composition. There are possibly four regions, denoted as such within 

Table 3-9. Region 1 represents 20 – 150 °C, Region 2 represents 150 – 450/375/400 °C, 

Region 3 represents 600/430/500 – 700/500/600 °C and Region 4 represents 700/600/700 – 

850 °C for CuFeO2-xFx, x = 0 in Fatm, 0.1 and 0.3 respectively. 

 

Table 3-2 Activation energies over several ranges of temperatures for CuFeO2, CuAlO2 and CuCrO2 and 
their children compositions. Temperature ranges are shown, except in the case of CuFeO2-xFx compositions, 
as these temperatures were quite varied, and the exact ranges are discussed further in the main body of 
text. 

 Activation Energy  EA (eV) 

Temperature (°C) 20-150 150-450 450-600 600-850 

CuFeO2  0.521 0.734 

 Mg 0.01 0.28 0.37 0.35 0.82 

 Mg 0.02 0.27 0.37 0.36 0.78 

  
Region 

1 
Region 2  Region 3 Region 4 

 Fatm 0.17 0.15 0.01 0.37 

 F 0.1 0.36 0.18 0.15 0.36 

 F0.3 0.34 0.29 0.30 1.18 

  20-200 500-850 

CuAlO2  0.42 0.14 

 Mg 0.01 0.35 0.13 

 Mg 0.02 0.33 0.15 

CuCrO2  0.53 0.20 

 Mg 0.005 0.27 0.14 

 Mg 0.01 0.20 0.12 

 Mg 0.02 0.11 0.09 

 Mg 0.025 0.09 0.08 

 

The x = 0 in Fatm composition has a great decrease in activation energy at lower 

temperatures, and even after the decomposition of the delafossite phase the Ea remains 

low, at 0.37 eV. Composition x = 0.1 experiences a reduction in Ea through regions 1-3, 



110 

 

before the final region that is similar to x = 0 in Fatm. Both these final activation energies 

are lower than the parent composition Ea. Composition x = 0.3 experiences a largly uniform 

Ea over all these regions, but above 700 °C there is a catastrophic increase in Ea, to 1.18 

eV. This is significantly larger than the parent composition’s Ea.  

 

 

Figure 3-26 The dopant concentration against conductivity at 800 °C. (a) shows the CuFe1-xMgxO2 series, (b) 
the CuFeO2-xFx series,  (c) the CuAl1-xMgxO2 series and (d) the CuCr1-xMgxO2 series. Parent compositions are 
in black square, doped compositions are in red circles. 

 

The activation energies of the other two families of compositions were taken over two 

regions, between 20 – 200 °C and 500 – 850 °C in deference to their curved nature. The 

magnesium doped CuAlO2 compositions experienced a reduction of their Ea at lower 

temperatures in comparison to the parent composition, but had little change at higher 

a) b) 

c) d) 
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temperatures. Mg2+ doping in CuCrO2 also significantly reduced the Ea, but also appeared 

to affect the higher temperature region.  

Although all activation energies were calculated using a linear section of the data, it can 

be seen that at times this would be difficult to assign perfectly, especially as the conduction 

mechanisms cannot be assigned. Therefore, the activation energies calculated using this 

technique are guidelines only, and cannot be taken as the final energy cost associated with 

these processes. 

Figure 3-26(a), (c) and(d) show the dopant concentration against conductivity at 800 °C for 

compositions CuB1-xMgxO2, while (b) shows CuFeO2-xFx. The parent compositions CuFeO2, 

CuAlO2 and CuCrO2 showed roughly equivalent conductivities of 2.46, 1.33 and 0.53 S cm-1 

respectively. The chromium delafossite had the lowest density samples, which may 

explain its slightly reduced value. 

Although the magnesium doped CuFeO2 has smaller Ea at lower temperature, the 

increased Ea at higher temperature led to a slight decrease in conductivity at 850 °C, with 

values clustering between 1.54 – 1.86 S cm-1. Alternatively, the compositions synthesised 

with fluorine (Figure 3-26(b)) initially showed an increase in conductivity corresponding 

to the reduction in Ea, to approximately 4 S cm-1, before lowering to 1.34 S cm-1. The final 

spinel and tenorite etc phases at high temperature must initially have been favourably 

influenced by the fluorine – samples did appear to gain in density during preparation, 

which may be a factor. However, the loss of the delafossite starting structure appears to 

have hindered the formation of the usual decomposition phases, resulting in a reduction 

in functionality. 

Magnesium doping of CuAlO2 led to a slight decrease in electrical conductivity, to under 1 

S cm-1, while the same dopant in CuCrO2 resulted in an approximate order of magnitude 

increase in conductivity, from 1.86 S cm-1 (x = 0.005)  to a maximum of 17.10 S cm-1 (x = 

0.025). These values corroborate the decrease in activation energy that was observed in 

Table 3-9. As discussed in above sections, the magnesium doped CuAlO2 compositions 

often contained an increased volume percentage of the second delafossite polymorph, 

which suggests this reduction in conductivity may be related to the competing phases. 

Furthermore, magnesium doping in CuCrO2 led to a slight increase in density of samples, 

which, along with the aliovalent nature of magnesium extrinsically increasing the 

electronic conductivity, led to the dramatic reduction in resistivity. Also, it is of interest to 

note that the conductivity of these magnesium doped chromium delafossites is 
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approximately the same at 600 °C as at 850 °C (1.58 and 1.86 S cm-1 for x = 0.005, 2.64 

and 2.88 S cm-1 for x = 0.01, 8.48 and 8.47 for x = 0.02 and 17.8 S cm-1 and 17.10 S cm-1 

for x = 0.025) and so may be considered for lower temperature fuel cell applications. 

These conductivities are relatively small in comparison to conventional cathode materials 

such as La1-xSrxMnO3-δ (LSM) (200 – 300 S cm-1 at 900 °C), La1-xSrxFeO3-δ (LSF) (350 S cm-1 

at 550 °C), or La0.7Sr0.3Co0.5Fe0.5O3-δ (LSCF) (230 S cm-1 at 900 °C)19 but may still be 

considered of further interest. 

3.4.2 Summary 

In summary, the three parent compositions had relatively low, and similar, electronic 

conductivity values for a prospective cathodic side SOFC material. Doping of CuFeO2 did 

reduce the resistivity of the samples, but the catastrophic transformation from delafossite 

to mixed phases resulted in a loss of this advantage. The conductivity seen must result 

from the mixed spinel/tenorite phases: CuFe2O4 and MgFe2O4 have reported conductivities 

of ~10 S cm-1 at 800 °C and 0.08 S cm-1 at 850 °C respectively20, while CuO has a reported 

bulk conductivity of ~5 S cm-1 at 880 °C 21. 

Doping of CuAlO2 and CuCrO2 led to two quite different trends. CuAl1-xMgxO2 x = 0.01 and 

0.02 showed a slight increase in resistivity corresponding to an increase in the phase 

fraction of hexagonal delafossite in the sample. Conversely, CuCr1-xMgxO2 showed a 

remarkable decrease in resistivity with increasing dopant, which appeared to plateau 

above 550 °C. 

3.5 Conclusions 

In conclusion, three parent cuprous delafossites have been examined within this chapter: 

copper iron oxide, copper aluminium oxide and copper chromium oxide. These were 

characterised and found to be of similar unit cell parameters to literature values. These 

parent compositions were further doped, and these materials were also characterised via 

XRD.  

CuFeO2 was doped with small concentrations of Mg2+ or F- successfully, as gauged by the 

change in unit cell parameters, but both composition series gained secondary phases. The 

thermal expansion of the iron delafossite compositions below 450 °C was relatively stable 

around 8 x10-6 K-1, but above this temperature all compositions experienced a dramatic 

shrinkage as the delafossite structure was lost. Doping lowered the activation energy at 

lower temperatures in comparison to the parent composition, but above the delafossite 

decomposition temperature there was little benefit. Conductivity at 800 °C for parent 
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CuFeO2 was ~2.5 S cm-1, which doping with magnesium tended to lower. Initial small 

concentrations of fluorine doped samples increased the conductivity to ~3.8 S cm-1 (x = 0.1), 

but further doping resulted in a reduction of conductivity. 

CuAlO2 was doped with Mg2+ and Fe3+, which appeared to initially stabilise the formation 

of the second delafossite polymorph, before promoting the spinel phase. Thermal 

expansion was around 11 x 10-6 K-1, similar to commercial YSZ and GDC, and experienced 

no catastrophic change to the structure with temperature. Doping with magnesium 

lowered the activation energy at lower temperatures, but decreased the overall electronic 

conductivity at 800 °C in comparison to the parent composition. 

 CuCrO2 was doped with Mg2+ and Fe3+ successfully, after changing to the citric acid 

combustion synthetic methodology. Again, there was no catastrophic change in structure 

with increasing temperature, with thermal expansions around 10 x 10-6 K-1. The 

magnesium doping lower activation energy at both lower and higher temperature, 

producing a conductivity at 800 °C of ~17.1 S cm-1 (x = 0.025). 
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Chapter 4 Understanding the Oxidation of CuFe1-xCrxO2 

Delafossite 

4.1 Introduction 

The delafossite family has many compositions which may be considered interesting, and 

many inherent qualities which may make them thought-provoking materials for SOFC 

applications, as was discussed in the previous chapter. However, delafossites with the 

larger B-site cation radius exhibit a change of phase when in an oxidising atmosphere at 

higher temperatures1. As SOFCs often operate at elevated temperatures, understanding 

this transformation would be beneficial to any further development of these materials for 

SOFC and other high temperature applications. A solid solution series was chosen that 

represented, at either end of the series, a non-oxidising and oxidising delafossite.  

This chapter will discuss the oxidation of compositional members of the CuFe1-xCrxO2 

series, initially reviewing the thermal gravimetric analysis data before using X-ray 

diffraction to map the phase changes with temperature. Finally, neutron powder 

diffraction was used to study the phase change at temperature, with special interest in 

the behaviour of the cations during the formation of the spinel, and the movement of the 

oxygen within the structure.  

All samples from the CuFe1-xCrxO2 series (x = 0, 0.25, 0.5, 0.8 and 1) were made using the 

citric acid combustion method, as detailed in Chapter 2, in 5g batches. Unit cell 

parameters for x = 0 and x = 1 are a = 3.04071(5) and c = 17.1988(4) and a = 2.97391(3) 

and c = 17.0969(4) respectively, which are in agreement with literature values2. 

Samples were originally investigated using the Panalytical Empyrean Diffractometer with 

Cu Kα1 radiation, to confirm the phase purity of samples. Figure 4-1(a) shows the solid 

solution once again, with (b) showing the unit cell parameters, which, in accordance with 

the changing cation species radii (FeIII = 0.645 Å versus CrIII = 0.615 Å) and therefore 

Vegard’s law, exhibit a solid solution linear behaviour. 
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Figure 4-1(a) X-ray diffraction patterns from the CuFe1-xCrxO2 series, showing phase purity. (b) shows the 
linear decrease in unit cell parameters for both a and c axis. E.S.Ds. are also shown. 

 

4.2 Thermal gravimetric analysis 

Thermal gravimetric analysis has been used in the previous chapter to identify which 

materials were of interest due to their stability in air over the operational temperatures 

a) 

b) 
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of a solid oxide fuel cell. It was noted that the compositions from the copper iron oxide 

delafossite series had the tendency to gain mass as the material oxidised. 

As described before, a small volume (15-45 mg) of the composition was placed in the 

alumina crucible before heating from room temperature to 850 °C at 3 °C/min in air and 

then returning to room temperature. Measurements were taken every 5 seconds over this 

range. 

Compositions within the solid solution CuFe1-xCrxO2 (x = 0, 0.25, 0.5, 0.8 and 1) were 

investigated, with the desire to investigate where the influence of the parent phases began 

and ended on the solid solution members. As the parent CuCrO2 (x = 1) was shown to not 

experience the dramatic oxidation phenomena experienced by the alternate CuFeO2 (x = 

0) end member, the intermediate compositions were expected to mimic a combination of 

their behaviours. Figure 4-2(a)-(e) shows the TGA diagrams for each member of the series 

from x = 0 to 1 respectively. Figures 4-2(a) and (e) are familiar from Chapter 3, as the end 

members of the series. Figure 4-2(b) shows CuFe0.75Cr0.25O2 (x = 0.25) composition, and is 

similar in form to CuFeO2. It has a weight gain of ~7.7  %, which is larger than the typical 

~5.3 %, which represents the usual complete oxidation of delafossite to spinel and copper 

oxide. It is suggested that unusual instrumental drift may have increased this figure. 

Figure 4-2(c) shows CuFe0.5Cr0.5O2 (x = 0.5), and has a mass gain of ~5.5 %, similar to 

CuFeO2. Figure 4-2(d) displays the TGA data for the composition CuFe0.2Cr0.8O2 (x = 0.8), 

with behaviour mimicking the CuCrO2 parent end member. It shows a minimal mass gain 

over the temperature range (~ 1.3 %), which is approximately twice the mass gain of the 

copper chromium composition (~ 0.6 %), but still relatively negligible. Table 4-1 presents 

the onset temperatures of the series. These samples were synthesised via combustion 

synthesis, and as such had a smaller particle size than solid state synthesised 

compositions. The inclusion of chromium into the children compositions has increased the 

onset temperature, until composition x = 0.8 no longer appears to experience the increase 

of mass associated with the oxidation process. 

Table 4-1 Table of onset temperatures of members of the solid solution series CuFe1-xCrxO2. 

 x 
Onset Temperature 

°C 

CuFe1-xCrxO2 0 426 (± 2.4) 

 0.25 469 (± 3.1) 

 0.5 482 (± 1.1) 

 0.8  

 1  
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To understand the nature of this oxidation process, further investigation using another 

technique, such as X-ray diffraction, could be used to understand the rate of each evolved 

phase. 

 

Figure 4-2 Thermal gravimetric analysis for the CuFe1-xCrxO2 series between 25 – 800 °C, where (a) x = 0, (b) 
x = 0.25, (c) x = 0.5, (d) x = 0.8 and (e) x = 1. 
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4.3 Variable temperature X-ray powder diffraction  

4.3.1 Introduction 

X-ray diffraction has been used to identify phase purity and content in the previous 

chapter. However, all data has so far been collected at room temperature either before or 

after the oxidation of the delafossite. Using XRD over a range of temperatures will allow 

monitoring of the phase formation in situ, while following the loss of the parent phase.  

The Mo Kα1/Kα2 radiation source Panalytical Empyrean X-ray diffractometer with an 

Anton Paar HTK1200N variable temperature chamber was used to perform 

measurements, with the sample placed in a small alumina plate with an inner lining of 

platinum. The platinum was used to protect the alumina from contamination over the 

course of the oxidation. For the CuFeO2 sample a ramp rate of 3 °C/min was used, and data 

was collected for 60 minutes at 25 °C, 100 °C, 200 °C, 300 °C, 400 °C, 500 °C, 650 °C, and 

800 °C, and 30 minutes at 430 °C and 450 °C. Data was also collected on cooling, at 500 °C, 

400 °C, and 25 °C for 60 minutes. For other samples the same ramp rate was used, with 

60 minutes data collection at 25 °C, 100 °C, 200 °C, 300 °C, 400 °C, 650 °C, and 800 °C, and 

30 minutes at 450 °C, 500 °C, 550 °C, and 600 °C.  Data was also collected on cooling at 

650 °C, 500 °C, 400 °C, and 25 °C for 60 minutes. 

Data analysis was performed with GSAS GUI using type 1 Chebyshev polynomial for 

background with 20 parameters. Peak profile 4 (for anisotropic peak broadening) was used 

for room temperature data, while profile 3 was used for higher temperatures. 

4.3.2 VTXRD and unit cell parameters 

Figure 4-3(a) and (b) show the variable temperature x-ray diffraction patterns for the 

members of the solid solution series CuFe1-xCrxO2, where x = 0. Compositions x = 0.25, 0.5, 

0.8 and 1 respectively are contained within Appendix 1. Figure 4-3(a) shows the patterns 

collected on the ramping and (b) cooling temperature programs for CuFeO2. When 

observing the patterns with increasing temperature we can see an introduction of 

additional peaks in small fractions as early as 200 °C. These peaks gain in intensity 

between 200 -500 °C, where we can see a marked broadening of the original delafossite 

peak at ~16.5 °, with a now obvious presence of the additional phases. 
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Figure 4-3 Variable temperature X-ray diffractograms for the series CuFe1-xCrxO2 between 25 – 800 °C, 
where (a) x = 0 increasing temperature and (b) x = 0 decreasing temperature. Tickmarks represent the 
reflections for R 3̅m, 𝐹𝑑3̅𝑚, C2/c and I41/amd space groups for the delafossite (A), cubic spinel (B), CuO (C) 

and tetrahedral spinel (D) phases respectively. (Diffractograms (c) x = 0.25, (d) x = 0.5, (e) x = 0.8 and (f) x = 
1 are found in Appendix 1) 

Between 500 – 600 °C the delafossite phase is completely lost, with no more corresponding 

reflections. Cooling from 800 °C, data collection at 500 and 400 °C shows no reappearance 

a) 

b) 
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of the delafossite phase.  The final pattern at room temperature show a change in intensity 

of several reflections, with the addition of several new peaks. Literature research revealed 

that spinel CuFe2O4 exists in two symmetry forms3. Balagurov et al4 discussed that above 

~440 °C the cubic form with space group F d 3̅ m  is present, while below that critical 

temperature the lower symmetry tetragonal form with space group I41/amd exists. This is 

seen with the splitting of several of the peaks (for example the [100], [110], and [200]) in 

the room temperature pattern where, because a ≠ c in the new phase, the reflections are 

no longer equivalent. Balaburov et al reported the coexistence of the two phases in a 

relatively narrow range of ~40 °C above 400 °C, but the relative rapid cooling of the sample 

in this experiment (~3 °C /min), in contrast to the slow cooling and data collection of the 

mentioned study, may have frozen the two structural phases into the sample at room 

temperature, although the tetragonal phase is definitely dominant. 

Figure 4-3(c) in Appendix 1 displays the XRD patterns of CuFe0.75Cr0.25O2 collected on 

heating and cooling respectively. Between 25 – 450 °C the reflections remain constant, 

with slight peak broadening towards the higher temperatures. At 450 – 500 °C new phase 

reflections begin to appear in the pattern, with the new phase dominant by 650 °C. On 

cooling, no new phases are formed and the delafossite pattern does not resurface, affirming 

the stability of the new phases. At room temperature after the thermal treatment no new 

structural phase is seen for the spinel, as was seen for the CuFeO2 composition, implying 

that the substitution of the chromium for iron within the structure has stabilised the cubic 

spinel. 

Figure 4-3(d) in Appendix 1 is a plot of the diffraction patterns of CuFe0.5Cr0.5O2 for both 

heating and cooling. Delafossite reflections are consistent from room temperature to 

450 °C, with minimal broadening of peaks. However, at 500 °C additional peaks begin to 

emerge. Additionally, there is a slight broadening of the delafossite peaks. Between 500 – 

650 °C the phases coexist, although at 650 °C delafossite peaks may be considered minimal. 

Cooling from 800 °C, there is no re-emergence of the delafossite phase and, again, the 

tetragonal form of the spinel is not observed in the pattern at room temperature. 

Figure 4-3(e) in Appendix 1  shows the XRD patterns of CuFe0.2Cr0.8O2 on heating and 

cooling. The delafossite pattern is the dominant pattern present in the data from 25 – 

550 °C, but at 600 °C there is a definite presence of the additional phases. Between the 

temperatures of 600 – 800 °C the several phases are found together, and on cooling this 

remains the case. The delafossite reflections are not fully lost, appearing to maintain 
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intensity to room temperature, although there is a general broadening of the peaks 

associated with the spinel reflections. 

Figure 4-3(f) in Appendix 1  is the final set of XRD patterns of the series for the end 

member composition CuCrO2. From room temperature to 800 °C there is no appearance of 

secondary or tertiary phases, and little broadening of the delafossite peaks present. On 

cooling, this trend continued. 

Overall, the variable temperature X-ray data mirrors the information from the 

thermogravimetric analysis, with the compositions x = 0, 0.25 and 0.5 all fully oxidising 

and transforming into different structural phases. The end member x = 1 also mirror the 

TGA data, by failing to oxidise as expected. The intermediate member x = 0.8 varied from 

the observed TGA data, by decomposing to additional phases over the course of the VTXRD 

study during pattern collection. However, the two samples had different thermal history, 

with the TGA sample subjected to a consistent ramp rate of 3 °C/min from room 

temperature to 850 °C, while the VTXRD sample was halted every 100 °C for an hour for 

the pattern collection. It may then be assumed that this specific sample is structurally 

stable when not exposed for prolonged periods of time in an oxidising atmosphere, unlike 

CuCrO2. This is consistent with structural studies by Lalanne et al.5.The appearance of 

cuprospinel and cupric oxide, CuO, reflections coincides with the observed onset 

temperatures of the mass gain seen in the TGA for all samples but x = 0.8, as assumed for 

previously discussed reasons. 

The broadening of the delafossite peaks was also noted in all samples except x = 1. As this 

coincides with the slight mass gain before the onset temperature this may assumed to be 

related to the intercalation of oxygen into the structure, leading to the introduction of 

defects into the structure which will lead to lattice strain and a broadening effect on 

reflections. This has also been discussed for similar structures within literature6, and is 

understood as such. 

Figure 4-4(a) – (e) also correlate with the observed and TGA data, showing the changes in 

the unit cell parameters for the delafossite phase for the series CuFe1-xCrxO2 over the 

temperature range of the VTXRD. Each graph in Figure 4-4 shows an linear increase of 

the a unit cell parameters as the cell is expanding with the temperature increase, before 

the parameters deviate from this trend, coinciding with the loss of atoms in the structure 

for the formation of alternative phases, and the subsequent collapse of the unit cell. This 

trend is not seen within x = 1 (CuCrO2), as expected.  
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Figure 4-4  Variable temperature unit cell 
parameters for the CuFe1-xCrxO2 series, where 
square markers are the a-unit cell length and 
circle markers are the c-unit cell length. ((a) x = 
0, (b) x = 0.25, (c) x = 0.5, (d) x = 0.8 and (e) x = 
1. Figure 4-5 Fractional phase volumes for the 
CuFe1-xCrxO2 series, where (a) x = 0, (b) x = 0.25, 
(c) x = 0.5, (d) x = 0.8 and (e) x = 1. Black 
markers represents the delafossite, red 
represents the spinel and blue represents the 
tenorite. E.S.Ds. are also shown.  

 

a) b) 

c) d) 

e) 
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The c unit cell parameters also mirror this trend, although their expansion is greatly 

reduced in comparison to their corresponding a parameter expansion. Our understanding 

of the relation of the structure to unit cell parameters allows us to have confidence in the 

fact that the a parameter is related largely to the edge distances within the MO6 octahedral 

within the structure, while the c parameter is largely concerned with the length of the O-

Cu-O bonds, which is why across the series of substitutions in copper delafossites the c 

unit cell parameters are relatively similar to one another7. From this understanding, and 

the thermal expansion is occurring most prominently within the MO6 octahedra in the 

structure.  

The deviation within the c unit cell parameter, which coincides with that of the a unit cell 

parameter, is quite dramatic. It may also reflect the loss of certain components in the 

structure. As mentioned in the previous paragraph, the c parameter is linked to the 

O-Cu-O bond lengths within the copper sheets, and so a loss of these copper linkages would 

be most probable. Additionally, this would result in further defact peak broadening, as 

commented on previously. 

4.3.3 Phase percentages 

Figure 4-5(a) – (e) present the phase fraction diagrams for each composition in the series 

CuFe1-xCrxO2 with x = 0, 0.25, 0.5, 0.8 and 1 respectively, showing the evolution of each 

structural phase over the temperature range 25 – 800 °C. Again, it is possible to observe 

the aforementioned trend where increasing the chromium content delays the onset of the 

delafossite to spinel and copper oxide transition. However, it is now possible to observe 

the continuous phase transition from the delafossite to the new phases. In Figure 4-5(a) 

the transition appears relatively rapid, with the cupric oxide formation dominating the 

new phase formation, with the reaction reaching completion with approximately 1:1 

mixture of the spinel and copper oxide. This ratio would appear to make sense, when 

considering the balanced equation of the oxidation, shown again below. 

2CuFeO2 + 1/2O2 → CuFe2O4 + CuO     Equation 4-1 

This differs from the x = 0.25 compositions seen in Figure 4-5(b), where, although the 

copper oxide appears to initially dominate the transition, the spinel is narrowly the 

principal phase present on completion at 800 °C, with a ratio of approximately 52:48. 

Figure 4-5 (c) and (d) mimic the x = 0 parent composition, with both compositions showing 

a preference for the formation of copper oxide over the spinel.  
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Figure 4-5 Fractional phase volumes for the 
CuFe1-xCrxO2 series, where (a) x = 0, (b) x = 
0.25, (c) x = 0.5, (d) x = 0.8 and (e) x = 1. Black 
markers represents the delafossite, red 
represents the spinel and blue represents the 
tenorite.  

 

a) b) 

c) d) 

e) 
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The x = 0.5 composition had a spinel:tenorite(:delafossite) ratio of 47:52(:1), while the 

composition x = 0.8 has a ratio of 25:37(:38). Figure 4-5 (e) shows the lack of transition.  

While the use of variable temperature X-ray diffraction has yielded a large range of 

information on this transition, this technique cannot illuminate further the process which 

the non-stoichiometric compositions proceed through – the difference in final ratios of 

phases suggest that the addition of the third cation has changed the mechanism slightly. 

Additionally, understanding the movement of the oxygen within the structure would be 

beneficial to appreciate this transformation mechanism. However, neutron diffraction 

data would provide insight into these areas. 

  

Figure 4-6 Schematic of the gas flow cell used for neutron powder 
diffraction on the HRPD instrument. 
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4.4 Neutron powder diffraction 

4.4.1 Introduction, facilities and method 

As discussed briefly in the Section 2.2.2 Experimental, neutrons scatter when interacting 

with the nuclei (and/or the magnetic moment) of the atom in the crystal, and not the 

surrounding electron cloud. This means that neutron scattering is largly independent of 

atomic number, and can therefore provide alternative, complementary information to X-

ray diffraction. Therefore, neutron diffraction may be used when attempting to 

understanding the chemical composition of the forming spinel, and the movement of the 

oxygen in the structure. 

The neutron data were collected at the Rutherford- Appleton laboratory, ISIS neutron 

facility using the High Resolution Powder Diffraction (HRPD) instrument. A quartz gas 

flow cell was used, as shown in Figure 4-6, or alternatively a vanadium can for room 

temperature measurements. Four samples were examined in the CuFe1-xCrxO2 series, with 

x = 0, 0.25, 0.5, and 1. The NPD pattern of CuCrO2 (x = 1) was only collected at room 

temperature, without exposure to oxidising atmospheres or elevated temperatures, due to 

time constraints. 

Two sets of experiments were performed. Data were collected at room temperature for 

80 µA, before increasing the temperature. Data were then collected, after a 10 minute 

equilibration period, for a further 10/20 µA at 100, 200, 300, 400 and 500 °C under vacuum. 

At 550 °C a further 80 µA before the sample was exposed to the 100% O2 gas mixture at a 

slow rate. Data were then collected continuously in 10 µA sequential data sets for between 

4 – 8 hours, sample dependent. Final data sets were collected at room temperature after 

cooling.  

The second experiment collected data at room temperature for 80 µA. Further data were 

collected at 100, 600, and 700 for 10 µA. At 800 °C a further extended data set was collated 

for 80 µA before exposing the sample to the gas, either 1% O2 in argon (BOC pureshield, 

99.998 %) or 21 % O2 air mixture (21%+/- 0.5% oxygen, balance nitrogen, BOC)  at a slow 

rate. During the oxidation data were collecting in continuous 10/20 µA sets for 4 – 24 hours. 

10 µA data sets were collected on cooling at several temperatures, including room 

temperature.  

Data from Bank 1 HRPD were analysed using the GSAS GUI, with type 1 Chebyshev 

polynomial for background with 20 parameters. Peak profile 4 (for anisotropic peak 

broadening) was used for room temperature data, while profile 3 was used for higher 
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temperatures. Additionally, preferential orientation was modelled where applicable using 

the spherical-harmonics model with cylindrical symmetry, 8 – 10 spherical harmonic order 

and setting angles ω = 0, χ = 90 and φ = 0.  

Difference Fourier calculations were performed to identify areas of excess positive 

scattering density within the fit of the structural model. The calculations were performed 

using the ‘DELF’ function using a step value of 0.1 Å along the axis, with minimum and 

maximum values of 0 to 1 for cell edges. The Fourier peaks were then found using the 

‘FORSH’ program, searching for peaks with positive scattering density only. The peak 

sites could then be placed into the structural model and the fit analysed for improvement. 

4.4.2 Variable temperature results 

The neutron powder diffraction patterns were collected at room temperature for the CuFe1-

xCrxO2 series samples x = 0, 0.25, and 0.5 before the temperature was increased and data 

collection repeated every 100 °C. These patterns are shown in Figure 4-7(a) – (d), 

respectively showing x = 0, 0.25, 0.5 and 1. Figure 4-7(a) shows the stoichiometric CuFeO2 

which is phase pure according to the phase tick marks. On increasing temperature the 

patterns are seen to shift slightly to the right, as would be expected on the expansion of 

the unit cell. Figure 4-7(c) in Appendix 1 displays patterns for the composition 

CuFe0.75Cr0.25O2, which are largely similar to the stoichiometric parent CuFeO2 

composition NPD pattern. However, the whole pattern is shifted to the left, as a result of 

the reduction of the lattice as Cr3+ replaces the larger Fe3+ cation. Additionally, there are 

differences in the intensity of the pattern reflections. This is due to the aforementioned 

ability of neutrons to scatter differently for elements close to each other in the periodic 

table. Table 4-2 below shows the scattering cross-sections and lengths, taken from NIST 

Centre for Neutron Research website, of several different atoms pertinent to this study8. 

Table 4-2 Table of scattering cross-sections and lengths according to the NIST Centre for Neutron Research8 

 

Atom 

 

Coherent scattering 

cross-section (barn) 

Coherent scattering 

length (fm) 

Cu 7.485 7.718 

Fe 11.22 9.45 

Cr 1.66 3.635 

O 4.232 5.803 
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Figure 4-7 Neutron powder diffractograms in vacuum at increasing temperatures for the series CuFe1-xCrxO2 

series , where (a) x = 0 and (b) x = 1. (Compositions (c) x = 0.25, and (d) x = 0.5 can be found in Appendix 1) 

  

a) 

b) 
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This feature is again seen in Figure 4-7(d) in Appendix 1, where the reflection intensities 

are now quite dissimilar to the x = 0 parent member. The intensities are also quite 

dissimilar to the other end member in the series, seen within Figure 4-7(b). Each set of 

patterns can be seen to be unique, which is a valuable property of neutron diffraction. 

Additionally, all the patterns are seen to be crystalline, which is useful when performing 

the refinement fit.  

It may be observed on close inspection of Figure 4-7(a) that as the temperature increases 

additional reflections of a secondary phase appear in the patterns. This can be seen most 

obviously as a small peak to the right of the most intense peak at ~122 µs, and at several 

other times over the pattern. This phase appears relatively early, within the 200 °C 

pattern, and remains. It is tentatively identified as a spinel phase, with space group 

F d  3̅ m in the second setting. This secondary phase is not in evidence in Figure 4-7(c) in 

Appendix 1, although it may be present in an extremely small volume in the x = 0.5 

composition in Figure 4-7(d) in Appendix 1. All these pattern were collected in vacuum, 

and so could not have oxidised in the atmosphere. Perhaps slight non-stoichiometry in the 

composition that was structurally tolerated at lower temperatures may, on heating, be 

expelled from the structure. It should be noted that the anisotropic peak broadening 

effecting the h0l reflections (negligible contribution to 00l planes), typically due to stacking 

faults in the structure5, was reduced with increasing temperature. These two artefacts 

may be related to one another. 

Figure 4-8(a) – (c) show the unit cell parameters for the compositions x = 0, 0.25 and 0.5 

over the measured temperatures. CuFeO2 (x = 0) had initial unit cell parameters of a = 

3.023090(6) Å and c = 17.10377(7) Å, which are comparable to literature values2, and 

Figure 4-8(a) shows the increasing linear trend against temperature of the a parameter, 

and the relatively linear trend of the c parameter. The change in unit cell parameters with 

temperature for CuFe0.75Cr0.25O2 is shown in Figure 4-8(b), where initial cell parameters 

were a = 2.98678(8) Å and c = 16.9578(1) Å. Figure 4-8(c) shows the change in unit cell 

parameters for CuFe0.5Cr0.5O2, where the sample had the initial parameters a = 2.91233(8) 

Å and c = 16.60311(1) Å. Both graphs show the linear expansion with temperature. 
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Figure 4-8 Unit cell parameters with increasing temperature under vacuum from neutron powder diffraction 
data Rietveld refinement fit for CuFe1-xCrxO2 series, where (a) x = 0, (b) x = 0.25 and (c) x = 0.5. Square data 
points represent the a-axis, circle points represent the c-axis. E.S.Ds. are also shown. 

 

a) 

b) 

c) 
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4.4.3 In-situ oxidation at 550°C 

Once the variable temperature data was collected the samples were exposed to 100% O2 

gas and then the resulting diffraction data collected sequentially during the oxidation. 

Figure 4-9(a)-(c) shows periodic patterns for the collected diffractograms. A single ‘pattern’ 

was collected between 15 minutes (all Figure 4-9(a) patterns, the first pattern in 

Figure 4-9(b) and (c)) to 30 minutes (all other patterns in Figure 4-9(b) and (c)). Observing 

Figure 4-9(a), within approximately the first 15 minutes the new reflections for the 

CuFe2O4 spinel and CuO are present in the pattern. As the time progresses the peaks 

identified as belonging to the delafossite are significantly reduced, with a slight 

broadening in comparison to the original, non-oxidised samples. After only an hour the 

secondary phases dominate the pattern, and in the final pattern, after 225 minutes of O2 

exposure, the secondary phases are accompanied by small reflections from the delafossite. 

In Figure 4-9(b) a similar trend is observed, with a large initial growth of the secondary 

phases. However, the rate of transformation is significantly slower than that of  the parent 

CuFeO2 composition. After approximately 255 minutes the delafossite phase is still 

present in the pattern, at a significant volume.  CuFe0.5Cr0.5O2 in Figure 4-9(c) shows a 

similar reaction, with significant original phase present at ~4 hours. 

It was discussed briefly above that CuFe2O2 spinel may also exist in a second, lower 

symmetry structure from below 440 °C. Adding this phase to the model fit appeared to 

decrease the R-values, but the broad nature of the secondary phase peaks made it hard to 

determine if this phase was also present. The temperature for oxidation allows a swift 

transformation, but the particle size of the new domains, and the strain on the developing 

structure, are causing this significant broadening. Additionally, CuFe2O2 spinels are 

known to be ferrimagnetic, with a Curie temperature of ~465 °C9, although this has been 

known to vary with particle size, grain size and anisotropy of the system. As neutrons are 

susceptible to diffraction by magnetic moments within a structure, if there were any 

contributing magnetic properties within the forming spinel then further reflections would 

be added to the diffractogram. 
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Figure 4-9 NPD patterns of the oxidation at 450°C with time for the CuFe1-xCrxO2 series, where (a) x = 0, (b) 
x = 0.25 and (c) x = 0.5. Tickmarks represent the reflections for R 3̅m, 𝐹𝑑3̅𝑚 and C2/c and I41/amd space 

groups for the delafossite (A), cubic spinel (B) and CuO (C) phases respectively.  

a) 

b) 

c) 
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Figure 4-10 Fractional weight values for x = 0 in CuFe1-xCrxO2 series, 
where squares represent delafossite, circles are spinel and triangle are 
tenorite. 

Figure 4-11 Neutron powder diffraction pattern with Rietveld fit and observed-calculated 
line for the composition CuFe0.5Cr0.5O2  at 800 °C after transformation to spinel and 

tenorite. Note the now sharp peaks and clearer definition between phase tick marks. 

 



137 

 

. 

Figure 4-10 shows the fraction weight percent of the phases against time for the parent 

composition CuFeO2. Although it does show the decline of the delafossite and the rate at 

which the delafossite is being transformed in a relatively smooth manner, the growth of 

the two other phases is not displayed in nearly so clean a manner. The error of the values 

suggest that the fit is not incorrect, and therefor the model must be suspect. The fractional 

weight percentages of the spinel and tenorite vary with one another over the time, 

suggesting they are dependent on each other. Recognising that there are slight overlaps 

of the two growing phases’ reflections, the broad peaks seen in the pattern have led to 

problems in modelling the phases present accurately.  This has resulted in the strange 

variance of the growing phases, which is physically unlikely to have occured. 

Additionally, it is interesting to note that the phase split of the final phases seems to be 

in favour of the spinel, different from the final spilt seen in the variable temperature X-ray 

diffraction data. 

To address the problem of the peak broadening, the x = 0.5 sample was heated to 800 °C 

to check that a reasonable crystallinity of the spinel and tenorite had been achieved. 

Figure 4-11 shows the pattern, and shows the sharp peak reflections that are 

characteristic of a crystalline material and also shows that because of the increased 

crystallinity there is no longer such a severe overlap of reflections. 

4.4.4 In-situ oxidation at 800 °C 

In response to the problems discussed above, new samples were subjected to oxidation at 

800 °C. Two different oxygen atmospheres were provided so that the rate of reaction could 

be better controlled. 

4.4.4.1 CuFeO2 in 1% O2 

Figure 4-12(a) shows the oxidation of CuFeO2 in the 1 % O2/Argon mixture canister. Each 

pattern was 10 µA of current, or approximately 15 minutes data collection. The final 

pattern was after ~17 hours of oxidation. Unlike at lower temperature collection, the 

reflections remained sharp as crystallinity was retained. The most rapid section of 

transformation occurred within the first 150 minutes, after which the peak growth slowed 

to negligible. After approximately 17 hours of collection the spinel phase (F d  3̅ m, a = 

8.4692(3) Å) was ~12.4(2) wt% of the total phases present. 
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Figure 4-12 Neutron powder diffraction patterns for CuFe1-xCrxO2 series, where (a) x = 0 in 1 % O2 

atmosphere, (b) x = 0 in 21 % O2 atmosphere, Tickmarks represent the reflections for R 3̅m, 𝐹𝑑3̅𝑚 and C2/c 

and I41/amd space groups for the delafossite (A), cubic spinel (B) and CuO (C) phases respectively. (c) x = 
0.25 in 21 % O2 atmosphere and (d) x = 0.5 in 21 % O2 atmosphere are in Appendix 1. 

  

a) 

b) 
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Figure 4-13 shows the unit cell parameters for CuFeO2 upon oxidation in the 1 % O2 in 

argon gas canister. Both unit cell parameters show a similar trend, whereby there is a 

rapid reduction in the cell length almost immediately on introduction to the atmosphere, 

which recovers slightly after around 3 hours to slowly deteriorate with time. This initial 

‘dip’ seen in the data points follows the initial of the growth of the spinel phase, before 

reaching a more stable mix of phases. A gradual decrease in the parameters continues 

after this first section. 

 The effect on the c unit cell parameter is slightly more dramatic, with a larger loss over 

time, although there was an initial delay of approximately ~1 hour. This decrease in cell 

length is similar to the unit cell parameter deterioration that was seen with the variable 

temperature XRD data, together suggesting that the copper within the O-Cu-O links is 

being gradually removed. This may suggest that the a parameter may follow the c, 

compensating for the cation loss.  

4.4.4.2 CuFeO2, CuFe0.75Cr0.25O2 and CuFe0.5Cr0.5O2 in 20% O2 

Figure 4-12(b) shows the oxidation of CuFeO2 after the 1 % O2/Argon mixture atmosphere, 

and shows the rapid oxidation and transformation of the delafossite in this new oxidising 

atmosphere. Within 60 minutes the delafossite phase reflections have been removed from 

the pattern, leaving a combination of the spinel (space group F d 3̅ m, a = 8.461796(17) Å) 

and tenorite (space group C2/c, a = 4.734182(114) Å, b = 3.439922(83) Å, c = 5.1668412(112) 

Figure 4-13 Unit cell parameters on oxidation of CuFeO2 in 1% O2 in argon, where each pattern was collected 
for 15 minutes/10 µA. 
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Å, β = 99.036(2) °) reflections. Additionally, even with the faster oxidation the crystallinity 

of the materials has been retained. The oxidation of CuFe0.75Cr0.25O2 is shown in Figure 4-

12(c) in Appendix 1. Within the first 15 minutes the new reflections become obvious, 

although they are relatively broad. However, over the observed time they regain their 

crystallinity. After 60 minutes the delafossite reflections are non-existent, and the spinel 

(F d 3̅ m, a = 8.43146(8) Å) and tenorite (C2/c, a = 4.729863(226) Å, b = 3.440549(163) Å, c = 

5.166592(218) Å, β = 99.042(3) °) phases remain. 

CuFe0.5Cr0.5O2 pattern is shown as it oxidised in Figure 4-12(d) in Appendix 1, where even 

after 200 minutes there are still delafossite reflections present in the pattern. The growth 

of the secondary phases appeared to take a significantly longer time, without the initial 

rapid transformation that was seen in both previous samples. The emerging peaks also 

appeared more crystalline than previous samples. By pattern 7 all three phases coexisted; 

delafossite (a = 3.025925(142) Å, c = 17.164099(1418) Å), spinel (a = 8.413887(25) Å) and 

tenorite (a = 4.733557(25) Å, b = 3.439899(60) Å, c = 5.168847(091) Å). It should be noted 

that the neutron beam was offline for approximately 7 hours between pattern 5 and 6. The 

gas flow was halted during this period, although the sample was not re-placed under 

vacuum.  

Figure 4-14(a) – (c) show the phase weight fraction for each composition over the exposure 

time. The axes have been modified to accommodate the bubble rate of the flowing gas, so 

as to make the graphs more comparable. The obvious trend from graph (a) to graph (c) is 

the decreasing rate of degradation of the delafossite. It is possible to see the growth of both 

new phases in tandem, although the spinel is the preferred phase. In all three graphs the 

spinel growth is at least twice as fast in weight %. There appears to be a slight decrease 

in the phase fraction of the tenorite phase (and increase in spinel) with the increasing 

chromium content, suggesting that the chromium plays a part in the mechanism that is 

stabilising the formation of the spinel, alongside reducing the degradation rate of the 

delafossite. As discussed before, the chromium in the structure was to reduce the ‘pore’ in 

the copper sheet, hindering oxygen intercalation of the structure. As can be seen, there is 

an inverse relationship between the delafossite phase % decrease and spinel increase, 

which indicates that the intercalation of oxygen is key to the transformation. 

The higher crystallinity of the data means that further analysis on the spinel structure 

occupancy and oxygen thermal parameters may now be characterised, and finally 

furthering understanding on how the chromium aids in the stabilisation of these different 

non-stoichiometry compounds. 
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Figure 4-14 Graphs of phase fractions for CuFe1-xCrxO2 series, where (a) x = 0, (b) x = 0.25 and (c) x = 0.5. 
Squares represent delafossite, circles are spinel and triangles are tenorite. 
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4.4.5 Oxygen in the structure 

The intercalation of oxygen into the delafossite structure has been discussed in many 

sources in literature10,11,12 and seen earlier in the chapter when considering the TGA 

analysis. Therefore, during the initial oxidation of the structure it would be expected that 

the oxygen would be intercalated into the structure, and would be unaccounted for in the 

structural model fit. These intercalated oxygen ions could be found as positive densities 

within the structure using difference Fourier calculations. The data collected from the 

sample x = 0 (CuFeO2) when oxidised under 1 % O2/Argon flowing gas was used in the 

Fourier difference calculations. 

Using the NPD pattern from the initial 15 minutes of exposure, searching the Fourier 

calculations for areas of positive density suggested five areas, one of which was excluded 

for occurring too close to present atoms and another which had a negative occupancy. The 

final three are listed in the Table 4-3 below, alongside the relevant R factors from the 

structural fit once the new site was incorporated into the model. The three densities all 

represent a slight improvement in structural fit, with a decrease in χ2. Density 1 - 3 are 

marked in Figure 4-15(a) – (c) respectively. Density 2 appears to have a significantly low 

occupancy level and the wRp value does not decrease with its inclusion in the structure. 

This may suggest that Density 2 may be considered as a less likely position, and therefore 

not as a contributing scattering density. Performing the Fourier density calculations with 

later NPD patterns tends to yield positions similar to that of Density 1, suggesting that 

this location is where the intercalated oxygen will be found.. 

Table 4-3 Comparison of several points of positive scattering density located within the x = 0 (CuFeO2) 
composition NPD pattern after 15 minutes of exposure to 1 % O2/Argon flowing gas mixture. They were 
determined via Fourier difference calculations. 

X = 0, 

15 mins 

Coordinates 
Occupancy χ 2 wRp (%) 

X Y Z 

Density 1 0.2272 0.4536 0.0029 0.0152(1) 1.163 3.11 

Density 2 0.6657 0.3343 0.0387 0.001(1) 1.165 3.12 

Density 3 0.4303 0.2152 0.134 0.0100(2) 1.159 3.11 

Original     1.175 3.12 
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Table 4-4 The thermal parameters for atoms in CuFeO2 with increasing temperature. 

 Uiso *100 (Å2) 

Temperature 

(°C) 
25 100 400 600 800 

Cu 1.264(20) 1.519(18) 2.079(38) 3.249(37) 3.681(44) 

Fe 0.598(17) 0.761(15) 0.781(30) 1.632(28) 2.257(34) 

O 0.683(18) 0.799(16) 0.983(32) 1.902(31) 2.492(28) 

 

Table 4-5 Atomic distances between positive scattering densities 1, 2 and 3 and neighbouring atoms within 
the calculated delafossite structure at 800 °C with 1 % O2/argon atmosphere. D = positive scattering density. 

 Cu1 - D (Å) Cu2 - D (Å) O - D (Å) Fe - D (Å) 

D1 2.1110(5) 1.205(1) 2.1545(6) >3.00 

D2 1.8368(1) 1.8879(5) 2.1195(4) >3.00 

D3 >2.50 >3.00 1.2343(0) 1.6523(1) 

Figure 4-15 Crystallographic models of the CuFeO2 delafossite structure with points of additional density  
determined by Fourier difference calculations marked in the unit cell (purple spheres). Red spheres are 
oxygen, blue are copper and brown are iron atoms. (a) density 1, (b)  density 2 and (c) shows density 3. 
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Several of the density points are found closer to the oxygen atoms in the unit cell, rather 

than centrally within the channels, suggesting a possible pathway of migration for the 

oxygen, or movement of the metal atoms. In Figure 4-16 we can see the Uiso values of 

oxygen with temperature, and it is obvious that the atom is highly mobile, especially at 

high temperatures. This may support the suggestion that hopping oxygen formed the extra 

points of positive scattering density that were found using the Fourier difference 

calculations. However, Table 4-4 also contains the thermal parameter for copper within 

the delafossite structure, and it can be seen that this is also highly mobile, and so some 

additional density points may attributed to the Cu atom movement. 

Table 4-5 shows the calculated atomic distances between the positive scattering density 

and neighbouring atoms within the delafossite structure, and may provide insight into the 

most probable interaction of the density with the neighbouring atoms. D1 has interatomic 

distances with copper of 2.11 Å, which is slightly larger than a typical Cu – O bond within  

the delafossite strucuture (~1.84 Å), but not impossible for interaction. The distance 

between the density to second copper of 1.21 Å is significantly less, and may reside too 

close to the copper. This may indicate that this excess density may be attributed to the 

movement of the copper atom, which is already highly mobile in the structure as seen from 

the Uiso values. The typical distances for the second density, D2, are very similar to the 

typical delafossite Cu-O bond lengths, and the interatomic distance between iron and the 

density is more than 3.00 Å, and so is unlikely to interact. D3 has significantly large 

interatomic distances between the copper and density, while the interatomic distances 

Figure 4-16 Graph of the oxygen Uiso values from the Rietveld fit for 
the CuFe1-xCrxO2 series, where square is x = 0, circle is x = 0.25 and 
triangle is x = 0.5. E.S.Ds. are also shown. 
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from the density to the nearest iron are similar to the typical bond lengths for Fe-O. 

Additionally, the density is in close proximity to the nearest oxygen, at 1.23 Å. This 

suggests that the density may arise from the intersticialcy movement of structural oxygen, 

rather than the incorporation of external oxygen.  

Altogether, these results indicate that D3 and D1 are most likely not related to the 

intercalated oxygen, while D2 has the most likely interatomic distance values. However, 

D2 also has the smallest occupancy level as calculated from the model, though this small 

occupancy may be correct, when considering the low concentration of oxygen within the 

1 % O2/Argon mixture environment. 

 

4.4.6 Stoichiometry of the developing spinel 

4.4.6.1 Composition x = 0 

The use of neutrons to investigate a structure has a further advantage that X-rays do not 

have: the different scattering intensities for similar cations. This unique property allows 

further insight into the cation distribution within specific crystallographic sties in a 

structure. This is of particular interest in this study, as the spinel structure has two 

crystallographic sites which may accommodate any of the copper, iron or chromium cations.  

For the CuFeO2 sample, Figure 4-17(a) and (b) show the calculated occupancies for the 

two sites (0.125, 0.125, 0.125 and 0.5, 0.5, 0.5) respectively over reaction time, as the spinel 

begins to form. The initial values had large error values, which is expected as the fraction 

of spinel present in the sample at that time was relatively low, approximately 20 % 

according to Figure 4-14(a). The pattern was dominated by the delafossite pattern at this 

time, increasing the error within the spinel fit. However, as time increased the fit becomes 

more accurate as the percentage of spinel present also increases. The fit suggests that at 

the beginning of the oxidation the spinel tended towards a copper rich stoichiometry: 

(Cu1.8Fe1.2O4). 

However, the error on this composition is significant. Over time, the copper content 

decreases before increasing again to equilibrate around a copper rich stoichiometry of 

Cu1.27Fe1.73O4. Within site 1 (Wyckoff symbol 8a), which is the tetrahedral position in the 

unit cell, the iron is the dominating cation. This is true also for site 2 (16d), the octahedral 

position, although the two cations are closer to 50:50 occupancy in this site. If parentheses 

( ) and square brackets [ ] are used to denote tetrahedral and octahedral sites respectively, 

the cation distribution may be expressed as (Cu0.336Fe0.664)[Cu0.469Fe0.531]2O4.  
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Figure 4-17 Fractional occupancy values for the composition CuFeO2 over the oxidation time in 21 % 
O2/balance N2 atmosphere, where (a) is Site 1 (0.125, 0.125, 0.125) and (b) is Site 2 (0.5, 0.5, 0.5). Square 
points are copper occupancy and circular points are iron occupancy. E.S.Ds. are also shown. 

This occupancy is not typical for the a regular cuprospinel, which is inverse, having only 

Fe2+ at tetrahedral site and a mixture of copper and iron on the octahedral site. However, 

when considering the ions in term of their electronic configuration the outcome does not 

seem physically impossible – the electronic configuration of Cu2+ ([Ar]3d9) is known to have 

a slight preference to occupy octahedral positions, while typically [Ar]3d5 ions have no 

preference13. In Figure 4-17 the larger volume of copper is situated in site 2, the octahedral 

site, while iron is distributed in an opposite fashion. 
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As shown from the occupancies above, the spinel formed is copper rich, which explains the 

lower phase percentage of tenorite present in comparison to the expected ratio from the 

balanced Equation 4-1. When oxidising the delafossite from room temperature to 800 °C 

in air the formation of the spinel and tenorite occurred overall simultaneously, whereas 

within the current oxidation, only beginning at 800 °C, there appears to be a different 

mechanism. When considering the thermal motion of the atoms within the delafossite 

structure in Table 4-4 below, it is noted that the thermal vibrations of the copper are 

dramatically larger than the other atoms. The Uiso parameters are listed for the delafossite 

with increasing temperature. The thermal parameter for copper is approximately double 

that for oxygen or iron. Additionally, it may be modelled as highly anisotropic, more so 

than the other atoms. All the Uiso values increase dramatically with temperature, and 

perhaps that increased mobility at the higher temperatures facilitated the development of 

the copper rich spinel structure seen here.  

4.4.6.2 Compositions x = 0.25 and x = 0.5 

Understanding the occupancies of the first composition using the GSAS GUI was 

relatively straight forward. However, the other two samples were more problematic in the 

approach to their fit. The issue lay with the number of cations that are shared between 

the two crystallographic sites in the spinel, tetrahedral site 0.125, 0.125, 0.125 and 

octahedral site 0.5, 0.5, 0.5. This is explored further in the balanced equation below: 

2CuFe0.5Cr0.5O2 + 1/2O2→ CuFeCrO4 + CuO    Equation 4-2 

This equation appears uncomplicated. However, with a typical inverse spinel type 

structure the octahedral site would expect to contain all three cations and the tetrahedral 

site containing a mixture of the remaining iron and chromium. However, as observed 

above with the parent composition, the stoichiometry is slightly unusual, and so it may be 

assumed that both crystallographic sites may contain all three cations. Therein lies the 

problem: the pure copper iron oxide has two cations across the two sites – the composition 

will be essentially a binary system. The chromium containing compositions have an 

additional cation that may be placed in either crystallographic site, and so may be 

considered as a ternary system for each site. This dramatically increases the number of 

cation combinations, and therefore the difficulty in achieving an appropriate fit to the 

system is similarly increased. Additionally, the GSAS program does not have an explicit 

manner of constraining an atom more than once, allowing >2 atom occupancy refinement. 
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The initial approach was to use the copper occupancy from the CuFeO2 fit, effectively 

isolating the copper from the problem, and then fix the occupancy of each sample according 

to their original compositions. For example, for composition CuFe0.5Cr0.5O2, each site was 

given a 1:1 ratio for the remaining Fe:Cr occupancy. This method resulted in a fit as seen 

in Figure 4-18(a) and (b) for x = 0.25 and x = 0.5 respectively, with R-values as shown in 

Table 4-5. Although the overall fit of the peak shape and backgrounds are relatively good, 

in depth study of the reflection intensities shows that both fits are failing to mimic the 

intensities seen in these peaks (and others across the whole pattern). This suggests that 

the equitable stoichiometric division of the cations across the two sites is not the 

crystallographic best fit. 

 The next method attempted was to refine occupancy of the site for the Fe and the Cr 

cations, while leaving the Cu fixed as before. This method seemed logical, as the tenorite 

phase percentage, although slightly reduced for the x = 0.25 and x = 0.5 compositions, was 

overall relatively similar across the compositions. Additionally, this method would also 

avoid the 3 cation-1 site issue mentioned above. 

 

Table 4-6 Values of fit for the final pattern of composition CuFe0.75Cr0.25O2 and CuFe0.5Cr0.5O2 for the 
different methods. 

 
Fixed Refined Fe/Cr 

 
Dual Refinement 

χ2 R(F2) χ 2 R(F2) χ 2 R(F2) 

X = 0.25 1.486 0.0871 1.279 0.1018 
Hist 1 

1.552 
0.0893 

Hist 2 0.0524 

X = 0.5 2.302 0.0883 2.044 0.0801 

Hist 1 
2.017 

0.0834 

Hist 2 0.0620 

 

Figure 4-19(a) and (b) show the fit for the x = 0.25 and x = 0.5 compositions respectively, 

which appears slightly improved, in comparison to Figure 4-18, when examining the 

obs-cal difference plot. The difference appears most striking for Figure 4-19(b), where the 

calculated line better fits the observed data. This is reflected in Table 4-5, in the second 

column, which shows an improved χ2 value for both samples, but the reflection based R(F2) 

value has increased slightly for x = 0.25, but reduced for x = 0.5. This suggests that this 

specific method was not entirely successful at producing a model for x = 0.25. This signifies 

that the occupancies recovered using this method, as shown in Figure 4-16(a) and (b) for 

x = 0.25 and x = 0.5 respectively, are not ideal.  
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Figure 4-18 Graphs of the Rietveld fit superimposed over the collected neutron powder diffraction data for 
the CuFe1-xCrxO2 series, where (a) x = 0.25 and (b) x = 0.5. The difference graph plotted below. Tick marks 
indicate the separate phases. This model fixed the ratios of the cation occupancies. 
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Figure 4-19 Graphs of the Rietveld fit superimposed over the collected neutron powder diffraction data for 
the CuFe1-xCrxO2 series, where (a) x = 0.25 and (b) x = 0.5. The difference graph plotted below. Tick marks 
indicate the separate phases. Within this model the occupancy of Cu was kept constant while the Fe and Cr 
occupancies were refined. 
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The fractional occupancies are shown in Figure 4-20(a) - (d), where the initial input 

occupancies are shown to change with time before becoming somewhat stable. In x = 0.25 

sample the relative ratio of 1:3 for Cr:Fe in both sites is preserved, with variance around 

this ratio with time. However, in the x = 0.5 composition there was a drastic change from 

the initial input occupancies of Cr and Fe, with site 1 (Figure 4-20(b)) becoming dominated 

by the iron and site 2 (Figure 4-20(d)) dominated by the chromium. 

When considering the placement of these transition metals in the structure, considering 

the Crystal Field Stabilisation Energy (CFSE) of the tetrahedral site vs the octahedral 

site for each cation is helpful. From these it is possible to calculate an Octahedral Site 

Preference Energy (OSPE) – the larger the OSPE, the stronger preference for that cation 

to stay in an octahedral environment. Table 4-6 shows the OSPE for the three cations, and 

shows that chromium has the strongest preference for site 2, the octahedral geometry, 

while iron has no preference. This is reflected in the x = 0.5 composition, but not in the x 

= 0.25 composition. However, the copper has been fixed to a constant occupancy within 

both sites. 

Figure 4-20 Graphs of the occupancies over time for the CuFe1-xCrxO2 series, where (a) and (c) represent the 
x = 0.25 composition for site 1 and site 2 respectively, and (b) and (d) represent composition x = 0.5 for site 1 
and site 2 respectively. Squares indicate copper occupancy (fixed) while circles and triangles indicate iron 
and chromium occupancy respectively. E.S.Ds. are also shown. 
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Table 4-7 Table of Crystal field stabilisation energies, with resultant octahedral site preference energy for 
the pertinent electronic configurations, where Δt = 4/9 Δo.13,14 

 

Oct Crystal Field 

Stabilisation 

Energy (high spin) 

Tet Crystal Field 

Stabilisation 

Energy 

Octahedral Site 

Preference Energy 

Cr3+ [Ar]d3 -6/5Δo -4/5Δt -38/45Δo 

Fe3+ [Ar]d5 0Δo 0Δt -0Δo 

Cu2+ [Ar]d9 -3/5Δo -2/5Δt -19/45Δo 

 

It was mentioned above that the program GSAS does not have an explicit method of 

refining three or more cations occupancies. This problem may be overcome using a solution 

given by Joubert et al15 . To allow refinement of three atoms on a crystallographic site 

(with occupancies equal to X, Y and Z respectively) a fourth atom of the same type and Uiso 

as an original atom must be introduced. The original atom’s occupancy is then divided 

between the old (occupancy = u) and new atom (occupancy = v), so that u + v = X. 

Constrains may then be set where δu = -δY and δv = -δZ. This allows all atoms to be refined 

on a single site. However, theoretically a second data set from X-ray diffraction is required 

to provide complementary information on the structure – the possibilities of a ternary 

system are then reduced, allowing the model and fit to be refined. 

The variable temperature XRD pattern at 800 °C was used as second histogram for each 

corresponding composition. Figure 4-21(a) and (b) show a section from the graphical fit for 

x = 0.25 and x = 0.5 respectively, where it can be seen from the difference plot and the 

calculated line fit on the observed data that the model has been significantly improved, 

especially for the Figure 4-16(b) of CuFe0.5Cr0.5O2. This is again reflected in Table 4-5, in 

the third column, where the χ2 and R(F2) values for CuFe0.5Cr0.5O2 (x = 0.5) have further 

reduced, and a slight increase is seen for CuFe0.25Cr0.25O2 (x = 0.25). The final compositions 

for these two spinel are suggested to be (Cu0.3177Fe0.5867Cr0.0949)[Cu0.4549Fe0.3581Cr0.187]2O4 and 

(Cu0.4374Fe0.3623Cr0.2004)[Cu0.291Fe0.3718Cr0.3372]2O4 for x = 0.25 and x = 0.5 respectively. 

Considering again the information in Table 4-6, within both compositions the chromium 

is more abundant in the octahedral position, with iron spread evenly across the sites. 

Copper in x = 0.25 appears to favour the octahedral position, while in x = 0.5 there is a 

larger proportion of copper in the tetrahedral site, which seems unexpected. 
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Figure 4-21 Graphs of the Rietveld fit superimposed over the observed neutron powder diffraction data for 
the CuFe1-xCrxO2 series, where (a) x = 0.25 and (b) x = 0.5. The difference graph is plotted below. Tick marks 
indicate the separate phases. This model refined the occupancy of copper, iron and chromium for both sites 
using complimentary X-ray diffraction data as the second histogram.  

 

Though the fits appear slightly improved, further improvement is required. This may be 

understood when considering that the second histogram, although from the same 

composition, has a different thermal history. It has already been noted that the NPD and 

XRD have different final phase fractions of spinel and tenorite, and so this will impact the 

XRD histogram, making it not suited for this technique. 

 

4.5 Conclusions 

Within this chapter a solid solution series CuFe1-xCrxO2, x = 0, 0.25, 0.5, 0.8 and 1 was 

synthesised. An attempt was made to understand the oxidation process that occurs at high 
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temperature in the x = 0 member of the series, but not in the x = 1. This was pursued 

through looking at the thermal gravimetric analysis, X-ray diffraction and neutron powder 

diffraction of a selection of samples. 

TGA showed the oxidation of the x = 0, 0.25 and 0.5 members of the series at successively 

higher temperatures, while the x = 0.8 and 1 compositions failed to oxidise. Variable 

temperature XRD showed a similar starting oxidation temperature trend, and showed the 

growth of the two transformation phases, the spinel and the tenorite. However, the XRD 

could not be used to identify the cation composition of the spinel, nor describe the oxygen 

within the structure. To this end, NPD studies were undertaken. 

Neutron powder diffraction was performed on four samples from the series, x = 0, 0.25, 0.5 

and 1. Data was collected from the first three compositions in the series over a range of 

temperatures, and patterns of the oxidation at 550 °C and 800 °C were taken in a range of 

oxygen atmospheres. Increasing chromium content within the compositional family led to 

a decrease in the rate of loss and gain of delafossite and spinel phases respectively, as 

oxygen had increasingly restricted access for intercalation within the copper sheets. Using 

the patterns produced in the 1 % O2/argon atmosphere, several points of positive scattering 

density were identified within the structure as possible locations of intercalated oxygen 

atoms, although high mobility of the copper within the structure may mean scattering 

could be attributed elsewhere. Density point 2 was most likely to contain the intercalated 

oxygen, while several other points were likely due to movement of the copper and oxygen 

within the structure. On this slow oxidation the c unit cell length decreased rapidly, 

indicating the removal of copper from within the structure, but there was an initial short 

pause, wherein the unit cell parameters remained constant while the spinel developed. 

This suggests that the oxygen was accommodated within both the delafossite and spinel 

simultaneously for this short period, before the sudden increased in oxygen led to the 

transformation.  Finally, the cation distribution between the tetrahedral and octahedral 

sites within the developed spinel were characterised, although lack of a suitable 

complimentary XRD pattern at the temperature of interest hindered the development of 

a totally physically possible model. This would be possible to address by taking XRD of the 

samples used for NPD at room temperature and using this with the room temperature 

NPD pattern after exposure. Additionally, taking these samples and (in vacuum) taking 

the XRD pattern at 800 °C would be useful for combined refinements, and would make 

building a model for the spinel cation occupancies fully possible.  
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Further study using neutron powder diffraction on more chromium-rich compositions of 

the solid solution would be useful to further understand the role of the different cations 

within the structure. 

  



156 

 

4.6 References 

1. Amrute, A. P., Lodziana, Z., Mondelli, C., Krumeich, F. & Perez-Ramirez, J. 

Solid-State Chemistry of Cuprous Delafossites: Synthesis and Stability Aspects. Chem. 
Mater. 25, 4423–4435 (2013). 

2. Shannon, R. D., Rogers, D. B. & Prewitt, C. T. Chemistry of noble metal oxides. I. 

Syntheses and properties of ABO2 delafossite compounds. Inorg. Chem. 10, 713–718 

(1971). 

3. Rashad, M. M., Soltan, S., Ramadan, A. A., Bekheet, M. F. & Rayan, D. A. 

Investigation of the structural , optical and magnetic properties of CuO/CuFe2O4 

nanocomposites synthesized via simple microemulsion method. Ceram. Int. 41, 12237–

12245 (2015). 

4. Balagurov, A. M., Bobrikov, I. A., Maschenko, M. S., Sangaa, D. & Simkin, V. G. 

Structural Phase Transition in CuFe2O4 Spinel. Crystallogr. reports 58, 710–717 (2013). 

5. Lalanne, M., Barnabé, A., Mathieu, F. & Tailhades, P. Synthesis and 

Thermostructural Studies of a CuFe1-xCrxO2 Delafossite Solid Solution with 0≤ x ≤1. 

Inorg. Chem. 48, 6065–6071 (2009). 

6. Fujishiro, F., Takaichi, S., Hirakawa, K. & Hashimoto, T. Analysis of oxidation 

decomposition reaction scheme and its kinetics of delafossite-type oxide CuLaO2 by 

thermogravimetry and high-temperature X-ray diffraction. J. Therm. Anal. Calorim. 
123, 1833–1839 (2016). 

7. Marquardt, M. A., Ashmore, N. A. & Cann, D. P. Crystal chemistry and electrical 

properties of the delafossite structure. Thin Solid Films 496, 146–156 (2006). 

8. Sears, V. F. Neutron scattering lengths and cross sections. Neutron News 3, 26–

37 (1992). 

9. Patil, S. I. & Dabnade, R. V. Magnetic domain behavior of Cu-Co spinel ferrite 

system. IEEE Trans. Magn. 30, 4915–4917 (1994). 

10. Ruttanapun, C., Prachamon, W. & Wichainchai, A. Optoelectronic properties of 

Cu1−xPtxFeO2 (0 ≤ x ≤ 0.05) delafossite for p-type transparent conducting oxide. Curr. 
Appl. Phys. 12, 166–170 (2012). 

11. Ingram, B. J. et al. Transport and Defect Mechanisms in Cuprous Delafossites 1. 

Comparison of Hydrothermal and Standard Solid-State Synthesis in CuAlO2. Chem. 
Mater. 215, 5616–5622 (2004). 

12. Mugnier, E., Barnabe, A. & Tailhades, P. Synthesis and characterization of 

CuFeO2+δ delafossite powders. Solid State Ionics 177, 607–612 (2006). 

13. Housecroft, C. E. & Sharpe, A. G. Inorganic Chemistry. (Pearson Education 

Limited, 2008). 

14. Lancashire, R. J. Crystal Field Stabilization Energy. 1–7 (2015). at 

<http://chemwiki.ucdavis.edu/Core/Inorganic_Chemistry/Crystal_Field_Theory/Crystal_

Field_Stabilization_Energy> 

15. Joubert, J.-M., Cerný, R., Latroche, M., Percheron-Guégan, A. & Yvon, K. Site 

Occupancies in the Battery Electrode Material LaNi3.55Mn0.4Al0.3Co0.75 as Determined by 

Multiwavelength Synchrotron Powder Diffraction. J. Appl. Crystallogr. 31, 327–332 

(1998). 

 
  



157 

 

Contents 
Chapter 5 Copper delafossites’ symmetrical cell testing ................................................. 158 

5.1 Introduction ............................................................................................................. 158 

5.2 Compatibility with 8YSZ and GDC......................................................................... 159 

5.3 Making the ink, and temperature trial ................................................................... 162 

5.4 CuCrO2 as a YSZ electrode ..................................................................................... 162 

5.4.1 Unaccompanied delafossite............................................................................... 162 

5.4.2 Activating with ceria ......................................................................................... 169 

5.4.3 Composite mixtures .......................................................................................... 173 

5.5 Summary ................................................................................................................. 179 

5.6 CuCr0.8Fe0.2O2 as an electrode material .................................................................. 181 

5.6.1 Composites ........................................................................................................ 183 

5.1 Conclusions .............................................................................................................. 188 

5.2 References ................................................................................................................ 189 

 

  



158 

 

Chapter 5 Copper delafossites’ symmetrical cell testing 

5.1 Introduction 

As discussed in previous chapters, several of the copper delafossites within this study have 

properties which may be beneficial for high temperature solid oxide fuel cell cathodic 

applications. An important next stage to further investigate this hypothesis is to create 

symmetrical cells of the interesting materials to characterise their performance, and 

comparing them to other materials. However, properties such as the morphology of the 

electrode may further affect performance, and considerations such as making composite 

mixture materials (a physical mixture of the electronic conductor and the ionic conductor) 

may greatly affect the final area specific resistance (ASR) and other properties recorded. 

Within this chapter the delafossite family CuCr1-xMgxO2 (x = 0, 0.02 and 0.025) will be 

discussed, with consideration to their compatibility with common SOFC components, 

before several different types of morphology and composite types are investigated. Finally, 

the composition CuCr0.8Fe0.2O2 is briefly investigated. The magnesium doped compositions 

of the copper chromium delafossite were chosen due to their stable thermal properties, 

alongside their relatively high electronic conductivity. Meanwhile, the specific iron 

containing chromium delafossite composition was chosen for its capacity to incorporate 

oxygen into the structure (which does not occur in the chromium delafossite1,2). However, 

the further oxidation of the sample may be problematic. 

All samples from the CuCr1-xMgxO2 series (x = 0, 0.02 and 0.025) and of CuCr0.8Fe0.2O2 were 

made using the citric acid combustion method, as detailed in Chapter section 2.1.2, in 5g 

batches. Unit cell parameters for CuCrO2 are a = 3.04071(5) and  c = 17.1988(4) and 

CuCr0.8Fe0.2O2  are a = 2.97391(3) and c = 17.0969(4), which are in agreement with 

literature values3. 

The YSZ pellets were formed in the traditional solid state method, and the tapes were 

formed on a tape caster before laminating together and sintering and cutting out circular 

tape discs. The inks were printed using a DEK 248 screen printer. More information on 

the methodology may be found in Chapter 2.6. 

Samples were originally characterised using the Panalytical Empyrean Diffractometer 

with Cu Kα1 radiation, to confirm the phase purity of samples, before further analysis 

using a Mastersizer 2000 particle size analyser, a JEOL FEG-SEM for electron imaging 

purposes and impedance measurements were taken using a Solartron 1260 frequency 
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response analyser and jig. Software Z-view v5.1c was used for analysis of the resulting 

data.  

5.2 Compatibility with 8YSZ and GDC 

Before any symmetrical cells using the delafossite material could be fabricated and tested, 

a preliminary investigation into any interactions between common SOFC cell materials 

and the new electrode materials was carried out. To that effect, equal volumes of the 

delafossite CuCrO2 and one of two common electrolyte materials (8 mol % yttria stabilised 

zirconia 8YSZ or 10 mol % gadolinium doped ceria) were hand ground in an agate mortar 

and pestle for 30 minutes before pressing into a pellet in the traditional solid state method. 

This pellet was then fired on a bed of similar sacrificial powder at 600 °C and  800 °C for 

10 hours, before the pellets were observed under SEM microscope and milled for XRD 

analysis.  

The XRD, SEM and EDX from the investigation may be observed in Figure 5-1, which 

summarises the results from the combination of CuCrO2 and 8YSZ. (a) shows the XRD 

diffractogram from before and after 10 hours heat treatment at 800 °C, while (b) shows 

the SEM image alongside the energy dispersive X-ray spectroscopy map images. The XRD 

comparison shows the near identical nature of the two diffractograms after the heat 

treatment, while the (b) shows the clear segregation of the two materials, not obvious from 

the SEM but obvious when observed via the EDS maps. It should be noted that, on detailed 

observation of the XRD diffractograms, there may be a single small additional peak at 

~27 °, which could not be identified as a specific phase. However, CuZrO2 is known to have 

a strong Bragg reflection at approximately that value of 2θ, although this is not conclusive. 

Figure 5-2 shows the same type of results for the CuCrO2-GDC combination. Again, (a) 

shows the comparison of the diffractograms before and after heat treatment at 800 °C for 

10 hours. Apart from a marked improvement in the crystallinity of the component 

materials (seen by the narrowing of peak shape), there are no additional peaks that 

represent the formation of a new phase. Figure 5-2(b) shows the SEM image alongside the 

EDS maps. It may be slightly difficult to identify the separate materials in the SEM image, 

but the EDS maps highlight the phases, and shows there is a definite separation of the 

two. 
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Figure 5-1 (a)  Comparison XRD of the intimate mixture of CuCrO2 with YSZ before (black) and after (red) 
firing at 800 °C for 10 hours. (b) shows the SEM image of the same mixture of materials once fired, 

accompanied by the EDX maps for this segment. They show counts for zirconium, chromium and copper. 
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Figure 5-2 (a)  Comparison XRD of the intimate mixture of CuCrO2 with GDC before (black) and after (red) 
firing at 800 °C for 10 hours. (b) shows the SEM image of the same mixture of materials once fired, 

accompanied by the EDX maps for this segment. They show counts for cerium, chromium and copper. 
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5.3 Making the ink, and temperature trial 

To make the symmetrical cells for testing, the delafossite material needed to be prepared 

for the ink formulation from Chapter 2.6.2. For screen printing, it was recommended4 that 

the functional material had a particle size between 0.7 – 5 µm, preferably with a 

multimodal or wide particle distribution. Additionally, the BET should show results ≤ 36 

m2/g. From SEM images, it was known that the particle size of the combustion synthesised 

materials was relatively large, and so the materials were subjected to ball milling in a 

planetary ball mill. The particle size distribution was then assessed using the particle size 

analyser, and had a profile as shown in Figure 5-3. Here the material was shown to have 

a dual mode particle profile, with the average d(0.1) = 1.464 µm, d(0.5) = 2.78 µm and d(0.9) 

= 6.139 µm. BET surface area tests gave a surface area of 2.8871 ± 0.0092 m2/g. These 

powders were then used for other sample preparation.  

Once the inks were made, three layers were printed onto the pellet before carrying out a 

sintering temperature test, indicated in Figure 5-4(a), which shows the three temperature 

programs used. Figure 5-4(b) – (d) show the resulting particle morphology of the ink 

printed onto the 8YSZ substrate. Each iteration had the same three layers applied, but 

there is a decrease in the average thickness of the sintered layer as the temperature 

increases, from ~55 µm to ~40 µm. This represents a densification of the overall layer as 

the particles coarsen and sinter together. Looking closer at the morphology in 

Figure 5-4(d), it may be observed that the particles have better connectivity, with fewer 

smaller isolated particles than the other two sinter temperatures, suggesting that the 

third, highest sinter temperature program is the most suitable for further samples. 

5.4 CuCrO2 as a YSZ electrode 

From the above sections, an optimum sinter temperature and ink formulation was 

obtained for use when creating the symmetrical cells or testing. The next stage was to 

produce the symmetrical cells, and try several different formulations in an attempt to 

identify the optimum configuration of cell. 

5.4.1 Unaccompanied delafossite 

From the discussion in the previous section, the inks of CuCr1-xMgxO2 (x = 0, 0.2 and 0.25) 

were printed onto both sides of the 8YSZ pellet. The pellets were then propped against a 

clean alumina boat, so that both sides of the printed electrode would avoid contact with 

another surface. In this method both electrodes could be sintered in one temperature cycle. 

Silver paste was used as a current collector in a radial pattern. 
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Figure 5-3 Particle size distribution of CuCrO2 after ball 
milling. The three samples were tested after ultrasound 
sonication. 

Figure 5-4(a) The firing profile for the inks at three different temperatures, b) shows the 
CuCrO2 ink on YSZ tape after 1 hour at 950 °C, (c) the CuCrO2 ink on YSZ tape after 1 hour at 

1050 °C, and (d) the CuCrO2 ink on YSZ tape after 1 hour at 1150 °C. 



164 

 

Impedance responses were recorded at a variety of temperatures, and Figure 5-5(a) shows 

the response at 700, 750 and 800 °C for x = 0 (CuCrO2). The graphs also contains the model 

used to fit the response, from which further values may be extracted. These model values 

are presented in Appendix 4. The data may be interpreted as a single elongated curve, but 

on was better described using a fit with two semi-circular sections. These two semi-circles 

may be represented using resistive and constant phase elements in parallel, while the 

inductive circuit element (L1) is present within the jig and the first resistive element (Rs) 

is from the YSZ pellet and jig. Figure 5-5(b) presents  the SEM backscattered image of the 

electrode after testing, which has experienced a significant amount of further densification, 

although there is some remnant porosity.  

Figure 5-6(a) and (b) shows the electrochemical impedance spectroscopy Nyquist plot 

results for the magnesium-doped compositions x = 0.02 and 0.025 at a range of 

temperatures. Both sets of data are modelled using the same circuit model as used with 

the un-doped CuCrO2 composition. There was little change in R1 and R2 between x = 0 

and x = 0.02, but x = 0.025 showed an increase in both of these resistances, as seen by the 

elongation of the arcs. Model values may be found in Appendix 4. 

Figure 5-7(a) and (b) show the microstructure of the electrode layer after testing of x = 

0.02 and x = 0.025 respectively, showing a further densification of the layer. (c) shows the 

EDS mapping results for the x = 0.025 composition, to show that there has not been 

movement of the atoms from electrode layer to the electrolyte. 

Figure 5-8(a) – (c) contains graphs of area specific resistance (ASR) for the three electrode 

materials on the 8YSZ electrolyte, constructed using the equivalent circuit model data. 

The ASR is calculated as in Equation 5-1 below: 

ASRx = Area * (Rx/2)         Equation 5-1 

 On each graph there are three lines, which relate to Rp, R1 and R2. Within this type of 

system R1 is often attributed to a charge transfer process, while R2 may be attributed to 

an oxygen diffusion processes or dissociative adsortption5,6,7 due to their characteristic 

summit frequencies. Rp, the polarisation resistance, is the sum of these two resistances 

(Rp = R1 + R2). The factor of 2 in the denominator in Equation 1 is related to identical 

interfaces between the electrode and electrolyte. It can be seen for all three compositions 

that the R2 is the limiting factor, often being an order of magnitude larger than the R1 

process.  
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Figure 5-5 (a) Nyquist plots of CuCrO2 EIS data at 800 °C (black circles), 750  °C (red squares) and 700  °C (green 
triangles) accompanied by the equivalent circuit used to fit the data, while the black dashed line is the fit of the 
model. (b) SEM backscattered image of the symmetrical cell cross-section after impedance testing. 

a) 

b) 
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Figure 5-6 Nyquist plots of (a) CuCr0.98Mg0.02O2 and (b) CuCr0.975Mg0.025O2 EIS data at 800 °C (black circles), 
750  °C (red squares) and 700  °C (green triangles) accompanied by the equivalent circuit used to fit the data, 
while the black dashed line is the fit of the model. 

a) 

b) 
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Figure 5-7 SEM images of (a) CuCr0.98Mg0.02O2 and (b) CuCr0.975Mg0.025O2 symmetrical cell cross-sections 
after impedance testing, with (c) EDX map images of a section of CuCr0.98Mg0.02O2 symmetrical cell after 
testing. 
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Figure 5-8 Area specific resistances for (a) CuCrO2, (b) CuCr0.98Mg0.02O2 and (c) CuCr0.975Mg0.025O2, where black 
squares represent the area specific resistance for R1 from the equivalent circuit model, red circle shows the ASR 
for R2 from the model and blue triangle shows the ASR for the combined polarisation resistance. 



169 

 

Where the parent composition x = 0 in Figure 5-8(a) has two slopes, indicating two distinct 

regions, composition x = 0.02 has a linear slope in Figure 5-8(b). The change in slope 

indicates an activation of a process with temperature, and is most prominently concerned 

with the R1 process; the charge transfer process. This transition is missing from the 

x = 0.02 composition. Additionally, the lack of temperature-dependent transition has 

reduced the ASRp at lower temperatures. Composition x = 0.025 (Figure 5-8(c))also 

appears to have a single region, although this is harder to determine as at lower 

temperatures R1 element was often a detriment to the fit of the model to the data, and 

appeared to be have large overlap with the R2 element. Additionally, at higher 

temperature the processes R1 and R2 were no longer competitive with the other 

composition. 

All three samples experienced the further densification without complete loss of the 

overall porous structure on testing, which suggests that the difference in sample 

performance may be also influenced by the sample composition. As discussed in Chapter 3, 

CuCrO2 experienced an increased in electronic conductivity on doping magnesium into the 

structure, from ~ 0.5 Scm-1 to 8.5 Scm-1 for x = 0.02 and 17.1 for x = 0.025. However, the 

slightly higher dopant level composition had a tendency to form a secondary spinel phase, 

which may be attributed to the slightly different coloured particle present in the 

backscatter SEM image in Figure 5-7(b). This secondary phase may cause this decrease in 

ASR seen in Figure 5-8(c). Regardless of whether or not this spinel has a similar, or higher, 

electrical conductivity, the increase in barriers will increase the overall resistance.+ 

Several compositions of copper chromium delafossite were used as an electrode in a 

symmetrical cell, and it was determined that they had relatively good performance. The 

higher percentage doped samples were seen to obtain the lowest performance, most likely 

due to the formation of the secondary spinel phase. There are several difference methods 

in the literature for improving the performance of electrochemical symmetrical cells, and 

the next sections will deal with several methods. 

5.4.2 Activating with ceria  

The symmetrical cells were constructed in the same method as in previous section. Once 

the symmetrical cell was obtained, a 0.5 molL-1 solution of Ce(NO3)3.6H2O 

(99.5% Sigma-Aldrich) in ethanol with 1 wt% surfactant dodecyltrimethylammonium 

bromide (99% Sigma-Aldrich) was prepared for infiltration of the porous structure. The 

solution was applied using a micropipette equally to either side of the cell before burn off 

at 250 °C for 30 mins. This procedure was followed until an infiltrate loading between 8-
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9% was achieved, and then followed by firing at 750 °C for 1 hour.  All ramp rates were 

2.5 °C/min. 

Figure 5-9(a) and (b) show the electrochemical impedance Nyquist plots for two 

symmetrical cells at 800 °C using the compositions x = 0 and x = 0.025 respectively. The 

response is difference from the non-infiltrated counterparts in the previous section, 

although the same equivalent circuit could be used to model the response.  There is a 

marked increase in the resistances, and the initial charge transfer resistance arc is hidden 

in the bulk of the second, larger, arc. Model fitting values are contained in Appendix 4. 

Observing the ASR graphs in Figure 5-10(a) and (b), there has been a significant increase 

in the resistance associated with both processes for composition x = 0, while composition 

x = 0.025 experienced the largest increase in the oxygen diffusion process R2, both counter 

to the intended results. The microstructure is shown in Figure 5-11 at two magnifications, 

and it can be seen that the ceria has been deposited along the grain boundaries almost 

exclusively. 

  

a) 
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Figure 5-9 Nyquist plots of EIS data of (a) CuCrO2  with 8 wt% ceria and (b) CuCr0.975Mg0.025O2 with 9 wt% 
ceria at 800 °C (black circles) and 750  °C (red squares) accompanied by the equivalent circuit used to fit the 
data, while the black dashed line is the fit of the model. 

 

 

b) 
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Figure 5-10 The area specific resistances from the equivalent circuit model for (a) CuCrO2  with 8 wt% ceria 
and (b) CuCr0.975Mg0.025O2. Black squares represent the area specific resistance for R1 from the equivalent 
circuit model, red circle shows the ASR for R2 from the model and blue triangle shows the ASR for the 
combined polarisation resistance. 

 

 

 

a) 
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Figure 5-11 SEM backscatter and secondary electron images from CuCrO2  with 8 wt% ceria at (a) 1,000 x 
magnification and (b) 9,000 x magnification. 

 

5.4.3 Composite mixtures 

Composite mixture of the electrode and electrolyte material are a common way in 

increasing the triple phase points across the cell, in an attempt to avoid the bottleneck of 

triple phase boundaries which only occur at the surface layer of the electrolyte for a non 

composite electronically conducting electrode.  

The cells were made in the same fashion as in previous sections, but the delafossite ink 

(x = 0) was adapted to contain 20 wt% 8YSZ within the formulation before following the 

same firing procedure. 

Figure 5-12 (a) shows the Nyquist plot of the impedance data at 800 °C, which again could 

be modelled using the same equivalent circuit as used before. The response arcs are again 

elongated, and the fit values are shown in Appendix 4. Figure 5-12(b) shows a 

backscattered SEM image of the electrode. The bright particles are 8YSZ, and it can been 

seen that although the delafossite has a relatively well connected microstructure, the 

8YSZ is not connected to the electrolyte bulk. This would not result in an increase in TPBs, 

but is more likely to act an inhibitor for the connectivity of the delafossite particles, and 

not allow O- ions to flow into the bulk electrolyte. This can be seen in Figure 5-13, which 

shows the ASR of the system. There has been an increase in resistance for both R1 and R2 

processes, which would correspond to the microstructure. 

b) 



174 

 

 

Figure 5-12 (a) Nyquist plots for the EIS data from composite material CuCrO2 – 20 wt% 8YSZ at 800 °C 
(black circles), 750  °C (red squares) and 700  °C (green triangles) accompanied by the equivalent circuit 
used to fit the data, while the black dashed line is the fit of the model. (b) shows the backscatter electron 
image of the sample after testing at x2,000 magnification. 

 

a) 

b) 
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5.4.3.1 Porous YSZ scaffold 

To increase the TPB within the electrode a porous 8YSZ structure was constructed, which 

would allow ionic movement within the structure and without hindering the charge 

transfer processes.  

The porous structure was manufactured as an 8YSZ ink with 10 wt% graphite as a pore 

former. The initial mixture in acetone was milled overnight on a roller mill at 180 rpm, 

before adding 30 wt% of the printing vehicle containing 95 % terpineol and 5 % Butvar. 

The acetone was evaporated off and the resulting mixture was used for screen printing. 

The printed cells were then sintered at 1200 °C for 3 hours. 

The infiltrate was a 0.5M solution of copper and chromium nitrate hydrates in distilled 

H2O with citric acid. The solution was mixed using a magnetic stirrer for homogeneity 

before being deposited on both sides of the porous YSZ skeleton cell. It was deposited using 

a micro pipette before placing in a vacuum to encourage full penetration of the skeleton. 

The infiltrated cells were fired at 450 °C for 30 minutes to facilitate the combustion 

reaction, and then the infiltration was repeated until 20 wt% of delafossite material was 

deposited on each side of the cell. The cell was then fired at 1100 °C for two hours to form 

the CuCrO2. 

Figure 5-13 The area specific resistances from the equivalent circuit model for 
CuCrO2 – 20 wt% 8YSZ. Black squares represent the area specific resistance 
for R1 from the equivalent circuit model, red circle shows the ASR for R2 from 
the model and blue triangle shows the ASR for the combined polarisation 
resistance. 
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Figure 5-14(a) and (b) show the SEM images of the porous 8YSZ skeleton from the surface 

and cleaved side view before further infiltration. The structure appears relatively porous, 

with many small interconnecting particles of the 8YSZ. Figure 5-14(b), showing the 

cleaved surface, appears less porous than the surface region, although it is not a fully 

dense material. Figure 5-14(c) and (d) show the surface and cleaved cross-section of the 

infiltrated 8YSz skeleton. There is now a layer of the sintered infiltrate across the surface, 

although it has not obscured the porosity, as can be seen in Figure 5-14(d). The infiltrate 

has penetrated within the bulk, as seen in this last SEM image, although the porosity may 

have suffered. 

XRD was used to ascertain if CuCrO2 was produced within the YSZ skeleton. Figure 5-15 

shows the pattern, which is dominated by the YSZ, but other phases are still identifiable. 

CuCrO2 was identified, as was CrO2. There were also several other low intensity peaks 

which remain unassigned, suggesting the presence of at least one other phase, most likely 

related to copper. 
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Figure 5-14 SEM images for the non-infiltrated 8YSZ skeleton (a) top view and (b) cross section. (c) and (d) 
show the skeleton after infiltrating with the delafossite precursor mixture and subsequent firing for top view 
and cross section respectively. 

 

Figure 5-15 XRD pattern of the infiltrated YSZ skeleton after firing, with relevant phases marked. 
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The electrochemical cell test response at 800 °C is shown in Figure 5-16(a), and was 

modelled using the same equivalent circuit as in previous cells. Model values are shown 

in Appendix 4. This cell appears to have a larger R1 and R2, as seen in the larger response 

arcs, in comparison to the previous cells. This is supported when looking at the ASR results 

in Figure 5-16(b), where the ASR values at 800 °C are relatively high. However, at lower 

temperature the cell has similar, if not lower, ASR values to other types of cell tested, 

suggesting this particular cell may be of more interest at lower temperatures, around 

600 °C. 

 

  

Figure 5-16 a) Nyquist plots for the EIS data from the infiltrated YSZ skeleton at 800 °C (black circles), and 
750  °C (red squares) , while the black dashed line is the fit of the model. (b) The area specific resistances 
from the equivalent circuit used to model the EIS data, where black squares represent the area specific 
resistance for R1 from the equivalent circuit model, red circle shows the ASR for R2 from the model and 
blue triangle shows the ASR for the combined polarisation resistance. 

 

a) 

b) 
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5.5 Summary 

Table 5-1 shows a summary of the ASRs for all the symmetrical cells studied above. The 

x = 0 and x = 0.02 delafossite only inks have similar resistances, while x = 0.025 delafossite 

electrode has higher values. The ASR values increased for the different types of 

symmetrical cell, although at lower temperatures the values were sometimes more 

comparable. For cathode applications in SOFCs, the ASRp values are still relatively large 

in comparison to some common mixed ionic and electronic conductors such as LSCF 

(ASR = 0.01 Ω cm2 at 750 °C8), whereas  a purely electronic conductor such as LSM may 

have a more similar ASR, from 1.4 Ω cm2 at 650 °C  (spray-pyrolysis LSM on YSZ ) to 3.3 

cm2 at 750 °C9. This suggests that, with further work into the microstructure of these 

symmetrical cells it would be possible to further improve the ASRs. 

Table 5-1 Area specific resistances for the different types of symmetrical cells at 800 °C in air. 

 

Figure 5-17 shows the Arrhenius plots of temperature dependence of the polarisation ASR 

for the different symmetrical cells tested above, with (a) showing the original delafossite 

only electrodes, (b) showing the ceria activated electrodes and (c) showing the YSZ 

composite electrodes. The activation energy for each cell is listed in Table 5-2. The 

activation energy may be considered associated with the many different processes (oxygen 

association, dissociation and surface diffusion, charge transfer, species transfer at 

boundaries etc) within the cathode, and so is important to consider. It can be observed 

within the table and Figure 5-17, contrary to the behaviour of the process resistances, the 

different forms of the cells lowered the activation energy. This further corroborates the 

idea that further investigation into these different cell formulations could lead to an 

improved cathodic material. The lowering of the activation energies indicates that there 

was a change in the mechanisms within the cell, most likely concerned with the oxygen 

reaction mechnisms and increase in triple phase boundaries.  

 

 

Delafossite ink 

ASR (Ω cm2) at 

800°C 

Infiltrated Ceria 

ASR (Ω cm2) at 

800°C 

Composite  ASR 

(Ω cm2) at 800°C 

Porous YSZ  

ASR (Ω cm2) at 

800°C 

R1 R2 Rp R1 R2 Rp R1 R2 Rp R1 R2 Rp 

CuCrO2 0.11 1.18 1.29 1.29 2.95 4.25 0.35 1.41 1.75 2.92 8.1 11.0 

CuCr0.98Mg0.2O2 0.13 1.17 1.29          

CuCr0.975Mg0.25O2 0.68 2.01 2.69 0.59 4.04 4.62       
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Figure 5-17 Arrhenius type plots for the different symmetrical cells, (a) shows the delafossite only cells 
CuCr1-xMgxO2, (b) shows the ceria infiltrated CuCr1-xMgxO2, and (c) shows the composites cells. 
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This then implies that careful consideration of the microstructure could then lower the 

ASR values, and result in a more competitive electrode material. 

Table 5-2 Activation energies for the different types of symmetrical cells, as calculated from the ASRp. 

 
Delafossite ink Infiltrated Ceria Composite Porous YSZ 

Ea (eV) Ea (eV) Ea (eV) Ea (eV) 

CuCrO2 2.27 1.76 1.89 1.58 

CuCr0.98Mg0.2O2 1.85    

CuCr0.975Mg0.25O2 2.17 1.58   

 

 

5.6 CuCr0.8Fe0.2O2 as an electrode material 

As the CuCr0.8Fe0.2O2 (CCFO) composition has been studied in previous chapters within 

this thesis, and as a member of the solid solution CuFe1-xCrxO2  the composition has a 

combination of properties from the parent members. The CuCrO2 compositions have 

smaller structural channels within the cell, which does not allow the intercalation of 

oxygen into the structure. This is not ideal for SOFC cathode applications, where mixed 

ionic and electronic conductors may often give better overall performances than composite 

materials10,11,12. This composition showed some stability at high temperatures in air, and 

although there is a transformation from the delafossite to the spinel-tenorite at higher 

temperature there was ~ 40 % of the delafossite still present at 800 °C. The additional 

phases present within these samples, or evolution of these phases, may further complicate 

the impedance spectroscopy. 

Figure 5-18(a) shows the Nyquist plots for CCFO screen printed on a polished 8YSZ pellet 

at several different temperatures. The data was modelled using an equivalent circuit, 

where L1 and Rs are as described in a previous section (5.4.1). The first suppressed arc is 

found at high frequency at the tip of the higher resistance second suppressed arc.  Both 

sets of  constant phase element values were similar over the temperature range, ~ 10-4 F, 

which is consistent with an electrochemical reaction mechanism13 and an exponent ~0.9 

for R1 and ~0.7 for R2. The summit frequency of the arc, fmax ~ 18 Hz, which again is typical 

of processes concerned with the oxygen reaction mechanism, such as dissociative 

adsorption, transfer of species at triple phase boundaries and surface diffusion7. Figure 5-

18(b) displays the area specific resistance values of the different arc elements with 

temperature, and the overall polarisation resistance, ASRp. The ASRp is high (~ 33.4 Ω cm2 
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at 800 °C), with the major contributions from R2. This suggests that the material does not 

act as a MIEC.  

 

Figure 5-18 a) Nyquist plots for the EIS data from CuCr0.8Fe0.2O2 symmetrical cell at 800 °C (black circles), 
750  °C (red squares) and 650  °C (green triangles) , while the black dashed line is the fit of the model. (b) 
The area specific resistances from the equivalent circuit used to model the EIS data, where black squares 
represent the area specific resistance for R1 from the equivalent circuit model, red circle shows the ASR for 
R2 from the model and blue triangle shows the ASR for the combined polarisation resistance. 

 

a) 

b) 
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5.6.1 Composites 

To augment the ionic conduction of the original material, and introduce more triple phase 

boundaries, the CCFO was mixed in a 1:1 ratio with an ionic conductor (either 8YSZ or 

GDC) before ball milling for 1 h at high speed and, once dried, used to form a screen 

printing ink as described before. The finished symmetrical cells were fired at 1000 °C or 

1200 °C for 2 h. 

Figure 5-19(a) shows the Nyquist plot for the CCFO:YSZ symmetrical cell (sintered at 

1000 °C), where the data was modelled using the same equivalent circuit for two 

suppressed arcs. The higher frequency arc had a capacitance ~10-6 F, characteristic of the 

sample-electrode interface, while the lower frequency, larger resistance arc’s capacitance 

was ~10-4 F, again characteristic of electrochemical reactions. The summit frequency for 

the higher frequency process (~1.5 x 103 Hz) is similar to literature values for the process 

of transfer of oxygen intermediates/oxide ions between the electronic conductor and the 

YSZ, or for transport of the oxide ions through the YSZ of the composite7, while the lower 

frequency arc has a similar fmax value to the oxygen reaction mechanism processes. 

Additionally, this type of process is strongly linked to the TPB, with increasing TPB 

decreasing the arc magnitude – the arc for this composite electrode has been significantly 

reduced in comparison to the non-composite CCFO electrode arc seen in Figure 5-18(a). 

The constant phase element exponents were close to unity for R1, while R2 had a value 

closer to 0.5. This value is characteristic of charge carriers diffusing through the material. 

Figure 5-19(b) contains the ASR values of the different modelled resistive elements with 

temperature, showing that the R2, while still the largest contributor to ASRp, is 

significantly reduced, which has led to a reduction in ASRp also (~0.71 Ω cm2 at 800 °C).  

The Nyquist plot for CCFO-GDC (sintered at 1000 °C) are in Figure 5-19(c), although only 

to a maximum temperature of 700 °C. Again, the supressed arc was modelled using the 

same equivalent circuit as before. The constant phase element capacitances were 

~ 10-3 –  10-4 F (exponent = 0.7 and 0.5 respectively), suggesting electrochemical reaction 

mechanism are the origin of the relaxations. Figure 5-19(d) shows the ASR of the 

components, with a final ASRp = 9.82 Ω cm2 at 700 °C. Due to the silver contact failure 

unusable higher temperature data was collected. 

The CCFO-GDC symmetrical cell was also sintered at 1200 °C, and the Nyquist plot of the 

data is seen in Figure 5-19(e). This data was modelled using the two arc equivalent circuit 

as before. 
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Figure 5-19 Nyquist plots for the EIS data from symmetrical cells of CuCr0.8Fe0.2O2 composite mixed with 
(a) YSZ fired at 1000 °C, (c) GDC fired at 1000  °C and (e) GDC fired at 1200  °C, where the black dashed 
line is the fit of the model.  The area specific resistances from the equivalent circuit used to model the EIS 
data are shown in (b), (d) and (f) respectively, where black squares represent the area specific resistance 
for R1 from the equivalent circuit model, red circle shows the ASR for R2 from the model and blue triangle 
shows the ASR for the combined polarisation resistance. 

 

e) 
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Figure 5-20 SEM images of the CuCr0.8Fe0.2O2 composite mixed with (a) YSZ fired at 1000 °C, (c) GDC fired 
at 1000  °C and (e) GDC fired at 1200  °C after testing. 
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The capacitance values of the constant phase elements characteristic of an electrochemical 

reaction mechanic (similar exponent values as lower temperature sintered sample). 

Additionally, there is a decrease in the fmax of the lower frequency arc between the CCFO-

GDC sintered at 1000 °C and CCFO-GDC sintered at 1200 °C (from ~12 to ~3 Hz), which 

suggests that the process may be related to oxygen adsorption, surface diffusion etc. The 

ASR shown in Figure 5-19(f) show that the second arc dominates the overall process still. 

However, the ASRp is significantly reduced in comparison to the pure CCFO sample, to 

~0.78 cm2 at 800 °C. 

Figure 5-20(a)-(c) show the cross-section morphology of the three composite inks on the 

symmetrical cell, and show the different materials in connection within the ink, and also 

show the larger particles present in the CCFO-GDC sample sintered at 1200 °C (c) in 

comparison to the same ink sintered at 1000 °C (b).  

 

 

Figure 5-21 shows the Arrhenius plots of 1/ASRp against temperature for the samples. 

These is an increase in all composite graphs, as R2 and R3 were reduced as the triple phase 

boundaries were increased. Aside from the increase in conductance, there is a slight 

Figure 5-21 Arrhenius type plots using the polarisation resistance from  CuCr0.8Fe0.2O2 (black 
square) and CuCr0.8Fe0.2O2 composite mixed with YSZ fired at 1000 °C (red circle), GDC fired at 

1000  °C (blue triangle) and GDC fired at 1200  °C (green triangle). 
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change in the activation energy from the pure CCFO (3.22 eV) to the composite mixtures 

(2.56, 2.19 and 2.41 eV respectively).  This suggests that the actual reaction mechanism 

may have changed due to the addition of the YSZ and GDC.  

5.1 Conclusions 

This chapter has been concerned with the suitability of several delafossite materials for 

use as cathode materials in SOFCs. This was achieved through the creation of symmetrical 

cells of several different types and then using electrochemical impedance spectroscopy to 

probe their suitability.  

Inks of CuCr1-xMgxO2 with x = 0, 0.02 and 0.025 were produced, and found to give relatively 

low ASRp values, with x = 0 and 0.02 giving the better performance. An attempt was made 

to improve on these performances using techniques such as infiltration with ceria, mixing 

with YSZ to create composite electronic/ionic conductors and infiltration of a YSZ skeleton 

with the delafossite starter materials to develop in-situ particles of delafossite within the 

skeleton. While these methods were achieved, the outcome was less successful, with ASRp 

often increasing due to microstructural problems. Further investigation into these 

methods with a focus on the microstructure could yield better results. These ASR values 

are comparable to values of LSM on YSZ. 

A further set of inks containing the delafossite powder CuCr0.8Fe0.2O2 (CCFO) and CCFO 

intimately mixed with YSZ or GDC to form composites was investigated, despite the 

degradation of the CCFO to a mixed spinel-tenorite phase on heating. The CCFO ink had 

a large ASRp, while the composite materials reduced this. Additionally, the rate 

determining process, R2, was related to the electrochemical processes that are involved 

with the oxygen reaction mechanism, such as dissociative adsorption, surface diffusion 

and transfer of species at the triple phase boundary. It was determined that the increase 

in triple phase boundary from the YSZ and GDC reduced the resistance within the 

symmetrical cell, while a change in the activation energy of the overall system suggests 

that the actual reaction mechanism has been changed due to the addition of the ionic 

conductors. However, the composite delafossites’ ASR values are comparable to other 

commercial cathode values, and therefore are promising for future development. 
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Chapter 6 Conclusions 

The work summarised within this thesis was concerned with the synthesis, development 

and characterisation of abundant element delafossite materials, followed by further 

in-situ studies on the delafossite oxidative degradation mechanism at high temperature. 

Initially materials’ structure, stability in oxidative atmosphere at high temperatures and 

conductivity was evaluated, before appropriate candidates were used for testing as a 

cathode/cathode support material for SOFC use.  

It was found that CuFeO2 delafossite could be doped with aliovalent cations and anions 

(Mg2+ or F- respectively), although there was formation of secondary phases to compensate 

for the charge imbalance. This family of compositions underwent a structural 

decomposition to a combination of spinel and copper oxide on heating in oxidative 

atmospheres, which was unaffected by the dopants. The electronic conductivity of the 

parent composition was improved by the introduction of fluorine into the structure, from 

~2.5 S cm-1 to ~3.8 S cm-1. 

The analogous delafossite CuAlO2 initially appeared to form in a combination of the two 

delafossite structures, while the introduction of dopants initially promoted the 

stabilisation of the hexagonal P63/mmc  structure, before the charge compensating spinel 

phase formed. These compositions tended to have good thermal expansion coefficients, 

~11 x 10-6 K-1 which is similar to commercial YSZ and GDC. However, although doping 

reduced the activation energy at lower temperatures in comparison to the parent 

composition, the overall electronic conductivity was not improved, remaining below 

1 S cm-1. 

The change in synthetic method to citric acid combustion allowed single phase CuCrO2 to 

be successfully doped with Mg2+ and Fe3+, without the formation of additional phases. 

Magnesium was found to have a solid solution limit between 2 – 2.5 at % for compositions 

at room temperature after quenching from 1200°C, while iron formed a complete solid 

solution. The magnesium doped compositions, similar to the parent composition, had 

thermal expansion coefficients similar to commercial materials (~10 x 10-6 K-1), and 

increased the electronic conductivity at 800 °C to ~17.1 S cm-1 (x = 0.025). 

It was found that due to the similar scattering nature of the cations within the solid 

solution CuFe1-xCrxO2 X-ray diffraction could not be used to describe the cation distribution 

within the spinel that formed on the mid-temperature decomposition of the delafossite 

structure, nor identify the presence of the additional oxygen within the structure. However, 
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XRD showed that the addition of chromium to the composition delayed the onset of the 

degradation, and influenced the balance of phases.  

Neutron powder diffraction was used to identify points of positive scattering density 

within the structure, which would indicate possible locations of intercalated oxygen atoms. 

The position D2 was identified to most likely belong to the intercalated oxygen, although 

the site occupancy value from the Rietveld fit was very low.  

It was seen that increasing chromium content within the compositional family led to a 

decrease in the rate of loss and gain of delafossite and spinel phases respectively, as oxygen 

had increasingly restricted access for intercalation within the copper sheets. This lead to 

the conclusion that oxygen could be found within the delafossite structure, before it 

precipitated the transition to the spinel.  Additionally, the cation distribution between the 

tetrahedral and octahedral sites of the developed CuFe2O4 spinel were characterised for 

the decomposition of CuFeO2, and partially characterised using several models for the 

intermediate solid solution members, but was partially unsuccessful due to missing 

complimentary XRD pattern from the temperature of interest. 

As the magnesium doped CuCrO2 delafossites showed promise as a stable SOFC cathode 

material, several of these compositions were used in preliminary symmetrical cell 

impedance testing. Inks were made from the pure delafossite and magnesium doped 

compositions at the borderline of their solubility limit, as these compositions gave the best 

electronic results. The doped inks gave better performance, although the ASR values were 

relatively low. Further tests with modifications of the inks, including infiltration of CeO2 

and making composite type electrodes, were performed, although microstructural 

problems hindered further progress.  

Inks using the powder CuCr0.8Fe0.2O2 were also tested, as both a single phase electrode 

and as a composite type electrode by mixing the functional powder with either YSZ or GDC. 

The delafossite ink alone had a respectively large ASR, while the composite type electrodes 

improved this, with final ASR of ~0.78 cm2 at 800 °C for the GDC composite and 

~0.71 Ω cm2 at 800 °C for the YSZ composite. 

Overall, these cuprous delafossites have shown many properties that would make them 

suitable for further development for cathode applications in solid oxide fuel cells. 
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Appendix  

6.1 Appendix 1 – Additional figures 
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ES_VRH 
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M-VRH 

Figure 3-24 Plots using (c)nearest neighbour hopping (NNH), (d) Efros-Shklovskii’s variable range hopping 
(E-S VRH) and (e) Mott’s VRH temperature relationships, to attempt to identify the dominant conduction 
mechanism for the compositions CuFeO2, CuAlO2 and CuCrO2 
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Figure 4-3(c) Variable temperature X-ray diffractograms for the series CuFe1-xCrxO2 between 25 – 800 °C, 
where  (c) x = 0.25, (d) x = 0.5, (e) x = 0.8 and (f) x = 1. Initial diffractograms show increasing temperature, 
second diffractograms show decreasing temperature. Tickmarks represent the reflections for R 3̅m, 𝐹𝑑3̅𝑚, 
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C2/c and I41/amd space groups for the delafossite (A), cubic spinel (B), CuO (C) and tetrahedral spinel (D) 

phases respectively. 

 
Figure 4-3(c) Variable temperature X-ray diffractograms for the series CuFe1-xCrxO2 between 25 – 800 °C, 
where  (c) x = 0.25, (d) x = 0.5, (e) x = 0.8 and (f) x = 1. Initial diffractograms show increasing temperature, 
second diffractograms show decreasing temperature. Tickmarks represent the reflections for R 3̅m, 𝐹𝑑3̅𝑚, 
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C2/c and I41/amd space groups for the delafossite (A), cubic spinel (B), CuO (C) and tetrahedral spinel (D) 

phases respectively. 
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Figure 4-3 Variable temperature X-ray diffractograms for the series CuFe1-xCrxO2 between 25 – 800 °C, 
where (a) x = 0, (b) x = 0.25, (c) x = 0.5, (d) x = 0.8 and (e) x = 1. Initial diffractograms show increasing 
temperature, second diffractograms show decreasing temperature. Tickmarks represent the reflections for 
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R 3̅m, 𝐹𝑑3̅𝑚, C2/c and I41/amd space groups for the delafossite (A), cubic spinel (B), CuO (C) and tetrahedral 

spinel (D) phases respectively. 
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Figure 4-7 Neutron powder diffractograms in vacuum at increasing temperatures for the series CuFe1-xCrxO2 

series , where (c) x = 0.25 and (d) x = 0.5.  
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Figure 4-12 Neutron powder diffraction patterns for CuFe1-xCrxO2 series, where (c) x = 0.25 in 21 % O2 

atmosphere and (d) x = 0.5 in 21 % O2 atmosphere. Tickmarks represent the reflections for R 3̅m, 𝐹𝑑3̅𝑚 and 

C2/c and I41/amd space groups for the delafossite (A), cubic spinel (B) and CuO (C) phases respectively. 

 



201 

 

6.2 Appendix 2a – GSAS quality of fit plots 

CuFeO2 -  300K, vacuum 

CuFeO2 -  823K, vacuum 
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CuFeO2 -  823K, O2 

CuFeO2 -  1073K, vacuum 
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CuFe0.75Cr0.25O2 –  300K, 

vacuum 

CuFeO2 -  1073K, O2 
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CuFe0.5Cr0.5O2 –  300K, vacuum 

CuFe0.75Cr0.25O2 –  1073K, O2, 

fixed cation occupancies 
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CuFe0.5Cr0.5O2 –  1073K, O2, 

fixed cation occupancies 

CuFe0.75Cr0.25O2 –  1073K, O2, 

fixed Cu 
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CuFe0.5Cr0.5O2 –  1073K, O2, 

fixed Cu 

CuFe0.75Cr0.25O2 –  1073K, O2, 

Dual refinement 
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6.3 Appendix 2b – GSAS crystallographic models 

CuFeO2 -  300K, vacuum 

Atom Wyckoff 

Positon 

X Y Z Occupancy Uiso (x100) 

(Å2) 

Cu 3a 0 0 0 1 0.769(17) 

Fe 3b 0 0 0.5 1 0.175(14) 

O 6c 0 0 0.1072 1 0. 289(15) 

 

CuFeO2 -  823K, vacuum 

Atom Wyckoff 

Positon 

X Y Z Occupancy Uiso (x100) 

(Å2) 

Cu 3a 0 0 0 1 2.262 

Fe 3b 0 0 0.5 1 0. 77(4) 

O 6c 0 0 0.1072 1 1.22(5) 

 

CuFeO2 -  823K, O2 atm 

Atom Wyckoff 

Positon 

X Y Z Occupancy Uiso (x100) 

(Å2) 

Cu 3a 0 0 0 1 2.806 

Fe 3b 0 0 0.5 1 1.288 

O 6c 0 0 0.10644 1 1.281 

 

 

 

CuFe2O4 -  823K, O2 atm 

Atom Wyckoff 

Positon 

X Y Z Occupancy Uiso (x100) 

(Å2) 

Fe1 8a 0.125 0.125 0.125 0.5 3.412 

Cu1 8a 0.125 0.125 0.125 0.5 3.412 

Fe2 16d 0.5 0.5 0.5 0.5 2.542 

Cu2 16d 0.5 0.5 0.5 0.5 2.542 

O 32e 0.25229 0.25229 0.25229 1 3.34 
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CuO -  823K, O2 atm 

Atom Wyckoff 

Positon 

X Y Z Occupancy Uiso (x100) 

(Å2) 

Cu 4c 0.25 0.25 0 1 1.001 

O 4e 0 0.5822 0.25 1 1.001 

 

CuFeO2 -  1073K, O2 atm 

Atom Wyckoff 

Positon 

X Y Z Occupancy Uiso 

(x100) 

(Å2) 

Cu 3a 0 0 0 1 4.021 

Fe 3b 0 0 0.5 1 2.136 

O 6c 0 0 0.1069360(0) 1 2.495 

 

CuFe2O4 -  -  1073K, O2 atm 

Atom Wyckoff 

Positon 

X Y Z Occupancy Uiso (x100) 

(Å2) 

Fe1 8a 0.125 0.125 0.125 0.76(4) 2.767 

Cu1 8a 0.125 0.125 0.125 0.24(4) 2.767 

Fe2 16d 0.5 0.5 0.5 0.51(6) 2.767 

Cu2 16d 0.5 0.5 0.5 0.49(6) 2.767 

O 32e 0.25658 0.25658 0.25658 0.9952 3.493 

 

CuO -  1073K, O2 atm 

Atom Wyckoff 

Positon 

X Y Z Occupancy Uiso (x100) 

(Å2) 

Cu 4c 0.25 0.25 0 1 4.191 

O 4e 0 0.41626 0.25 1 1.262 

 

CuFe0.75Cr0.25O2 -  300K, vacuum 
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Atom Wyckoff 

Positon 

X Y Z Occupancy Uiso (x100) 

(Å2) 

Cu 3a 0 0 0 1 1.000(7) 

Fe 3b 0 0 0.5 0.752(4) 0.560 

Cr 3b 0 0 0.5 0.248(4) 0.560 

O 6c 0 0 0.1072 1 0.631 

 

CuFe0.5Cr0.5O2 -  300K, vacuum 

Atom Wyckoff 

Positon 

X Y Z Occupancy Uiso (x100) 

(Å2) 

Cu 3a 0 0 0 1 0.656 

Fe 3b 0 0 0.5 0.481(3) 0.218 

Cr 3b 0 0 0.5 0.519(4) 0.218 

O 6c 0 0 0.1072 1 0.367 

 

CuFe2O4 – occupancies fixed, x = 0.25 Cr -  1073K, O2 atm 

Atom Wyckoff 

Positon 

X Y Z Occupancy Uiso (x100) 

(Å2) 

Fe1 8a 0.125 0.125 0.125 0.4929 1.56 

Cu1 8a 0.125 0.125 0.125 0.3356 1.56 

Fe2 16d 0.5 0.5 0.5 0.3347 2.277 

Cu2 16d 0.5 0.5 0.5 0.4688 2.277 

Cr1 8a 0.125 0.125 0.125 0.1715 1.56 

Cr2 16d 0.5 0.5 0.5 0.1965 2.277 

O 32e 0.25664 0.25664 0.25664 1 2.411 

 

CuFe2O4 – occupancies fixed, x = 0.5 Cr -  1073K, O2 atm 

Atom Wyckoff 

Positon 

X Y Z Occupancy Uiso (x100) 

(Å2) 

Fe1 8a 0.125 0.125 0.125 0.3322 1.56 

Cu1 8a 0.125 0.125 0.125 0.3356 1.56 

Fe2 16d 0.5 0.5 0.5 0.2656 2.277 

Cu2 16d 0.5 0.5 0.5 0.4688 2.277 
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Cr1 8a 0.125 0.125 0.125 0.3322 1.56 

Cr2 16d 0.5 0.5 0.5 0.2656 2.277 

O 32e 0.25658 0.25658 0.25658 1 2.411 

 

CuFe2O4 – fixed Cu, x = 0.25 Cr -  1073K, O2 atm 

Atom Wyckoff 

Positon 

X Y Z Occupancy Uiso (x100) 

(Å2) 

Fe1 8a 0.125 0.125 0.125 0.4929 1.56 

Cu1 8a 0.125 0.125 0.125 0.3356(9) 1.56 

Fe2 16d 0.5 0.5 0.5 0.3347(9) 2.277 

Cu2 16d 0.5 0.5 0.5 0.4688 2.277 

Cr1 8a 0.125 0.125 0.125 0.1715(11) 1.56 

Cr2 16d 0.5 0.5 0.5 0.1965(18) 2.277 

O 32e 0.25664 0.25664 0.25664 1 2.411 

 

CuFe2O4 –fixed Cu, x = 0.5 Cr -  1073K, O2 atm 

Atom Wyckoff 

Positon 

X Y Z Occupancy Uiso (x100) 

(Å2) 

Fe1 8a 0.125 0.125 0.125 0.442(7) 1.56 

Cu1 8a 0.125 0.125 0.125 0.3356 1.56 

Fe2 16d 0.5 0.5 0.5 0.161(5) 2.277 

Cu2 16d 0.5 0.5 0.5 0.4688 2.277 

Cr1 8a 0.125 0.125 0.125 0.222(11) 1.56 

Cr2 16d 0.5 0.5 0.5 0.370(2) 2.277 

O 32e 0.25658 0.25658 0.25658 1 2.411 

 

CuFe2O4 –dual refinement, x = 0.25 Cr -  1073K, O2 atm 

Atom Wyckoff 

Positon 

X Y Z Occupancy Uiso (x100) 

(Å2) 

Fe1 8a 0.125 0.125 0.125 0.4867 1.713 

Cu1 8a 0.125 0.125 0.125 0.2568 1.713 

Fe2 16d 0.5 0.5 0.5 0.3581 2.277 

Cu2 16d 0.5 0.5 0.5 0.2146 2.277 
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Cr1 8a 0.125 0.125 0.125 0.1949 1.713 

Cr2 16d 0.5 0.5 0.5 0.187 2.277 

Crfak1 8a 0.125 0.125 0.125 0.0617 1.713 

Crfak2 16d 0.5 0.5 0.5 0.2403 2.277 

O 32e 0.25664 0.25664 0.25664 1 2.411 

 

CuFe2O4 –dual refinement, x = 0.5 Cr -  1073K, O2 atm 

Atom Wyckoff 

Positon 

X Y Z Occupancy Uiso (x100) 

(Å2) 

Fe1 8a 0.125 0.125 0.125 0.3623 1.146 

Cu1 8a 0.125 0.125 0.125 0.2174 1.146 

Fe2 16d 0.5 0.5 0.5 0.3718 2.575 

Cu2 16d 0.5 0.5 0.5 0.1972 2.575 

Cr1 8a 0.125 0.125 0.125 0.2004 1.146 

Cr2 16d 0.5 0.5 0.5 0.3372 2.575 

Crfak1 8a 0.125 0.125 0.125 0.1199 1.146 

Crfak2 16d 0.5 0.5 0.5 0.0938 2.575 

O 32e 0.25658 0.25658 0.25658 1 2.643 
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6.4 Appendix 2c – Calculated bond distances and angles 

 CuFeO2 300K, vacuum     
 
  Vector         Length           Optr Cell        Neighbor atom coordinates 

      Cu1_O1          1.83358(1)         1 0 0 0     0.00000   0.00000   0.10720 

       
 

            Angle             Degrees         atom 1 loc  atom 3 loc 

          O1_Cu1_O1          180.000(0)         1 0 0 0    -1 0 0 0 
 

       Vector         Length           Optr Cell        Neighbor atom coordinates 

      Fe1_O1          2.02009(0)      -101-1-1 0    -0.66667  -0.33333   0.55946 

 

            Angle             Degrees         atom 1 loc  atom 3 loc 

          O1_Fe1_O1           96.879(0)      -101-1-1 0  -101 0-1 0 

          O1_Fe1_O1           83.121(0)      -101-1-1 0   201-1-1 0 

          O1_Fe1_O1          180.000(0)      -101-1-1 0   201 0 0 0 

           
 

       Vector         Length           Optr Cell        Neighbor atom coordinates 

       O1_Cu1         1.83358(1)         1 0 0 0     0.00000   0.00000   0.00000 

       O1_Fe1         2.02009(0)       101-1-1-1    -0.66667  -0.33333   0.16667 

 

            Angle             Degrees         atom 1 loc  atom 3 loc 

         Cu1_O1_Fe1          120.230(0)         1 0 0 0   101-1-1-1 

         Fe1_O1_Fe1           96.879(0)       101-1-1-1   101 0-1-1 
 

CuFeO2 823K, vacuum      
  
 Vector         Length           Optr Cell        Neighbor atom coordinates 

 Cu1_O1          1.83568(2)         1 0 0 0     0.00000   0.00000   0.10720 

 
            Angle             Degrees         atom 1 loc  atom 3 loc 

          O1_Cu1_O1          180.000(0)         1 0 0 0    -1 0 0 0 
 

       Vector         Length           Optr Cell        Neighbor atom coordinates 

      Fe1_O1          2.02916(1)      -101-1-1 0    -0.66667  -0.33333   0.55946 

 
            Angle             Degrees         atom 1 loc  atom 3 loc 

          O1_Fe1_O1           97.025(0)      -101-1-1 0  -101 0-1 0 

          O1_Fe1_O1           82.975(0)      -101-1-1 0   201-1-1 0 

          O1_Fe1_O1          180.000(0)      -101-1-1 0   201 0 0 0 
 

       Vector         Length           Optr Cell        Neighbor atom coordinates 

       O1_Cu1         1.83568(2)         1 0 0 0     0.00000   0.00000   0.00000 
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       O1_Fe1         2.02916(1)       101-1-1-1    -0.66667  -0.33333   0.16667 
 

            Angle             Degrees         atom 1 loc  atom 3 loc 

         Cu1_O1_Fe1          120.119(0)         1 0 0 0   101-1-1-1 

         Fe1_O1_Fe1           97.025(0)       101-1-1-1   101 0-1-1 

 

  CuFeO2 823K, O2       
    
  Vector         Length           Optr Cell        Neighbor atom coordinates 

      Cu1_O1          1.83083(6)         1 0 0 0     0.00000   0.00000   0.10644 

 

            Angle             Degrees         atom 1 loc  atom 3 loc 

          O1_Cu1_O1          180.000(0)         1 0 0 0    -1 0 0 0  

       Vector         Length           Optr Cell        Neighbor atom coordinates 

      Fe1_O1          2.04445(3)      -101-1-1 0    -0.66667  -0.33333   0.56023 

 

            Angle             Degrees         atom 1 loc  atom 3 loc 

          O1_Fe1_O1           96.592(1)      -101-1-1 0  -101 0-1 0 

          O1_Fe1_O1           83.408(1)      -101-1-1 0   201-1-1 0 

          O1_Fe1_O1          180.000(0)      -101-1-1 0   201 0 0 0  

       Vector         Length           Optr Cell        Neighbor atom coordinates 

       O1_Cu1         1.83083(6)         1 0 0 0     0.00000   0.00000   0.00000 

       O1_Fe1         2.04445(3)       101-1-1-1    -0.66667  -0.33333   0.16667  

            Angle             Degrees         atom 1 loc  atom 3 loc 

         Cu1_O1_Fe1          120.448(1)         1 0 0 0   101-1-1-1 

         Fe1_O1_Fe1           96.592(1)       101-1-1-1   101 0-1-1 

 

CuFeO2 1073K, O2       
   
     Vector         Length           Optr Cell        Neighbor atom coordinates 

      Cu1_O1          1.83971(0)         1 0 0 0     0.00000   0.00000   0.10694 

 

            Angle             Degrees         atom 1 loc  atom 3 loc 

          O1_Cu1_O1          180.000(0)         1 0 0 0    -1 0 0 0  

       Vector         Length           Optr Cell        Neighbor atom coordinates 

      Fe1_O1          2.04607(0)      -101-1-1 0    -0.66667  -0.33333   0.55973  

            Angle             Degrees         atom 1 loc  atom 3 loc 

          O1_Fe1_O1           96.987(0)      -101-1-1 0  -101 0-1 0 

          O1_Fe1_O1           83.013(0)      -101-1-1 0   201-1-1 0 
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          O1_Fe1_O1          180.000(0)      -101-1-1 0   201 0 0 0 

 

       Vector         Length           Optr Cell        Neighbor atom coordinates 

       O1_Cu1         1.83971(0)         1 0 0 0     0.00000   0.00000   0.00000 

       O1_Fe1         2.04607(0)       101-1-1-1    -0.66667  -0.33333   0.16667 

 

            Angle             Degrees         atom 1 loc  atom 3 loc 

         Cu1_O1_Fe1          120.148(0)         1 0 0 0   101-1-1-1 

         Fe1_O1_Fe1           96.987(0)       101-1-1-1   101 0-1-1 

 

Spinel CuFe2O4 1073K, O2    
 
    Vector         Length           Optr Cell        Neighbor atom coordinates 

      Cu1_O1          1.92878(1)         1 0 0 0     0.25658   0.25658   0.25658 

 

            Angle             Degrees         atom 1 loc  atom 3 loc 

          O1_Cu1_O1          109.471(0)         1 0 0 0   107 0-1-1  

       Vector         Length           Optr Cell        Neighbor atom coordinates 

      Cu2_O1          2.06158(1)         4 0 0 1     0.50658   0.50658   0.74342  

            Angle             Degrees         atom 1 loc  atom 3 loc 

          O1_Cu2_O1           86.863(0)         4 0 0 1     5 1 0 0 

          O1_Cu2_O1          180.000(0)         4 0 0 1    -4 1 1 0 

          O1_Cu2_O1           93.137(0)         4 0 0 1    -5 0 1 1  

       Vector         Length           Optr Cell        Neighbor atom coordinates 

      Fe1_O1          1.92878(1)         1 0 0 0     0.25658   0.25658   0.25658 

 

            Angle             Degrees         atom 1 loc  atom 3 loc 

          O1_Fe1_O1          109.471(0)         1 0 0 0   107 0-1-1 

 

       Vector         Length           Optr Cell        Neighbor atom coordinates 

      Fe2_O1          2.06158(1)         4 0 0 1     0.50658   0.50658   0.74342 

 

 
       Vector         Length           Optr Cell        Neighbor atom coordinates 

      Fe2_O1          2.06158(1)        -4 1 1 0     0.49342   0.49342   0.25658  

            Angle             Degrees         atom 1 loc  atom 3 loc 

          O1_Fe2_O1           86.863(0)         4 0 0 1     5 1 0 0 

          O1_Fe2_O1          180.000(0)         4 0 0 1    -4 1 1 0 

          O1_Fe2_O1           93.137(0)         4 0 0 1    -5 0 1 1  
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       Vector         Length           Optr Cell        Neighbor atom coordinates 

       O1_Cu1         1.92878(1)         1 0 0 0     0.12500   0.12500   0.12500 

       O1_Cu2         2.06158(1)        -4 1 1 0     0.25000   0.25000   0.50000 

       O1_Fe1         1.92878(1)         1 0 0 0     0.12500   0.12500   0.12500 

       O1_Fe2         2.06158(1)        -4 1 1 0     0.25000   0.25000   0.50000  

            Angle             Degrees         atom 1 loc  atom 3 loc 

         Cu1_O1_Cu2          123.075(0)         1 0 0 0    -4 1 1 0 

         Cu1_O1_Fe1            0.000(0)         1 0 0 0     1 0 0 0 

         Cu1_O1_Fe2          123.075(0)         1 0 0 0    -4 1 1 0 

         Cu2_O1_Cu2           93.053(0)        -4 1 1 0    -5 0 1 1 

         Cu2_O1_Fe2            0.000(0)        -4 1 1 0    -4 1 1 0 

         Cu2_O1_Fe2           93.053(0)        -4 1 1 0    -5 0 1 1 
 

            Angle             Degrees         atom 1 loc  atom 3 loc 

         Fe1_O1_Fe2          123.075(0)         1 0 0 0    -6 1 0 1 

         Fe2_O1_Fe2           93.053(0)        -4 1 1 0    -5 0 1 1 

 

CuO 1073K, O2 
     
   Vector         Length           Optr Cell        Neighbor atom coordinates 

      Cu1_Cu1         2.92624(15)       -1 0 0 0    -0.25000  -0.25000   0.00000 

      Cu1_O1          1.96934(10)        1 0 0 0     0.00000   0.41626   0.25000 

 

            Angle             Degrees         atom 1 loc  atom 3 loc 

          O1_Cu1_O1           84.278(4)         1 0 0 0    -1 0 1 0 

          O1_Cu1_O1           95.722(4)         1 0 0 0   101 0-1 0 

          O1_Cu1_O1          180.000(0)         1 0 0 0  -101 0 0 0  

       Vector         Length           Optr Cell        Neighbor atom coordinates 

       O1_Cu1         1.96934(10)        1 0 0 0     0.25000   0.25000   0.00000 

 

            Angle             Degrees         atom 1 loc  atom 3 loc 

         Cu1_O1_Cu1          146.239(3)         1 0 0 0     2 0 0 0 

         Cu1_O1_Cu1           95.722(4)         1 0 0 0    -1 0 1 0 

         Cu1_O1_Cu1          103.740(4)         1 0 0 0    -2 0 1 1 

         Cu1_O1_Cu1          109.005(5)        -1 0 1 0    -2 0 1 1 
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6.5 Appendix 3 – Impedance fitting values 

CuCrO2 Ink-YSZ symmetrical cell 
T (°C) T(K) L RS (Ω) R1 (Ω) CPE2-T CPE2-P R2 (Ω) CPE2-T CPE2-P 

700 973.15 
3.35E-

06 
9.745 0.99897 

2.56E-
03 

0.77 45.26 
3.24E-

03 
0.64 

750 1023.15 
3.28E-

06 
7.613 0.32408 

1.45E-
03 

0.82 7.268 
1.77E-

02 
0.63 

800 1073.15 
3.28E-

06 
6.399 0.11729 

2.95E-
03 

0.86 1.236 
4.05E-

02 
0.64 

 

CuCr0.98Mg0.02O2 Ink-YSZ symmetrical cell 

T (°C) T(K) L RS (Ω) R1 (Ω) CPE2-T CPE2-P R2 (Ω) CPE2-T CPE2-P 

700 973.15 
3.34E-

06 8.912 2.399 
1.28E-

03 0.77 21.61 
2.86E-

03 0.63 

750 1023.15 
3.21E-

06 7.235 0.47693 
2.85E-

03 0.73 7.8 
1.04E-

02 0.61 

800 1073.15 
3.26E-

06 6.014 0.18497 
2.04E-

03 0.88 1.688 
2.54E-

02 0.70 

 

CuCr0.975Mg0.025O2 Ink-YSZ symmetrical cell 
T (°C) T(K) L RS (Ω) R1 (Ω) CPE2-T CPE2-P R2 (Ω) CPE2-T CPE2-P 

700 973.15 
3.35E-

06 10.06 3.41 
2.87E-

03 0.68 53.28 
1.44E-

03 0.71 

750 1023.15 
3.40E-

06 7.875 1.623 
3.48E-

03 0.64 9.1 
1.05E-

02 0.75 

800 1073.15 
3.69E-

06 6.595 0.70701 
3.60E-

03 0.67 2.104 
2.05E-

02 0.74 

 

CuCrO2 Ink with 9wt% ceria-YSZ symmetrical cell 

T (°C) T(K) L RS (Ω) R1 (Ω) CPE2-T CPE2-P R2 (Ω) CPE2-T CPE2-P 

650 923.15 
2.82E-

06 33.04 39.02 
9.60E-

04 0.76 50.19 
1.01E-

02 0.24 

750 1023.15 
3.06E-

06 15.7 4.198 
1.94E-

03 0.71 3.692 
1.43E-

02 0.34 

800 1073.15 
3.08E-

06 12.19 1.352 
1.38E-

03 0.82 3.086 
4.59E-

03 0.49 

 

CuCr0.975Mg0.025O2   Ink with 9wt% ceria-YSZ symmetrical cell 

T (°C) T(K) L RS (Ω) R1 (Ω) CPE2-T CPE2-P R2 (Ω) CPE2-T CPE2-P 

650 923.15 
3.36E-

06 18.53 5.571 
1.37E-

03 1.09 72.25 
9.69E-

04 0.59 

750 1023.15 
3.33E-

06 9.148 1.679 
1.20E-

03 0.97 10.01 
1.40E-

03 0.63 
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800 1073.15 
3.29E-

06 7.567 0.6148 
1.50E-

03 0.99 4.222 
2.13E-

03 0.64 

 

CuCrO2 Ink and 20wt% YSZ composite-YSZ symmetrical cell 
T (°C) T(K) L RS (Ω) R1 (Ω) CPE2-T CPE2-P R2 (Ω) CPE2-T CPE2-P 

700 973.15 
3.16E-

06 13.72 1.591 
9.75E-

04 0.80 15.89 
1.62E-

03 0.60 

750 1023.15 
3.14E-

06 10.15 0.997 
4.50E-

03 0.72 4.103 
2.51E-

03 0.65 

800 1073.15 
3.06E-

06 8.179 0.36693 
4.30E-

03 0.87 1.489 
4.30E-

03 0.65 

 

20wt% CuCrO2 infiltrated into YSZ skeleton-YSZ symmetrical cell 
T (°C) T(K) L RS (Ω) R1 (Ω) CPE2-T CPE2-P R2 (Ω) CPE2-T CPE2-P 

650 923.15 
2.19E-

06 19.89 6.729 
9.84E-

03 0.64 54.42 
4.02E-

03 0.17 

750 1023.15 
2.68E-

06 13.55 7.815 
1.64E-

03 0.66 9.607 
2.64E-

03 0.39 

800 1073.15 
2.77E-

06 10.33 3.063 
7.50E-

04 0.80 8.514 
1.62E-

03 0.48 

 

CuCr0.8Fe0.2O2 Ink -YSZ symmetrical cell 

T (°C) T(K) L RS (Ω) R1 (Ω) CPE2-T CPE2-P R2 (Ω) CPE2-T CPE2-P 

700 973.15 
3.02E-

06 20.34 195.8 
9.07E-

05 0.83 1064 
1.17E-

04 0.78 

750 1023.15 
3.13E-

06 9.786 51.22 
1.28E-

04 0.83 148.6 
3.09E-

04 0.77 

800 1073.15 
3.20E-

06 7.989 0.77201 
1.89E-

04 0.92 34.8 
9.25E-

04 0.71 

 

CuCr0.8Fe0.2O2 Ink with 50wt% YSZ-YSZ symmetrical cell 1000°C sinter 

T (°C) T(K) L RS (Ω) R1 (Ω) CPE2-T CPE2-P R2 (Ω) CPE2-T CPE2-P 

700 973.15 
3.00E-

06 6.459 3.467 
1.40E-

02 0.72 18.94 
1.09E-

02 0.37 

750 1023.15 
3.00E-

06 5.87 0.46516 
8.01E-

06 0.79 3.502 
2.34E-

02 0.46 

800 1073.15 
3.00E-

06 5.476 0.020277 
2.83E-

04 1.09 1.112 
2.73E-

02 0.52 

 

CuCr0.8Fe0.2O2 Ink with 50wt% GDC-YSZ symmetrical cell 1000°C sinter 

T (°C) T(K) L RS (Ω) R1 (Ω) CPE2-T CPE2-P R2 (Ω) CPE2-T CPE2-P 

600 873.15 
2.85E-

06 14.46 26.48 
3.49E-

04 0.62 281.9 
8.45E-

04 0.55 
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6 
50 923.15 

2.85E-
06 9.799 8 

3.34E-
04 0.69 76.41 

1.45E-
03 0.55 

700 973.15 
2.85E-

06 7.163 3.114 
4.52E-

03 0.65 12.53 
1.47E-

02 0.59 

 

CuCr0.8Fe0.2O2 Ink with 50wt% GDC-YSZ symmetrical cell 1200°C sinter 

T (°C) T(K) L RS (Ω) R1 (Ω) CPE2-T CPE2-P R2 (Ω) CPE2-T CPE2-P 

700 973.15 
3.00E-

06 6.531 1.069 
7.49E-

04 0.74 18.73 
8.27E-

03 0.42 

750 1023.15 
3.00E-

06 5.8 0.40769 
6.67E-

02 0.86 2.711 
3.19E-

02 0.45 

800 1073.15 
3.00E-

06 5.343 0.14299 
8.62E-

02 0.77 1.093 
4.20E-

02 0.47 

 


