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Abstract 

Two general systems, brownmillerite-type Ba2In2O5 and apatite-type silicates have been 

investigated for potential solid oxide fuel cell electrolyte applications. The combination 

of powder diffraction, NMR, TGA, Raman and AC impedance spectroscopy indicated 

the successful incorporation of phosphate, sulphate and silicate into the Ba2In2O5 

structure leading to a transition from an ordered brownmillerite-type structure to a 

disordered perovskite-type, which led to the conductivity enhancement below 800 °C, 

along with a significant protonic contribution in wet atmospheres. The CO2 stability was 

also shown to be improved on doping. This oxyanion doping strategy has been extended 

to the analogous system, Ba2Sc2O5, which resulted in samples with high conductivity 

and good stability towards CO2. 

Neutron diffraction studies on La9.6Si6O26.4 indicated that the interstitial oxide ion is 

located near the channel centre. Further interstitial anions could be accommodated 

through hydration, which led to displacement of the interstitial site away from the 

channel centre, with an accompanying swelling of the channel. Although long term 

annealing of these apatite silicates showed no apparent significant structural change, a 

reduction in the bulk conductivity was observed, while the grain boundary conductivity 

was improved, thus resulting in a small enhancement in the total conductivity below 

400 °C. 
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Chapter 1 1

Chapter 1 Introduction 

Fossil fuels including coal, oil and natural gas have been the main energy source for human 

activities since the industrial revolution. Their contribution to the advancement of the 

civilisation for the past 200 years is undoubted. However, the growing concerns over their 

limited reserves, consequent environmental pollution, unstable price and supply have resulted 

in a progressive swing to the development of alternative energy sources as well as more 

efficient energy conversion devices [1-5]. 

 

1.1 Fuel Cells 

A fuel cell is an electrochemical energy conversion device that requires a constant feed of 

a fuel (e.g. hydrogen, hydrocarbons or alcohols) and an oxidant (e.g. air/oxygen) like a 

combustion engine, but the main reaction for the energy conversion is governed by an 

electrochemical reaction as in a battery, rather than combustion of a fuel. The efficiency of 

fuel cells is generally high, owing to the direct energy conversion of chemical energy to 

electrical energy. The products vary depending on the fuel, but in the case of hydrogen, the 

by-product is only water [6-9]. Fuel cell systems have much fewer moving parts compared to 

combustion engines which leads to quiet, reliable and long lasting systems. Thus, they are 

ideal for mobile power systems as well as combined heat and power systems (CHP) for a 

stationary application. 

The fuel cell was identified in the nineteenth century as the reverse process of the 

electrolysis of water. Sir William Robert Grove converted hydrogen and oxygen into water 

using platinum electrodes in a sulphuric acid electrolyte [10], and the electrochemical reaction 

produced heat and electrical energy to an external circuit: the electrochemical reactions on 

each electrode for a hydrogen fuel cell are: 
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 Anode  H2 → 2H
+
 + 2e

−
 

 Cathode ½O2 + 2e
−
 + 2H

+
 → H2O 

 Overall H2 + ½O2 → H2O     (1.1.1) 

 

1.1.1 Fuel Cell Efficiency 

The maximum efficiency of conventional heat engines, having the maximum temperature 

of T1 (in Kelvin), and the temperature of heat sink of T2, is given by: 

Carnot limit = 
1

21

T

TT −
       (1.1.2) 

This limit is due to the inevitable waste of heat energy proportional to T2. The efficiency 

generally increases with the operating temperature of the heat engine (Fig. 1.1.1). 

 

 

Fig. 1.1.1 Maximum efficiency of H2 fuel cell at standard pressure with the steam 

product compared to the Carnot limit with a 50 °C exhaust temperature. 

Reproduced with permission from [11]. 
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Because no heat energy is involved in the energy conversion process of an ideal fuel cell, 

they are not affected by the Carnot limit. Their efficiency is generally expressed with the 

thermodynamic efficiency, that is the comparison between the electrical energy converted per 

mole, fG∆ , and enthalpy released per mole, fH∆ , by the reaction:  
f

f

H

G

∆

∆
=η . Thus, unlike 

heat engines, the efficiency of fuel cells, using H2 as fuel, decreases with temperature as 

Gibbs free energy, fG∆  becomes less negative with temperature due to the greater 

contribution of entropy at higher temperatures (Fig. 1.1.1). However, other fuels, such as 

methane, have a different fG∆ change over the temperature, and thus fuel cells using different 

fuels show different maximum efficiencies at their operating temperatures. 

Other than a fuel contribution, the activity of reactants (
2Ha  and 

2Oa ) and products ( OHa
2

) 

at the triple phase boundary (TPB - where reactant gas, electrolyte and current collector for 

electrons meet together) also contribute to the Gibbs free energy and this can be predicted by 

using the Nernst equation, 

 
















⋅

⋅+∆=∆
2

1

0

22

2ln

OH

OH

f

aa

a
RTGG

f
     (1.1.3) 

where R is the gas constant (8.314 J K
−1

 mol
−1

) and T is temperature in Kelvin. At high 

operating temperature, it can be assumed the gases behave ideally, and thus the activity of 

gases is identical to the partial pressure, 
0

2

2 p

p
a

H

H ≈ . Then, the efficiency can be rewritten: 

 
















⋅

⋅+∆=∆
2

1

0

22

2ln

OH

OH

pp

p
RTGG

ff
     (1.1.4) 
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Thus the partial pressures of the gases involved in the reaction are factors that determine the 

efficiency of a fuel cell system.  

 

1.1.2 Fuel Cell Voltage 

Electrical work done (energy) is the product of charge and electric potential. The reaction 

for equation 1.1.1 involves two electrons, thus 

 Electrical energy converted = − 2FE 

where F is the Faraday constant (F = eNA = 96485 C mol
-1

) and E is the electric potential. If 

the system is reversible, electrical energy = FEG f 2−=∆ , thus: 

 
F

G
E

f

2

∆
−=         (1.1.5) 

This is either called the open circuit voltage (OCV) or the electromotive force (EMF) for fuel 

cell operation. 

 

 

Fig. 1.1.2 Plot showing typical voltage losses for a low temperature fuel cell  

  fed with hydrogen and air [11]. 
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In practice, a lower value of voltage is obtained due to the various losses involved in the 

fuel cell operation, 

 Vcell = Ethermo – Vact – Vohmic – Vconc     (1.1.6) 

where, Vcell is the fuel cell voltage output under operating condition (i.e. with current drawn), 

Vact is the activation losses, Vohmic is the ohmic losses, Vconc is the mass transport losses and 

Ethermo is the thermodynamically predicted potential for the reaction, which is analogous to 

equation 1.1.4, 

 
















⋅

⋅−=

2

1

0

22

2ln
2

OH

OH

thermo

pp

p

F

RT
EE      (1.1.7) 

Activation losses are due to the kinetics of the electrode reaction taking place at the TPB, 

and this is generally analysed with a Tafel plot (Fig. 1.1.3) and given by the equation: 

   







⋅=∆

0

log
i

i
aVact        (1.1.8) 

where a is the slope of Tafel plot, i is the current and i0 is the exchange current density and 

only when i > i0, is the equation valid. For a two electron process, the slope is given by, 

F

RT
a

α2
=         (1.1.9) 

where α is the charge transfer coefficient and is proportional to the energy required for the 

reaction to proceed. 
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Fig. 1.1.3 A Tafel plot showing the variation of the quantities involved in the Tafel 

equation [11]. 

 

The term i0 is one of the most important parameters for the fuel cell electrode. This is the 

current at open circuit, which is in equilibrium, such that the rate of both forward and reverse 

reaction is the same. Therefore, a high i0 value means more active sites in the electrode, and 

most importantly, there are no activation losses below i0. Generally i0 for a cathode (oxygen 

reduction reaction) is several orders of magnitude lower than the anode (hydrogen oxidation 

reaction), and thus the i0 of the anode is often excluded from calculations. As activation losses 

are related to the activation barrier for the reaction profile, it can be reduced with an increase 

in the operating temperature, by using a more effective catalyst, or an electrode design with a 

much greater TPB area. 

Ohmic losses are the energy losses on the movement of charge carriers thorough the cell 

components, and the rate of the energy loss, P with current, I is given by: 

P = I
2
R         (1.1.10) 

where R is the resistance of the component. The electrolyte is the most resistive component of 

the cell, and in order to reduce these losses, a thin electrolyte membrane (inter-electrode 

distance in case of aqueous or liquid electrolyte) is typically employed. 

0 log i (mA cm−2) 

V
a
c
t (

V
) 

log i0 
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Mass transport losses are due to the limitation of supply of reactants to, and removal of 

products from the TPB. When a high current is drawn from a fuel cell system, a large 

continuous feed of fuel and oxidant are required to sustain the high rate of the reaction. Thus, 

high partial pressures of the gases, and a good electrode design, to enhance the efficiency of 

the diffusion process, are desired to reduce these mass transport losses. 

 

1.1.3 Fuel Cell Types 

A list of common fuel cell types and their characteristics and reactions are given in table 

1.1.1 and Fig. 1.1.4.  Each system has its own unique advantages and disadvantages, and thus 

different types of fuel cells are adopted for different applications. 

For example, the PEMFC is ideal for mobile applications due to the use of a solid 

membrane electrolyte and its low operating temperature. The U.S. government has been 

investigating PEMFC heavily for the replacement of the ICE in the transportation sector [12]. 

However, the relatively high cost of the sulfonated tetrafluorethylene-based membrane, the 

tricky water management for the membrane, and low tolerance towards carbon monoxide are 

the main problems for commercialisation. 

The alkaline fuel cell (AFC) can be constructed at lower cost than a PEMFC, because it 

has relatively faster kinetics for the oxygen reduction reaction, owing to the high pH of the 

electrolyte, and thus non-precious metal catalysts can be utilised. Furthermore, the electrolyte, 

aqueous KOH, is much cheaper compared to polymer membranes, and thus a low cost system 

is possible. However, carbon dioxide has to be removed when air is used as the oxidant, 

because of the resulting precipitation of potassium carbonate, lowering the conductivity of the 

electrolyte and blocking the active sites on the electrode. 
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Table 1.1.1 Fuel cell types and characteristics. Reprinted with permission from [11]. 

Fuel cell 

type 

Operating 

temperature 

(°C) 

Electrolyte Catalyst Fuel Application 

Proton 

exchange 

membrane 

(PEMFC) 

30−100 

Sulfonated 

PTFE 

membrane 

Platinum 

H2, 

methanol 

(DMFC) 

Transportation 

Portable power 

Alkaline 

(AFC) 
50−100 

Potassium 

hydroxide 

Platinum, 

nickel, 

silver 

H2 
Speciality 

vehicles 

Phosphoric 

acid (PAFC) 
~200 

Phosphoric 

acid 
Platinum H2, CO Large scale CHP 

Molten 

carbonate 

(MCFC) 

~650 
Alkali metal 

carbonate 
Nickel 

H2, CH4, 

natural gas 

Medium to large 

scale CHP 

Solid oxide 

(SOFC) 
500−1000 Ceramic 

Mixed 

metal 

oxide, Ni 

H2, CH4, 

natural gas 

Small to large 

scale CHP 

 

 

 

Fig. 1.1.4 Anode and cathode reactions with different types of Fuel cells. 

Type Anode Electrolyte Cathode 

PEMFC H2 → 
 2H

+
 +2e

−
 

H
+ 
→ 

½O2 + H
+
 + 2e

−  

→ H2O 

AFC H2 + 2OH
−
 → 

 2H2O + 2e
−
 

← OH
−
 

½O2 + H2O + 2e
−
  

→ 2OH
−
 

DMFC CH3OH + H2O → 
 6H

+
 + CO2 + 6e

−
 

H
+ 
→ 

3/2O2 + 6H
+
 + 6e

−  

→ 3H2O 

PAFC H2 → 
 2H

+
 +2e

−
 

H
+ 
→ 

½O2 + H
+
 + 2e

−  

→ H2O 

MCFC H2 + CO3
2−

 → 
 2e

−
 

← CO3
2−

 
½O2 + CO2 +2e

−
  

→ CO3
2−

 

SOFC H2 + O
2−

 → 
 H2O + 2e

−
 

← O
2−

 
½O2 + 2e

−
  

→ O
2−

 

 

Fuel Air/O2 

Load 

e−
 e−
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The solid oxide fuel cell (SOFC) is also free from an expensive precious metal catalyst 

owing to its high operating temperature, and can operate with methane/natural gas (internal 

reforming), which makes it good for stationary power generating applications. Its overall 

efficiency can be further improved by the integration with classical thermodynamic 

technologies to utilise its waste heat (combined heat and power, CHP) [13]. However, its 

components/fabrications have to be stable at high operating temperatures. 

The phosphoric acid fuel cell (PAFC) uses H3PO4 as an electrolyte, and has been utilised 

for a long time for stationary applications, and is commercially available. It is mostly suitable 

where uninterrupted power generation is required to avoid the mechanical stresses caused by 

repeated freezing and re-thawing due to the high freezing point of 42 °C for 100% H3PO4. 

Utilisation as a CHP unit is also common to increase the maximum efficiency [11].  

The molten carbonate fuel cell (MCFC) uses a mixture of molten alkali metal carbonates 

(e.g. lithium and potassium carbonates) as the electrolyte, and unlike any other fuel cells, 

feeding of CO2 is also required along with an oxidant to provide carbonate for the ionic 

conduction through the electrolyte. Due to the high operating temperature of 650 °C, natural 

gas can be fed as the fuel, and nickel and doped nickel oxide are adequate as anode and 

cathode respectively. The slow start-up time is required to prevent mechanical stresses during 

the melting of the metal carbonates, and this restricts the application of MCFC to an 

uninterrupted power generation [11]. 

 

1.1.4 Solid Oxide Fuel Cells 

The thermodynamic efficiency calculation predicts that SOFCs are less efficient than lower 

temperature fuel cells. However, the low efficiency is easily compensated by much faster 

reaction kinetics, which means that while SOFCs have lower OCV, they exhibit much smaller 
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activation losses compared to lower temperature fuel cells. Furthermore, the lower efficiency 

can be overcome and total efficiency can be maximised by the integration with a heat engine 

(Fig. 1.1.1). Combining this with its fuel flexibility (internal reforming), the complete system 

is economically feasible. However, construction (material selection and sealing) and 

durability of the SOFC systems at the high operating temperature remain the key issues. 

Lowering the operating temperature would solve these issues, but new electrode and 

electrolyte materials that perform well at lower temperature are required (such as proton 

conducting solid state electrolytes).  

An SOFC electrode requires electrocatalytic activity for hydrogen oxidation reaction for 

the anode, and the oxygen reduction reaction for the cathode, along with stability in harshly 

reducing/oxidising condition, while showing high electronic conductivity and compatibility 

with other components. For the anode, a nickel cermet is employed, which is a composite of 

nickel dispersed in the matrix of the electrolyte material. While nickel shows electrochemical 

activity for hydrogen oxidation and hydrocarbon reforming, it suffers from a low tolerance to 

sulphur, which is the significant impurity in natural gas [14-16]. For the cathode, doped 

perovskite manganate, cobaltate, or cobalt ferrates are commonly employed. The latter two 

tend to show good mixed conduction allowing an extension of the reactive area to the whole 

surface of the electrode [17]. However, Co containing materials tend to have high thermal 

expansion coefficients compared to electrolyte materials which can give rise to electrode 

delamination [18]. 

 

1.1.5 SOFC Electrolyte Materials 

An SOFC electrolyte requires good sinterability and high ionic conductivity, while 

showing negligible electronic conductivity in a wide range of 
2Op  to minimise losses due to 
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internal current across the electrolyte. In addition, it has to be stable at high operating 

temperature under reducing/oxidising atmospheres. Traditional SOFC electrolyte materials 

are fluorite- and perovskite-type oxide ion conductors (oxygen vacancy conduction) such as 

yttria stabilised zirconia (YSZ) and doped lanthanum gallate systems (La1−xSrxGayMg1−yO3−δ, 

LSGM). 

 

(a) 

 

(b) 

 

Fig. 1.1.5 (a) Fluorite structure of ZrO2 and CeO2 (black spheres for Zr/Ce and 

grey sphere for O). (b) Perovskite structure of LaGaO3 (GaO6 

octahedra and Lanthanum black spheres). 

 

Stabilised zirconia is the one of the first (reported in 1937 [19]) and widely used SOFC 

electrolyte materials [11]. 8 mol % yttria addition to zirconia incorporates oxide ion vacancies 

and stabilises the high symmetry cubic phase, showing excellent properties for a SOFC 

electrolyte [20, 21]. However, it does require a high operating temperature (800-1000°C) for 

sufficient oxide ion conductivity, which is the major drawback of the material due to cell 

degradation/sealing issues. To lower the operating temperature, the fabrication of very thin 

film YSZ using various methods [22-24] is being investigated. 
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Another fluorite type material, stabilised ceria, has a higher conductivity than YSZ, and 

thus lower operating temperature is possible [25-27]. 10 mol % gadolinium doped ceria shows 

very good properties for an operating temperature below 600 °C, although there are issues 

with high temperature, as partial reduction of Ce
4+

 to Ce
3+

 is evident leading to an electronic 

contribution to the conductivity [28]. 

Another issue with these fluorite-type SOFC electrolytes is that they are susceptible to 

problems due to silica impurities, which can form a siliceous intergranular phase and 

significantly reduce grain boundary conductivity. As silicon is a very common impurity in 

common reagents, the methods to trap these siliceous phases and overcome this conductivity 

reduction are being investigated [29]. 

Apart from fluorite materials, perovskite materials have attracted the most interest as 

alternative SOFC electrolyte, with the best example being Mg-doped LaGaO3 (LSGM) which 

shows higher conductivity than YSZ [30, 31]. Furthermore, addition of Co has been shown to 

result in a further increase in the conductivity at lower temperature (e.g. 650°C) without 

increasing p-type conduction significantly [32, 33].  However, LSGM suffers from loss of Ga 

at high temperature under reducing condition and shows reactivity towards Ni, which is a 

problem at the anode/electrolyte interface [34]. 

 

1.1.5.1 Proton Conductors 

Some oxide ion conductors also show proton conduction in wet atmosphere [35]. This 

arises as proton conducting species are created by the dissolution of gaseous water into the 

oxide ion vacancies present in the materials: 

H2O +VO
••
 + OO

x
 ↔ 2OHO

•      
(1.1.11) 
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Analogous to a liquid phase solution, an oxide ion in the lattice behaves as a base to 

accommodate a proton dissociated from a water molecule, and a hydroxide ion from the same 

molecule fills an oxide ion vacancy. The charge transfer is not by the migration of the 

hydroxide ion itself but rather the transfer of a proton on the hydroxide ion to a neighbouring 

oxide ion (Grotthus mechanism) [36]. 

The most extensively studied materials for proton conduction are perovskite-type cerates 

and zirconates (BaCeO3, BaZrO3). In order to produce the oxide ion vacancies required to 

allow the incorporation of water, doping on the Zr/Ce site with a trivalent cation (e.g. Y, Yb, 

Sc) is required. Although the cerates (BaCeO3 and SrCeO3) have high proton conductivities, 

they suffer from the decomposition at operating temperature in the presence of CO2, as well 

as the formation of alkaline earth metal hydroxides under high water activities [37-39]. Y-

doped BaZrO3 shows better CO2 stability than the cerates, but generally suffers from poor 

grain boundary conductivity [40, 41]. In case of In doping, complete replacement of the Zr/Ce 

with In is possible, which gives the brownmillerite-type BaInO2.5 (Ba2In2O5). 



Chapter 1 14

1.2 Ba2In2O5 

Brownmillerite-type Ba2In2O5 has attracted considerable interest for application as a SOFC 

electrolyte material since the first report of high oxide ion conductivity (≈ 10
-1

 S cm
-1

) above 

930 °C in 1990 [42], followed by the discovery of proton conduction, due to the incorporation 

of water at lower temperature a few years later [43]. Since the investigation of novel doping 

strategies into Ba2In2O5 forms a major part of the work in this thesis, the characteristics of this 

system will be dealt with in more detail. 

 

(a) 

 

(b) 

 

(c) 

 

Fig. 1.2.1 Crystal structures adopted by Ba2In2O5: (a) orthorhombic Icmm (b) 

tetragonal I4cm and (c) cubic mPm3 space groups. Black spheres are 

Ba2+ and polyhedra are centered around In3+. 

 

This material exhibits a range of structural transformations at different temperatures, as 

determined by a combination of techniques including powder diffraction, AC impedance 

spectroscopy, TGA/DSC, TEM/ED and 
17

O NMR [44-48]. At room temperature, it adopts the 

brownmillerite-type orthorhombic structure (Icmm) consisting of alternating layers of corner-

shared InO6 octahedra and InO4 tetrahedra (Fig. 1.2.1.a). Thus, oxygen vacancies are ordered 
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around the InO4 tetrahedra, and this localised "trapping" of the oxide ion vacancies results in 

limited oxide ion conductivity. Above 925 °C, the phase transition to tetragonal (I4cm) 

symmetry is observed and the oxygen vacancies are starting to get disordered (Fig. 1.2.1.b). 

Above 1040 °C, it adopts an ideal cubic perovskite-type structure ( mPm3 ) where 1/6 of the 

oxygen sites are empty (Fig. 1.2.1.c). The high concentration of charge carriers (oxygen 

vacancies) and their random distribution in the lattice allow high conductivity in phases with 

tetragonal/cubic symmetry. Hence, there is a characteristic 2-fold conductivity increase in the 

narrow temperature range from 900 to 1000 °C, as a result of the entropy driven oxygen 

vacancy order-disorder transition accompanying the phase change as illustrated in Fig. 1.2.2 

and 1.2.3 [49].  Furthermore, in wet atmospheres at lower temperature, there is another phase 

change to tetragonal symmetry (P4/mmm) due to the uptake of the water, which facilitates 

protonic conduction [46].  

 

 

Fig. 1.2.2 Ba2In2O5 structure and dynamics over the temperature range showing 

progressive changes from oxygen vacancy order to disorder (ξ denotes 

an order parameter). Reproduced with permission from [47]. 
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While Bragg diffraction techniques suggest long range disorder of oxide ion vacancies, it 

has been suggested by thorough computational works that the local structure of Ba2In2O5 as a 

function of temperature contains a range of In-O polyhedra [50]. Thus the structures 

determined by various techniques are the average of various local structures including InO4 

tetrahedra, InO5 square pyramids and InO6 octahedra. 

 

   

Fig. 1.2.3 Conductivity variation of Ba2In2O5 corresponding to its phase change 

over the temperature and atmosphere (dry and wet air). Reproduced 

with permission from [43]. 

 

The solubility of water in the material is also very high: one mole of Ba2In2O5 can 

accommodate one mole of water to form Ba2In2O4(OH)2 [46, 51]. The existence of the 

structure with a high concentration of oxygen vacancies coupled with the very high water 

solubility limit has made the material a promising candidate for oxide ion/proton conducting 

electrolytes for SOFCs. However, it is reported that the volume change due to 

hydration/dehydration destroys ceramic membranes on repeated thermal cycling [46, 52] and 

it is also expected that the basic nature of the material makes it prone to attack by acidic gases 

(e.g. CO2) [37]. 
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1.2.1 Doping Studies in Ba2In2O5 

The traditional doping strategy for perovskite-type structured ionic conductors has been to 

dope with aliovalent elements to introduce oxygen vacancies into the structure, while 

maintaining a high symmetry cubic structure. However, Ba2In2O5 already has a very high 

number of oxygen vacancies, and thus the doping studies of this material have been 

concentrated on the stabilisation of the tetragonal/cubic phase to lower temperatures, so as to 

achieve high oxide ion/protonic conductivity at temperatures lower than 925 °C. 

 

1.2.2 Isovalent Doping 

In terms of isovalent doping, only Sr
2+

 has been tried on the Ba
2+

 site, and it was shown to 

increase the order-disorder transition temperature, Td [53-55]. On the other hand, many 

trivalent ions (Al
3+

, Ga
3+

, Sm
3+

, Gd
3+

, Dy
3+

, Yb
3+

, Lu
3+

, Sc
3+

 and Y
3+

) have been doped onto 

the In
3+

 site and a trend has been established: Td increases with the ionic radius of the dopant 

ion up to Y
3+

, and decreases again thereafter (Fig.1.2.4) [56]. Only doping of Ga
3+

, i.e. 

Ba2(In1-xGax)2O5 for x ≥ 0.25, has been reported to give cubic symmetry at room temperature, 

and the ionic conductivity of such samples was shown to decrease with doping level due to 

defect trapping [53, 57]. 

It was suggested that the local structural change due to the dopant ions (e.g. smaller ions 

induce a distortion in the orthorhombic symmetry due to the change in bond length to oxygen) 

influences Td [57]. The unit cell free volume, which is a value obtained by the subtraction of 

the sum of the volumes occupied by component ions from the unit cell volume obtained 

experimentally, has also been used to rationalise the change in Td and conductivity [58]: the 

more space for the transfer of oxide ions, the easier the oxide ion conduction.   
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Fig. 1.2.4 Order-disorder transition temperature change as a function of ionic  

radius of isovalent dopants. Reproduced with permission from [56]. 

 

1.2.3 Aliovalent Doping 

In terms of aliovalent doping, only La
3+

 doping has been tried on the Ba
2+

 site, i.e. 

(Ba1−xLax)2In2O5+x, and the order-disorder transition was reported to be suppressed for x ≥ 0.3 

[59-61] or x ≥ 0.5 [62, 63]. The conductivity of the materials in the cubic phase increased 

with increasing doping level [61, 62]. Several transition metals have been doped on the In
3+

 

site. V
5+

 doped phases Ba2In2-xVxO5+x, and Mo
6+

 doped phases Ba2In2-xMoxO5+3x/2, were both 

shown to be cubic at room temperature for x ≥ 0.3 [64]. The Ti
4+

 doped phases Ba2In2-

xTixO5+x/2, were shown to be cubic for x ≥ 0.4 [65]. The Zr
4+

 doped phases Ba2In2-xZrxO5+x/2, 

were shown to be cubic for x ≥ 0.67 [66]. The conductivity of the cubic phases of the above 

materials decreased with increasing doping level, most likely due to a reduction in the oxide 

ion vacancies [64-67]. The cobalt doped phases BaIn1−xCoxO3−δ, were also shown to be cubic 

for x ≥ 0.2 and the conductivity in the cubic phase increased with doping level, which was due 

to the significant increase in electronic conduction [68]. W
6+

 doped phases Ba2In2-xWxO5+3x/2, 

were also shown to be cubic for x ≥ 0.3 [64], and the conductivity of the materials in the cubic 
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phase increased with doping level [69]. BaIn0.5Sn0.5O2.75 has also been synthesised and it was 

also shown to be cubic [70]. 

Apart from the size of the dopant ions, the introduction of additional oxide ions, to 

compensate the charge difference, was shown to be important for many cubic symmetry 

systems stabilised to room temperature. The conductivity increase on La
3+

 doping was 

rationalised by an increase in the unit cell free volume [62]. 

Although the average structures of these doped phases are cubic, as determined mostly by 

X-ray powder diffraction, there is evidence that the local structure might be orthorhombic as 

X-ray absorption spectroscopy studies of W
6+

 doped samples have shown [71]. It was 

suggested that local distortion away from cubic symmetry is inevitable due to the bond length 

difference between In-O and W-O. 

 

1.2.4 Co-doping Strategies 

Additional Sr, Zr, Ce, Mg, Ca, Y, Ga doping in La
3+

 doped Ba2In2O5 have also been 

reported and their conductivity change with different ions were rationalised by the 

competition between the unit cell free volume and local distortion [72-74]. The best 

conductivity of 0.12 S cm
−1

 at 800 °C was observed for (Ba0.2Sr0.3La0.5)2In2O5.5 [73]. 

 

1.2.5 Fluorination Studies 

The incorporation of F into Ba2In2O5 has also been investigated with a view to analysing 

its effect on the structure and conductivity. Fluorine doped Ba2In2O5 has been reported in the 

form of Ba2−0.5xIn2O5−xFx which retained orthorhombic symmetry and showed an 

improvement in oxide ion and proton conductivity, as well as most likely fluoride ion 

conduction (best conductivity for Ba1.95In2O4.9F0.1) [75]. In terms of higher F levels, it has 
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been shown that the high temperature synthesis of BaScO2F is possible using BaF2, but this 

can not be applied to the synthesis of BaInO2F owing to the  higher thermodynamic stability 

of the alternative products BaF2 and BaIn2O4, compared to BaInO2F [76]. 

 

1.2.6 Hydration Behaviour 

The solubility of water in doped Ba2In2O5, and the thermal stability of the hydrated phases 

(i.e. dehydration temperature) are important factors for proton conduction. Proton 

conductivity increases with the solubility of water, and the temperature range exhibiting 

proton conductivity is closely linked to the dehydration temperature [61, 67, 70, 77, 78]. The 

solubility of water and dehydration temperature decreased with the doping of less basic ions 

(e.g. La
3+

 and Ti
4+

) [61, 67, 77-80], while the doping of more basic ions than In
3+

 (e.g. Sc
3+

 

and Y
3+

) increased the dehydration temperature while keeping the maximum solubility of 

water (i.e. 1 mole of water per mole sample) [79-81]. Hence, the basicity of a system is an 

important feature for water incorporation and proton conductivity. However, the volume 

change due to the repeated hydration/dehydration process have been shown to weaken the 

material’s mechanical integrity especially for the systems with high solubility of water [46, 52, 

81]. In addition, the Sn doped system, BaIn0.5Sn0.5O2.75, were reported to show relatively high 

grain boundary impedance [70], which might be due to the separation of the grains as the 

result of this process. 

Recently, even more significant proton conductivity (0.3 S cm
−1

 at 450 °C) for undoped 

Ba2In2O5 in a H2 atmosphere has been reported [82, 83]. Interestingly, the authors reported 

that La and Ce doped samples did not show such low temperature proton conductivity [83].  
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1.2.7 Fuel Cell Tests with Ba2In2O5 Based Electrolytes 

A range of doped Ba2In2O5 samples have been examined as electrolyte materials in actual 

SOFC tests. A Ba0.6Sr0.4LaIn2O5.5 electrolyte with a Pt cathode and Ni anode, using moistened 

1% H2-argon mixture as fuel, resulted in a maximum power density of 510 mW cm
-2

 at 

800 °C [84]. A single chamber SOFC test using BaLaIn2O5.5 as the electrolyte with a Ni-

(La0.75Sr0.25)0.9Cr0.5Mn0.5O3 cermet anode and Sm0.5Sr0.5CoO3 cathode, using a methane-air 

mixture, resulted in a maximum power density of 64.7 mW cm
-2

 at 800 °C [85]. A 

BaIn0.3Ti0.7O2.85 electrolyte with Ni- BaIn0.3Ti0.7O2.85 cermet anode and 

La0.58Sr0.4Co0.2Fe0.8O3−δ cathode, using humidified H2 and air, resulted in a maximum power 

density of 336 mW cm
−2

 at 800 °C [86]. 

 

1.2.8 Ba2Sc2O5 

Although the Y analogue system of Ba2In2O5, Ba2Y2O5 has never been reported as a single 

phase [87], the Sc analogue system, Ba2Sc2O5 has been synthesised (tetragonal symmetry with 

a = 4.148 Å, c = 3.994 Å) but it was shown to be unstable above 1000 °C [87]. However, 

subsequent studies showed that a stoichiometric (Ba:Sc, 1:1) mixture resulted in the formation 

of significant Ba3Sc4O9 impurities [88] while utilising a Ba excess (Ba:Sc, 1.3:1) showed 

mainly the Ba2Sc2O5 phase with no sign of Ba3Sc4O9 [89] (Fig 1.2.5). All these facts 

emphasise the difficulty in the preparation of this phase. Nonetheless, Ba2Sc2O5 showed oxide 

ion and proton conduction and preparation of Ba2ScInO5 also has been reported [88]. The 

cubic phase of Ba2Sc2O5 was reported to be stabilised by synthesis following a precursor 

(Ba3Sc2(OH)12) route, which resulted in a slight reduction in the lattice parameter [89]. In 

terms of fluorination of this phase, the single phase oxide fluoride, BaScO2F has been 

reported, and it adopts ideal cubic perovskite structure with a slight increase in the lattice 
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parameter (a0 = 4.171) owing to the filling of the oxygen vacancies with fluoride ions [76]. 

 

(a) 

 

(b) 

 

 

Fig. 1.2.5 Ba2Sc2O5 synthesised with Ba:Sc ratio of (a) 1:1 (reproduced with 

permission from [88]) and (b) 1.3:1 (reproduced with permission from 

[89]) showing the impurities: Ba3Sc4O9 (asterisked) in (a) and Sc2O3 

(arrowed) in (b). 
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1.3 Oxyanions in Perovskites 

Perovskites have general formula ABO3 where A is a large cation (e.g. rare earth, alkaline 

earth) and B is a smaller cation (e.g. transition metals, Ga, Al). Somewhat surprisingly, it has 

been shown that oxyanions (such as carbonate, sulphate, phosphate) can be accommodated in 

some perovskite systems, as exemplified by the studies of cuprate systems: driven by the 

large interest in the study of perovskite related cuprate following the discovery of 

superconductivity by  Bednorz and Müller in La2−xSrxCuO4 [90]. 

 

1.3.1 Oxyanions in Perovskite Related Cuprates 

The studies of oxyanions in perovskite related materials were triggered by the discovery of 

the carbonate containing cuprate, Sr2CuO2CO3 [91], followed by the determination of the 

structure which contains alternating layers of carbonate and CuO2 [92]. Although this material 

is not superconducting due to the oxidation state of copper being 2+, the boron doped phase, 

Sr2CuO2(CO3)1-x(BO3)x is superconducting due to the introduction of holes into the CuO2 

layers [93-95]. 

Following on from this work, further studies showed the widespread accommodation of 

carbonate in perovskite cuprate systems. The non-stoichiometric carbonate containing phase, 

Ba4YCu2+xO6+y(CO3)z was reported. This is a common impurity phase during the preparation 

of superconducting phase YBa2Cu3O7-x. The structure shows Y, Cu, CO3
2-

 ordering leading to 

an expanded perovskite cell (Fig 1.3.1) [96]. Further work involving varying the size of the 

rare earth cations indicated that oxide ion vacancies and the carbonate groups are only located 

neighbouring the Cu, suggesting that it is the Cu that is vital for the accommodation of the 

carbonate in the structure [96]. Further studies examined doping of carbonate into 

YBa2Cu3O7−x itself. Interestingly, the Sr analogue of this system, YSr2Cu3O7-x, which was 
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only possible to prepare via a high pressure synthesis route, was able to be synthesised at 

ambient pressure by carbonate incorporation. It was believed that the introduction of 

carbonate could help to relieve local strain due to the smaller size of Sr [97]. 

 

Fig. 1.3.1 Structure of Ba4YCu2+xO6+y(CO3)z [96]. 

 

However, these carbonate containing systems suffer from relatively low thermal stability, 

resulting in difficulty in controlling the carbonate content. Thus, many syntheses of these 

phases utilise sealed tubes to avoid the loss of carbonate as CO2 [98]. To overcome this issue, 

the incorporation of more thermally stable oxyanions such as borate, phosphate and sulphate 

has been examined in such systems. The incorporation of borate, having identical geometry as 

carbonate was successful for most of systems shown to accommodate carbonate. 

Tetrahedrally coordinated phosphate and sulphate were also shown to be accommodated in 

YBa2Cu3O7-x giving YBa2Cu2.97(PO4)0.03O7-δ exhibiting Tc’s up to 97 K [99] and 

Ba4YCu3−xO6+y(CO3)x giving Ba4YCu2.37O7.85(SO4)0.5 [100]. Furthermore, these oxyanions 

YO6 octahedra 

Cu 

Ba 

Carbonate group 
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also could stabilise Sr analogues of YBa2Cu3O7-x, resulting in compositions such as 

YSr2Cu2.79(PO4)0.21Oy. The phase co-doped with Ca, Y0.7Ca0.3Sr2Cu2.8(PO4)0.2Oy showed 

superconductivity at 37 K and the sulphate equivalent showing superconductivity within the 

range of 45-60 K [101-105]. In addition, another oxyanion, nitrate, can also take the place of 

carbonate in these stabilised systems leading to systems showing superconductivity [103, 106].  

 

1.3.2 Oxyanions in Other Perovskite Related Materials 

Following the work involving superconducting cuprates, oxyanion incorporation in other 

systems has been examined. Manganese containing systems have been shown to 

accommodate carbonate and borate, resulting in the perovskite phases Sr5Mn4CO3O10 and 

Sr4Mn3+xB1−xO10 respectively [107, 108]. The rigidity of triangular CO3/BO3 groups is 

compensated by the flexible apical Mn-O distance in the MnO6 octahedra and MnO5 pyramids, 

due to Mn
III

 being a Jahn-Teller effect ion, which was also the case for Cu in the cuprate 

systems [107, 108]. The carbonate doped Ruddlesden Popper phase, Sr4Fe3−x(CO3)xO10−4x has 

been reported [109-111] and showed some interesting structural features. Carbonate is 

accommodated in the middle perovskite layer replacing FeO6 octahedra, and it can have either 

the same (flag) or have different orientation between the layers (hang coat) (Fig 1.3.2) [110]. 

This was attributed to the ability of iron to exhibit variable coordination: distorted octahedra 

in flag version and distorted FeO6 octahedra alternating with FeO5 pyramids in hang coat 

version. 
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Fig 1.3.2 Structure of the oxycarbonate Sr4Fe2CO3O6 showing the two 

configurations of the carbonate groups within the “Sr3Fe2O5 CO3” layers, 

flag (a) and hang coat (b). Reprinted with permission from [110]. 

 

Overall, a large number of perovskite systems have been shown to accommodate a 

significant level of oxyanions, such as carbonate, borate, sulphate, phosphate and such 

incorporation has led to the stabilisation of some phases, which could not be prepared without 

the presence of the oxyanion. Despite these successes, oxyanion doping has received 

comparatively little attention. In this work, we aim to examine the potential of oxyanion 

doping to be used in other technologically important systems (e.g. fuel cell materials), 

especially the introduction of phosphate and sulphate due to their relatively high thermal 

stability. In addition, the extension to other groups, e.g. silicate, has been examined. 
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1.4 Apatite-type Materials 

Apatite-type oxides have attracted a considerable interest for application as SOFC 

electrolyte materials, since the first report of high oxide ion conductivity for (Nd/La)10Si6O27 

in 1995 [112], followed by the report of similarly excellent oxide ion conductivity for 

germanium containing analogues [113]. The ideal apatite oxide stoichiometry can be written 

A10(MO4)6O2, (A = alkaline earth or rare earth metals and M = Si, Ge, P, V), and their 

structure can be viewed as consisting of an A4(MO4)6 framework (Fig. 1.4.1.a), with the 

remaining A6O2 units filling the channels within the framework (Fig. 1.4.1.b) [114]. 

  

 

Fig. 1.4.1 The apatite structure showing (a) the A4(MO4)6 framework (AO6 trigonal 

metaprisms linked to MO4 tetrahedra) (b) the full structure, with the 

A6O2 units filling the channels within the framework. 
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1.4.1 Conductivity Optimisation 

Among the various rare-earth apatite systems synthesised, the lanthanum silicates and 

germanates have shown the highest conductivities [112, 115-117], and these apatite systems 

can accommodate a wide range of dopant species (e.g. B, Ga, Mg, Ca, Sr and Ba) [112, 115, 

116, 118, 119]. Generally, silicate apatites show lower activation energy compared to 

germanate apatites resulting in higher conductivity at lower temperature (Fig. 1.4.2). 

Combined with the low cost of raw materials, the silicates have gained more attention for the 

application as SOFC electrolytes. 

 

 
 

Fig. 1.4.2 Bulk conductivity plots for La10Si5GaO26.5 and La10Ge5GaO26.5 samples. 

Both phases have similar conductivity at elevated temperatures, but the 

latter has higher activation energy leading to much lower conductivity at 

lower temperatures, showing the activation energy difference of the two 

apatite-type materials. The data are collected by the procedure 

described in [120]. 
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Table 1.4.1 Selected conductivity data for apatite-type silicates. Data set (d) 

are from single crystals. Reproduced with permission from [120]. 

 

Composition 
σ (S cm

−1
) 

at 500 °C 

Ea (eV) 

(Low temp/ 

High temp) 

Reference 

(a) La9.33Si6O26 1.1x10
−4

 0.74 121 

 Pr9.33Si6O26 8.1x10
−5

 0.75 120 

 Nd9.33Si6O26 1.0x10
−4

 0.72 120 

 Sm9.33Si6O26 2.2x10
−5

 0.83/0.71 120 

 Gd9.33Si6O26 1.5x10
−6

 0.95 120 

(b) La9.67Si6O26.5 1.3x10
−3

 0.62 121 

 Nd9.67Si6O26.5 1.6x10
−3

 0.66/0.49 120 

 Sm9.67Si6O26.5 3.4x10
−4

 0.66 120 

(c) La8.67BaSi6O26 1.4x10
−4

 0.67 122 

 La8Ba2Si6O26 5.4x10
−4 

(800°C) 1.21 122 

 La8.67SrSi6O26 8.3x10
−5

 0.87 122 

 La8Sr2Si6O26 5.6x10
−4 

(800°C) 1.14 122 

 La9.5Si5.5Ga0.5O26 4.6x10
−4

 0.67 122 

 La10Si4Ga2O26 4.1x10
−6

 0.72 122 

 La9.5Si5.5B0.5O26 4.1x10
−4

 0.69 122 

 La10Si4B2O26 5.5x10
−7

 0.98 122 

(d) Pr9.33Si6O26   ║ c-axis 1.3x10
−2

 0.68/0.33 123 

 Pr9.33Si6O26   ┴ c-axis 1.2x10
−3

 0.62/0.48 123 

 Nd9.33Si6O26   ║ c-axis 6.4x10
−2

 0.62/0.31 124 

 Nd9.33Si6O26   ┴ c-axis 1.3x10
−3

 0.61/0.50 124 

 Sm9.33Si6O26   ║ c-axis 1.2x10
−2

 0.77/0.45 123 

 Sm9.33Si6O26   ┴ c-axis 2.6x10
−3

 0.69/0.49 124 

 

Selected conductivity data are reported in table 1.4.1 and these data show much higher 

conductivity in oxygen excess samples compared to oxygen stoichiometric samples, with very 

poor conductivity values for the fully stoichiometric samples (i.e. both cation and oxygen 

stoichiometries). These findings suggested the major role of interstitial oxide ions in the 

conduction mechanism. These interstitial oxide ions can be accommodated in the structure 
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either by oxygen non-stoichiometry or by Frenkel defect formation, which early work 

suggested was favoured by the presence of cation vacancies (as neutron diffraction studies of 

cation deficient samples showed a significant displacement of some channel oxide ions away 

from the ideal site [120]). 

 

 

Fig. 1.4.3 Conductivity comparison of oxygen stoichiometric samples with the 

same A cation content, doped with lower valent dopants showing the 

beneficial effect on Si site and detrimental effect on La site. 

(Compositions = La9.67Si5MO26 (M = B, Ga), La9.67Si5.5Mg0.5O26, 

La8.67MSi6O26 (M =  Mg, Ca, Sr, Ba)). Reproduced with permission from 

[125]. 

 

Another interesting point has been made from doping studies of lower valent dopants on 

both La and Si sites in oxygen stoichiometric samples containing cation vacancies: this study 

showed that the conductivity decreased on La site doping but increased on Si site doping (Fig. 

1.4.3) [125]. In particular, further detailed modelling work suggested that a coordination 

environment change of La from 9 to 6 by the substitution with small lower valent cations (e.g. 

Mg) on the La site induced a change in the channel structure, which may inhibit the interstitial 

oxide ion movement, while the presence of lower valent ions on the Si sites promoted local 
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cooperative relaxation of silicate framework, which resulted in aiding the interstitial oxide ion 

movement [126]. 

In addition, conductivity data for single crystals showed (table 1.4.1.d) that the 

conductivity parallel to the c-axis is much higher compared to that perpendicular to the c-axis, 

which shows that these systems exhibit anisotropic conduction. However, somewhat 

surprisingly, the activation energy for both conduction directions were quite similar, an 

observation that has not yet been fully explained. 

 

1.4.2 Conduction Mechanism in Apatite Germanates 

Unlike apatite-type silicates (discussed in the next section), there is general consensus for 

apatite-type germanates regarding the location of the interstitial site and the conduction 

mechanism [114, 127-129]. A combination of atomic simulation and neutron diffraction 

studies for high oxygen excess compounds, La8Y2Ge6O27 and La10Ge6O27, has indicated the 

location of interstitial oxide ions as being associated with the GeO4 tetrahedra leading to 5 

coordinated Ge [114, 129].  From computer modelling studies, the conduction mechanism 

was proposed with the following key points [129]: 

i. The channel oxide ion act as a "reservoir" to supply interstitial oxide ions; 

ii. the interstitial oxide ion forms a GeO5 unit with a nearby GeO4 unit; 

iii. by the rotation of GeO5 unit, it forms Ge2O9 unit with a neighbouring GeO4 unit; 

iv. the Ge2O9 unit is broken into GeO5 and GeO4 units, and consequently, the interstitial 

oxide ion is moved into the neighbouring position resulting in a "fan-like" trajectory. 

The interaction with the GeO4 tetrahedra also allows for conduction perpendicular to c-axis, 

and modelling studies predict that the oxide ion conduction is more isotropic than for the 

apatite silicates. Measurements on single crystals are, however, required to confirm this. In 
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addition to the above interstitial mechanism, modelling studies also suggested a contribution 

from channel oxide ion migration through a vacancy mechanism (Ea = 1.05 eV). However, for 

oxygen excess compositions having high interstitial oxide ion content, the cooperative 

conduction through GeO4 tetrahedra (Ea = 0.79 eV) is predicted to dominate due to a lack of 

channel vacancies [129]. 

 

1.4.3 Conduction Mechanism in Apatite Silicates 

 
 

(a) 

 

 

(b) 

 

Fig. 1.4.4 (a) Interstitial oxide-ion migration pathway along the channel in  

La9.67Si6O26.5 obtained from atomistic simulation studies and possible 

mechanism responsible for such sinusoidal pathway, (b) expanded 

viewpoint showing the relaxation and rotation of Si polyhedra. 

Reproduced with permission from [130]. 
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Unlike apatite-type germanates, there have been many theories suggested for the 

conduction pathway of the interstitial oxide ion for apatite-type silicates, and there is no 

universal agreement on the matter currently. 

Kendrick et al., through a combination of powder diffraction techniques, 
29

Si NMR and 

computational modelling of La9.33Si6O26, suggested that the position of the interstitial oxide 

ion is at the channel periphery, and that the migration of the interstitial oxide ion is facilitated 

by the cooperative displacements of the silicate substructure, thus resulting in a complex 

sinusoidal pathway along the c-axis (Fig. 1.4.4) [131]. Furthermore, the conduction 

perpendicular to c-axis (inter-channel conduction) was also suggested as being due to a series 

of two cooperative SN2 (bimolecular nucleophilic substitution) type processes involving 

accompanying rotation of the tetrahedra. 

In other studies, Masubuchi et al. proposed the channel oxide ion migration along the c-

axis through an investigation of structural studies comparing oxygen stoichiometric samples 

with and without cation vacancies [132]. They proposed a cooperative migration of channel 

oxide ions, because of the observation of the greater anisotropic displacement of the channel 

oxide ions along the c-axis for a sample with cation vacancies. They suggested that a slight 

silicate rotation induced by the cation vacancy encourages the cooperative migration of the 

channel oxygen [132]. 

Ali et al. suggested that channel oxide ion conduction occurred along the c-axis by a 

vacancy mechanism and a non-linear migration pathway, through a silicate oxide ion near the 

channel − interstitial oxide ion − channel oxide ion − interstitial oxide ion − silicate oxide ion 

pathway. However, the authors stated that this non-linear migration was not continuous 

through all the unit cells [133]. 

More recently, Béchade et al. proposed another non-linear cooperative migration of the 
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interstitial oxide ion, with their work suggesting an interstitial oxide ion position near the 

channel centre [134]. In this mechanism, which requires a local structural relaxation to be 

facilitated, the interstitial oxide ion pushes the neighbouring channel oxide ion to the next 

interstitial position and takes its place instead (Fig. 1.4.5). The displaced oxide ion from 

channel centre (which is now in an interstitial site) again pushes the next channel oxide ion to 

an interstitial position to form a defect complex, which can be written in Kroger-Vink 

notation, 

 2OO
x
 → VO

●● 
+ (2Oi" + VO

●●
) 

This defect complex (2Oi" + VO
●●

) is involved in the push-pull mechanism of oxide ion 

migration along the c-axis [134]. 

 

Fig. 1.4.5 (a) Schematic sequence of the formation and migration of the (2Oi" + 

VO
●●) defect complex achieved by push-pull mechanism along the c-

axis and (b) resulting nonlinear Oi" migration on ab plane (top view). 

Reprinted with permission from [134]. 
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While there have been a range of theories for the oxide ion conduction in these apatite 

silicates, all theories described above indicate the crucial role of the interstitial oxide ion and 

its position in the structure. However, unlike apatite-type germanates which have general 

consensus regarding the location of the interstitial site and the conduction mechanism, there 

still is controversy regarding the location of interstitial site as described above: the problems 

with accurately locating this interstitial position can be attributed to the low interstitial site 

occupancy (maximum limit close to 0.5 O per formula unit [130]) and large displacement 

exhibited by both interstitial and channel oxide ions. 

 

1.4.4 AO6 Metaprism Twist Angle in Apatite-type Materials 

 

Fig. 1.4.6 Polyhedral representation of La9.6Si6O26.4 showing the LaO6   

  metaprism twist angle of 22.24°. 

 

Along with the bond lengths and angles calculated from the atomic positions obtained from 

powder diffraction data, the metaprism twist angle, φ can provide further structural 

information for apatite-type materials. As described earlier, the apatite structure can be 

viewed as consisting of an A4(MO4)6 framework (AO6 metaprism linked to MO4 tetrahedra), 

with the remaining A6O2 units (or A6X2 for halide containing apatites) filling the channels 

φ = 22.24° 

SiO4 tetrahedron 

LaO6 metaprism 

y 

x 
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within the framework. Through the structural studies of a wide range of apatite-type materials, 

White et al. suggested high sensitivity of the twist angles of the AO6 metaprism to 

crystallochemical variation (i.e. substitution/insertion on A, M and X sites) [135]: 

o for systems substituted with larger divalent A cations, the twist angle change takes a 

parabolic form as a function of doping level due to the preference for the accommodation 

of larger cations in the channel A site first [136]; 

o for systems substituted with halides, the twist angle decreases with an increase in the 

average ionic radius of the formula unit (unless there is high degree of the deviation from 

P63/m symmetry or cation ordering) [135]. 

The channel size is also related to the metaprism twist angle as illustrated in Fig. 1.4.7: 

systems with a small twist angle provide more space in the channel, and for systems with 

large twist angle, the oxide ions from the tetrahedra are closer to the channel centre reducing 

the available free space [135]. Moreover, the dynamic change of the metaprism twist angle 

may be involved in the movement of interstitial oxide ion along the c direction as required in 

many proposed conduction mechanisms in apatite type silicates/germanates. 

 

 

Fig. 1.4.7 Three apatites with various metaprism twist angles indicating the  

decrease in the channel space with increasing metaprism twist angles 

(from left, Ca4Pb6(AsO4)Cl2, Pd10(PO4)6(OH)2 and a model structure 

with φ = 60°). Reprinted with permission from [135]. 

φ = 5.2° φ = 26.7° φ = 60° 
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1.4.5 Fuel Cell Tests Using Apatite Electrolytes 

There have been numerous reports of fuel cell tests utilising apatite-type silicates as 

electrolyte materials, although at present maximum power densities have tended to be low. 

Plasma-sprayed La9.71Si5.72Mg0.28O26.29 on a Ni-La9.71Si5.72Mg0.28O26.29 anode support, using a 

La0.6Sr0.4Co0.2Fe0.8O3−δ cathode, resulted in maximum power densities of 79.9 mW cm
−2

 at 

800 °C and 45.4 mW cm
−2

 at 700 °C [137]. A fuel cell using a La9.8Si5.7Mg0.3O26.4 electrolyte 

with a Ni-Sm0.2Ce0.8O1.9 cermet anode and La0.9Sr0.1CoO3−δ cathode resulted in maximum 

power densities of 120 mW cm
−2

 at 800 °C and 35 mW cm
−2

 at 700 °C [138]. Use of a 

La9.4Ba0.6Si6O26.7 electrolyte with a Ni-Sm0.2Ce0.8O1.9 cermet anode and La0.9Sr0.1CoO3−δ 

cathode gave a lower maximum power density of 65 mW cm
−2

 at 800 °C [139]. The highest 

power density has been observed for a La9.62Si5.79Al0.21O26.33 electrolyte, with a Ni-

Ce0.9Gd0.1O1.95−δ cermet anode and La0.6Sr0.4Co0.2Fe0.8O3−δ cathode resulting in a maximum 

power density of 250 mW cm
−2

 at 800 °C [140]. Other work on an Al doped apatite 

electrolyte, La10Si5.5Al0.5O26.75, prepared by a freeze-dried precursor method also gave 

respectable power densities of 195 mW cm
−2

 at 850 °C and 65 mW cm
−2

 at 700 °C. This cell 

used a Ni-Ce0.8Gd0.2O1.9 cermet anode and La0.6Sr0.4Co0.8Fe0.2O3−δ cathode [141].  
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1.5 Aims of the Project 

In this project, new materials for SOFCs electrolyte application have been studied. Two 

general systems, perovskite related Ba2(In/Sc)2O5 and apatite-type silicates, owing to their 

high ionic conductivity, were subject to investigation to improve the properties and to 

optimise them for this application. 

 

1.5.1 Oxyanion Doping in Ba2In2O5 and Ba2Sc2O5 

In this project, a doping strategy involving the incorporation of oxyanions, such as 

phosphate, sulfate and silicate into Ba2In2O5 has been examined. The aim was to make use of 

the much smaller oxyanion tetrahedra coupled with the introduction of extra oxide ions, due 

to the charge compensation, to induce a phase change to a high symmetry with low level of 

dopants. The stabilisation of the high symmetry phase at lower temperature would be 

expected to result in an increase in the conductivity, especially at lower temperature, which is 

beneficial for applications for intermediate temperature SOFC. In addition, the more acidic 

nature of the oxyanions would be expected to reduce the basicity of the system and so might 

prevent or reduce the degree of the attack of acidic gas present such as CO2 in the fuel cell 

operation, resulting in a more chemically stable electrolyte material. Finally, the greater local 

distortion due to the much smaller size of oxyanions and preference for tetrahedral 

coordination for the dopant will decrease the solubility of water which may increase 

mechanical stability under operating conditions, while maintaining high proton conductivity. 

The aim therefore was to investigate this alternative doping strategy to improve the properties 

of Ba2In2O5 for intermediate temperature proton conducting SOFC electrolyte application. 

As the preliminary results showed that this strategy was successful for Ba2In2O5, the use of 

this doping strategy has been extended to the Sc analogue, Ba2Sc2O5. As the difficulty of the 
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preparation of Ba2Sc2O5 has been discussed earlier, the focus was on the stabilisation of 

Ba2Sc2O5 phases through oxyanion doping, along with the implication on properties such as 

conductivity and CO2 stability. 

 

1.5.2 Long Term Stability of Apatite-type Silicates 

Apatite-type silicates have been studied as alternative SOFC electrolyte materials to the 

conventionally used fluorite-type materials. There have been a number of fuel cell tests 

performed as discussed in the earlier section. However, some of the properties of these apatite 

materials, such as long term stability of the material for SOFC electrolyte applications, have 

not been studied in detail. Thus in addition to the work on oxyanion doping, research in this 

project has also targeted the study of the effect of long term heating at fuel cell operating 

temperatures on these apatite-type silicates. In particular, samples with cation vacancies were 

examined to see whether long term annealing may lead to a local change in cation ordering 

and hence change in performance. The preliminary results indicated a slight reduction in the 

bulk conductivity, hence more systematic studies involving conductivity measurements on 

single crystals and polycrystalline samples have been conducted followed by structural studies 

involving powder neutron diffraction. The latter is important as the structure of the materials 

especially the position of interstitial oxide ion is crucial for the conduction mechanism. The 

aim was to expand the understanding of the apatite-type silicates with regard to the location of 

the interstitial position, and to design the optimal material for use as a SOFC electrolyte. 

 

1.5.3 Application of Apatite Silicates in Fuel Cells 

While there have been a number of fuel cell tests performed with apatite electrolytes, there 

have been limited systematic studies aimed at the optimisation of the electrode materials. To 
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rectify this, a range of studies have been performed on composite cathodes on apatite-type 

silicates as a part of a cathode optimisation study. 
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Chapter 2 Experimental Techniques 

 

2.1 Solid State Reaction 

Solid state reaction involves a direct reaction between two or more solids, generally at high 

temperature, for an extended period of time (typically above 800 °C and several days). It is 

one of the most widely used methods to prepare inorganic solid products due to its relatively 

simple procedure. Equation 2.1.1 shows an example of a solid state reaction for the 

preparation Ba2In2O5. 

2BaCO3 + In2O3  → °− hrsC 72,14001000  Ba2In2O5 + 2CO2 ↑ (2.1.1) 

One of the disadvantages of the method is that purification of the product is almost 

impossible, and thus the purity of the reactants and accurate weighing are crucial. It is easy to 

obtain high purity chemicals from suppliers nowadays but care must be taken to select the 

reactants to keep the stoichiometry right. Hygroscopic and air sensitive chemicals should be 

avoided or processed in a controlled atmosphere, as otherwise this can trigger an inaccurate 

ratio of reactants. 

The formation of the products only occurs at the interface, the contact between the 

reactants. After the initial formation of the product, the reactants have to pass through the 

initial product, which becomes a barrier for the contact between reactants. The diffusion of the 

reactants involves hopping of a reactive species through the interfacial region. The point 

defects (vacancy and interstitial) in the product phase help this hopping process. However, as 

the product layer grows, the length of the diffusion path increases and this reduces the rate of 

diffusion and subsequently the rate of reaction. This is one of the reasons for the requirement 

of a high reaction temperature, in order to increase the diffusion rate so as to promote the 

reaction. The particle size of the reactant is also important as diffusion through smaller size 

particles is easier and their high surface area to volume ratio makes them more reactive. 
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Intermediate grinding is usually applied to break up the product interface phase and to 

introduce fresh reaction sites. Pressing a sample into a pellet is another way to increase the 

contact between the reactants. 

 

Fig. 2.1.1 The formation of a mixture of products during the initial stage of a 

solid state reaction between BaCO3 and In2O3. 

 

Even after the repeated intermediate grinding between the heating stages, it is common that 

the product is actually the mixture of two or more phases, if reaction is slow. In the case of 

alkaline earth containing systems, it is common to start with the carbonate rather than the 

oxide. These carbonates are more stable at room temperature compared to their hygroscopic 

or CO2 sensitive oxide analogues. The decomposition of these carbonates produces an atomic 

scale reactant with high mobility and reactivity to overcome the build up of side products. 

Hence BaCO3 is used for the synthesis of Ba2In2O5 rather than BaO as shown in equation 

2.1.1. 

 

 

Fig. 2.1.2 Schematic of synthesis procedure. 
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Although the condition for the complete reaction may be met, high reaction temperatures 

may promote evaporation of reactants such as Ba. This is a common obstacle for the 

preparation of a product containing volatile elements through high temperature synthesis. The 

use of a sealed vessel may be beneficial to avoid evaporation of a volatile substance but this is 

not always possible owing to the high reaction temperature. Pressing a sample into a pellet 

may limit the evaporation by sacrificing the surface layer which forms a protective layer, 

hence preventing the diffusion of volatile substance into the atmosphere. The use of excess 

reactant is another common practice to balance the reaction stoichiometry. For the synthesis 

of Ba2In2O5, 3% excess Ba is employed to overcome Ba loss and the sample fired at 1000 °C 

was pelletised and covered with sacrificial powder, and then placed in an alumina crucible, 

which was covered with a lid. Even after all these procedures, the surface of the pellet 

contained a Ba deficient phase which was removed by using sand paper. 

 

 

Fig. 2.1.2 The procedure employed to prevent Ba loss. 
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2.1.1 Fluorination Using Polytetrafluoroethylene 

The vast majority of literature studies in the solid state chemistry area have focussed on 

oxide systems. However, the discovery of the superconducting oxide fluoride, Sr2CuO2F2+δ 

triggered many studies on the fluorination of perovskite-type oxides such as La2−xAxCuO4 (A: 

alkaline earth), Sr2TiO4, BaFeO3−x, etc. [1]. Such compounds are prepared by low temperature 

(< 400 °C) fluorination of an oxide precursor: e.g. Sr2CuO3 in F2 gas to give Sr2CuO2F2+δ [1]. 

This low temperature route is required due to the high thermodynamic stability of the simple 

fluorides such as SrF2. Thus heat treatment of Sr2CuO2F2+δ above 400 °C leads to 

decomposition to SrF2 and SrCuO2 [1]. In these low temperature fluorination studies, a wide 

range of fluorinating reagents have been utilised, but each exhibited various problems as 

listed in Table 2.1.1 [2, 3]. As an alternative method, an organic fluorine containing 

compound, polyvinylidene fluoride (PVDF) or polytetrafluoroethylene (PTFE) have been 

tested and shown to result in high quality samples without impurities for many perovskite-

related systems [2]. 

In prior studies, it has been shown that the high temperature synthesis of BaScO2F is 

possible using BaF2, but this can not be applied to the synthesis of BaInO2F owing to the  

higher thermodynamic stability of the alternative products BaF2 and BaIn2O4, compared to 

BaInO2F [4]. Thus, in this project, a low temperature route utilising PTFE was employed to 

investigate whether BaInO2F could indeed be prepared. PTFE is mixed with the oxides and 

heated to 350 °C for 12 h, and then ground and reheated to 350 °C for 12 h. This fluorination 

strategy was also examined for oxyanion doped phases to determine whether it was possible 

to increase the coordination number of the central atom of the oxyanion. 
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Table 2.1.1 Characteristics and problems of various low-temperature fluorinating 

agents for inorganic oxide systems. Reprinted with permission from [2]. 

 

Fluorinating agent  Characteristics  Problems 

F2 gas [1, 5-8]  Highly oxidising: helps favour 

fluorine insertion giving very high 

oxidation states 

 Toxicity, handling problems of F2 

gas: difficult to control fluorination 

level 

NH4F [3, 6, 9-11]  Substitution (two fluorine for one 

oxygen), so oxidation state 

maintained: can potentially give 

reduced oxidation state (e.g. 

Nd2CuO4−xFx) 

 Tendency to give AF2, LnOF (A: 

alkaline earth, Ln: rare earth) 

impurities 

XeF2 [12, 13]  Can give both fluorine substitution 

and insertion 

 Need to employ in sealed tubes and 

will tend to give similar impurities as 

for NH4F 

CaF2, ZnF2 [10, 14, 15]  Can give both fluorine substitution 

and insertion 

 Negligible AF2, LnOF impurities 

formed, but CuO and ZnO from the 

fluorinating agent left in the sample 
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2.2 Powder Diffraction 

Powder diffraction techniques using X-ray, neutron and electron are some of the 

fundamental characterisation methods to study the crystal structure of materials. They are 

non-destructive and provide information such as phase identity, lattice parameters, and 

structural solution, etc. 

 

2.2.1  Scattering 

Scattering is an interaction between a wave and an object that accompanies the change in 

propagation direction (elastic scattering) and/or energy (inelastic scattering) of the wave. Thus, 

reflections in diffraction experiments can be treated as a special case of scattering. Generally, 

when a wave is scattered by a point object, it propagates radially and when there are more 

than two such objects stationed at regular interval with comparable separation to the 

wavelength of the incident wave, diffraction occurs (e.g. double slit interference and 

diffraction grating). The diffracted waves propagate and interfere with each other to make a 

characteristic pattern on a screen in the form of the combination of maxima (where the 

intensity is the greatest) and minima (where the intensity is the lowest or zero). 

 

 

Fig. 2.2.1 Double slit experiment under the Fraunhofer approximation 
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The Fraunhofer approximation states that two diffracted waves arriving at the same point 

on the screen can be treated as parallel to each other when the screen is far enough from the 

diffraction source (far field, the quantities involved are in shown in Fig. 2.2.1) [16]: 

1
2

<<
λL

a
       (2.2.1) 

Under the approximation, the prediction of maxima is much simplified that only 

consideration of the length of the path difference is required. To make the constructive 

interference of two diffracted waves, they have to be in phase which means the path 

difference has to be the integer multiple of wavelength, 

 λϕ na =sin        (2.2.2) 

The Bragg equation is a simplified form of three dimensional theory of diffraction (Laue 

equations) that considers the diffracted radiation as reflection by sets of parallel planes of 

atoms [17, 18]. 

 

 

Fig. 2.2.2 Bragg reflection by the consecutive parallel planes 

 

As shown for the Fraunhofer diffraction, the path difference is an integer multiple of 

wavelength to form a maxima (Bragg reflection), 

 λθ nd =sin2        (2.2.3) 
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The parallel planes of atoms in a unit cell are described using Miller indices (hkl) which is 

the notation of the reciprocal lattice vector (Fig.2.2.3) and the spacing between the planes can 

be worked out using the hkl values and the lattice parameters (a,b and c) [19]: 
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Fig. 2.2.3 Examples of lattice planes with the corresponding Miller indices. 

 

For a powder sample, a great number of crystallites are distributed in a random fashion. 

Thus, high energy radiation penetrating deep inside the sample encounters a large number of 

crystallites oriented in every possible way to produce the diffraction from all the sets of planes 

simultaneously: this only leaves sharp diffraction peaks. However, the interaction between the 

radiation and crystallites are complex and complicated. Hence, it is also assumed that the 

radiation entering a crystal is only scattered once and leaves the crystal, and thus the scattered 

radiation does not interact again with other crystallites. This is called Kinematic diffraction 

and it is simple, accurate and adequate for general use [20].  

Diffraction only occurs when the wavelength and the separation are of the same order of 

magnitude. As the inter-atomic distance in solids is usually in the range of 0.5-2.5 Å, the X-
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ray region of electromagnetic radiation and neutrons and electrons with suitable velocities can 

be used for the radiation. X-rays are scattered by electrons, hence not by atomic centre 

(nuclei) but by electron density distributed in the crystal structure. On the other hand, 

neutrons are scattered by the nuclei. Thus, in the ideal case, the diffraction of a sample using 

X-rays and neutrons having identical wavelength will produce the same pattern with the only 

difference in the intensities of the peaks. 

The scattering of X-rays by an electron is in all directions but because of the presence of an 

electric field due to the motion of the electron, the intensity is angle dependent and it is given 

by the Thomson equation [21], 

 






 +
=

2

2cos1 2

20

θ

r

K
II       (2.2.4) 

where I0 is the absolute intensity of the incident radiation, K is a constant ( 224)( cmeK = = 

7.94 x 10
-30

 m
2
), r is the distance between the electron and the detector and θ is the Bragg 

angle. The scattering power of an atom is the product of the number of electrons in the atom 

and the intensity of scattering of an electron. Thus the intensity of the diffraction peaks is 

dominated by the atoms with greater number of electrons. 

Unlike X-rays, neutrons are scattered by the nuclei, which are much smaller than atoms. 

Thus the scattering intensity is angle and atomic number independent and varies with each 

isotope. In addition, because a neutron has a spin, it interacts with the magnetic moment of the 

atom. Thus neutron diffraction can be used to study magnetic ordering. 

In the constant wavelength method, neutrons with desired wavelength (energy) are selected 

and used for the diffraction study. On the other hand, in the time of flight (TOF) method 

which can be used with spallation sources, the wavelength of the neutrons is calculated from 

the de Broglie relation [22]: 
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where, h is the Plank constant, p is the momentum of a neutron, t is the time taken to travel 

from the target to the detector, mn is the mass of a neutron, L is the path length and t0 and L0 

are experimentally determined offsets. The TOF method maximises the use of the available 

neutron flux. 

 

2.2.2 Structure Solution 

Crystal structure determination from powder diffraction data is complicated because the 

pattern is only a one-dimensional projection of three-dimensional reciprocal space. The first 

step is indexing the Bragg peaks, which has intrinsic difficulties due to: 

o inaccurate peak position (zero-point error, low resolution, sample misplacement, poor 

crystallinity); 

o presence of impurities (presence of additional peaks); 

o the case of dominant zone (when b is much smaller than a,c the early peaks are dominated 

by h0l peaks). 

The indexing of the peaks is usually aided by software such as WinPLOTR integrated - 

TREOR, DICVOL or Macllile [23]. These programmes suggest the possible symmetry, lattice 

parameters and space group with FoMs (figure-of-merit) and the user has to make a decision 

from his/her understanding of the sample. 

The next step is the structure refinement which determines fractional atomic coordinates, 

occupancies and atomic displacement parameters. In classical methods, the intensities of 

Bragg peaks are converted into the observed structure factor amplitudes (F
o

hkl), which are 

related to the electron densities (ρ) (for X-ray diffraction) distributed in the unit cell, 
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where V is the unit cell volume and α is the phase angle of the diffraction reflection (hkl). The 

quality of the fitting using non-linear least-square techniques is monitored by the weighted R-

factor, 

 ( )∑ −
hkl

c

hkl

o

hklhkl FkFw
2

      (2.2.7) 

where the weight of the reflection, whkl = 1/σhkl
2
(F

o
hkl) (σhkl

2
(F

o
hkl) is the square of the 

statistical spread of F
o

hkl), F
c
hkl is the calculated structure factor and k is a scale factor. 

However, powder diffraction data does not have a three-dimensional set of peaks (like 

diffraction data from a single crystal) but rather a one-dimensional pattern, which inevitably 

contains many overlapping diffraction peaks. Thus, the accurate determination of the structure 

factor is difficult in many cases. 

To overcome these issues, the Rietveld method is used. This method uses the individual 

data points in a powder diffraction pattern as least-square quantities and the intensity of the 

overlapping peaks are partitioned according to the intensities calculated by a starting 

structural model [24]. Obviously, the intensity of a point in the powder diffraction data is 

much easier to measure than the structure factor amplitude. However, many parameters such 

as absorption, preferred orientation, multiplicity and profile shape function influence the 

intensity, and many of them are correlated to each other. Nevertheless, this method can 

accommodate a reasonable amount of non-idealities frequently encountered in real data 

collection in a physically meaningful way [25].  

The quality of the fitting requires various considerations including statistical, graphical and 

chemical. There are several statistical quantities starting from the unweighted profile R-factor,   
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where yoi is the observed intensity of the point and yci is the calculated intensity using the 
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model. The weighted profile R-factor takes the consideration of the spread of the observed 

point as weight of the point, wi = 1/σ
2
(yoi), 
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The best possible Rwp can be obtained when the mean value of (yoi-yci)
2
 is σ

2
(yoi). This is 

called the expected R-factor and with N number of data points and P number of least-square 

variables (parameters), 
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Then the goodness of fit is given by: 
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This is large at the beginning of the refinement and reduced to closer 1 at convergence. 

However, care must be taken in using the goodness of fit parameter, since if the errors of 

measurement are too great (low quality diffraction data), the σ
2
(yoi) term would be too big, 

thus χ
2
 can be close to 1 even for a relatively poor refinement, due to the dominant effect of 

errors on the statistical quantity. Therefore, it is important to consider not only such statistical 

data but also graphical representations such as observed, calculated and difference plots to see 

the quality of the refinement. 

Another quantity that can be derived from the refined data and used to validate the crystal 

structure is the bond valence calculation. The bond valence, s between the atoms i and j with 

the bond length of rij is given by:  
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where r0 and B are empirically determined parameters, which can be obtained from various 

publications [26]. Thus the sum of all the bond valences of an atom i indicate the overall 

valence state of the atom and this can be compared with that expected. 

The limitation of such structure refinement is the fact that the diffraction data is fitted to a 

model, and thus the fitting is only good if the model is appropriate and data are of high quality. 

Because the model is generally assumed to be crystalline with long-range atomic ordering, the 

presence of stacking faults, defects or local structural deviations are excluded. This is a 

problem for the characterisation of amorphous materials or nanomaterials, where the local 

structure dominates. Diffraction will still occur in such samples, but they produce broad 

diffraction features which lack sharp Bragg peaks. The analysis of such data is still possible 

utilising total scattering analysis techniques based on the pair distribution function, which 

takes into consideration all points of the powder diffraction pattern as a continuous diffraction 

pattern instead of the discreet Bragg peaks [27]. In such studies, the emphasis is on the 

distribution of interatomic vectors. Thus, this is a complementary technique to the powder 

diffraction pattern analysis based on discrete Bragg peaks and can provide information such 

as local distortions in the structure. However, data quality is even more important in such 

studies, as every single data point is used and also both random and systematic errors can be 

significant. 

 

2.2.3 Instrumentation 

Two Brüker D8 Advance diffractometers with Cu Kα1 radiation (1.5406 Å) were utilised in 

experiments. For the general X-ray diffraction data collection, the instrument with 

transmission geometry, equipped with an autosampler was used, and for the high temperature 
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X-ray diffraction data collection, the instrument with reflection geometry equipped with a 

heating stage, which surrounds the sample holder, was used.   

 

 

Fig. 2.2.4 Two different geometries for the data collection . 

 

Two instruments were used to collect neutron diffraction data: diffractometer HRPD (High 

resolution powder diffraction) at the ISIS facility, Rutherford Appleton Laboratory, with data 

analysed using the time of flight method [28] and diffractometer HRPT (High resolution 

powder diffractometer for thermal neutrons) at the SINQ, Paul Scherrer Institut using 

neutrons with constant wavelength of 1.1551 Å [29]. 

All structural refinements employed the GSAS (General structure analysis system) suite of 

Rietveld refinement software, which contains a set of programmes for the processing and 

analysis of X-ray and neutron diffraction data [30]. 
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2.3 Raman Spectroscopy 

Raman spectroscopy is a technique used to study the vibrational modes in a sample, and 

thus the chemical nature of a sample, such as type and strength of bonding. 

 

2.3.1 Raman Scattering 

A stretching of a diatomic molecule can be easily viewed as an oscillating spring. Thus a 

vibration of a bond in a molecule can be modelled as a spring. In classical physics, a spring 

behaves as a simple harmonic oscillator and it obeys Hooke’s law, 

 kxF −=        (2.3.1) 

where F is the restoring force, x is the displacement and k is the spring constant. The angular 

frequency of the oscillation, ω is defined as: 
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where µeff is effective mass of the system. For a diatomic system with masses mA and mB: 
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Quantum mechanics states that a motion of a molecule has a discrete energy level and the 

solution of the quantum harmonic oscillator (the analogue to simple harmonic oscillator) 

gives the energy of the motion at an energy level of n, 

 ωh
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where ħ is the reduced Plank constant ( π2h ). Therefore, the vibrational energies are greater 

with stiff bonds (large k) and systems having low effective masses. The energies are usually 

expressed in terms of wavenumber, 
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where λ is a wavelength and c is the speed of light in vacuum. 
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Fig. 2.3.1 Phonon energy level transitions and corresponding scattering  

  frequency changes.  

 

Photons are not only absorbed or emitted but can also be scattered by matter and the 

intensity, I of such scattering by a molecule is given by: 
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I0 is the incident intensity, N is the number of scatterers, R is the distance between scatterer 

and observer and α is the polarizability [31]. Polarizability is a tendency of a molecule to have 

a dipole moment, µ in an applied field, E and for an oscillating field: E can be expressed with 

a cosine function: 

 )2cos(0 vtEE πααµ ==       (2.3.7) 

For the stretching of the bond in a diatomic molecule, assuming simple harmonic motion, the 

inter-atomic distance qvib is 

 qvib = q0cos(2πνvibt)      (2.3.8) 

+ν -ν 0 

νi 
νs 

νvib 

anti-Stokes Rayleigh Stokes 
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The polarizability during the vibration can be expressed using a Taylor series in terms of the 

coordination change due to the vibration: 

 ......
0

0 +







+= vibq

dq

dα
αα   
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+≈      (2.3.9) 

Combining equation 2.3.7 and equation 2.3.9 gives: 
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The first term describes Rayleigh scattering where the scattered photons have identical energy 

to the incident photons. The second term is Raman scattering and here there is an energy 

change either ν0 − νvib (Stokes) or ν0 + νvib (anti-Stokes). (Fig. 2.3.1) Most importantly, the 

second term also contain the gross selection rule for Raman scattering, the change in 

polarizability, 0
0

≠








dq

dα
. Hence, only vibrational modes with a change in polarizability are 

Raman active. For a simple molecule such as CO2, the prediction of a Raman active mode can 

be achieved using the irreducible representation in the character table of its point group. 

The vibrational modes in the lattice are also quantised and are called phonons. There are 

two type of phonons, acoustic and optical. Atoms in the lattice vibrate in phase for acoustic 

vibration and out of phase in optical vibration. The quantum mechanical solution for their 

phonon energies as a function of wave vector, k, is presented in Fig. 2.3.2. 
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Fig. 2.3.2 Angular frequency corresponding to phonons in first Brillouin  

  zone [32].  

 

As Raman scattering follows the rules of conservation of momentum and energy, and 

because photons of visible light have wavenumber of ≈ 10
5
 cm

-1
, only phonons with similar 

scale can be involved in Raman scattering. This leaves the optical phonons at Brillouin zone 

centre (typical cubic cell wavenumber from centre to boundary is 710≈aπ cm
-1

), because 

acoustic phonons near the Brillouin zone centre have nearly zero energy (Fig. 2.3.2). 

Therefore, only optical phonons are involved in the first order (involving single phonon) 

Raman scattering, and activities for normal modes can be predicted by using only the point 

group of the space group and the Wyckoff position of atoms. For example, nuclear site group 

analysis predicts that the orthorhombic and tetragonal Ba2In2O5 should show 30 and 36 

Raman active normal modes respectively (Table 2.3.1 and 2) while cubic Ba2In2O5 should 

show none [33]. Hence, there should not be any Raman activity for any samples isostructural 

to cubic Ba2In2O5 with the exception of weak second order Raman effect (two phonon 

processes) [34, 35]. 
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Table 2.3.1 The Raman mode symmetry in orthorhombic (Icmm (74) space  

  group) Ba2In2O5 as determined from nuclear site group analysis [33] 

 

Atom Wyckoff position Raman mode symmetry 

Ba 8h 2Ag + B1g + B2g + 2B3g 

In(1) 4a not Raman active 

In(2) 8i 2Ag + B1g + 2B2g + B3g 

O(1) 8g Ag + 2B1g + B2g + 2B3g 

O(2) 8h 2Ag + B1g + B2g + 2B3g 

O(3) 8i 2Ag + B1g + 2B2g + B3g 

 

Table 2.3.2 The Raman mode symmetry in tetragonal (I4cm (108) space  

  group) Ba2In2O5 as determined from nuclear site group analysis [33] 

 

Atom Wyckoff position Raman mode symmetry 

Ba(1) 4b A1 + B2 + 2E 

Ba(2) 4b A1 + B2 + 2E 

In(1) 4a A1 + 2E 

In(2) 4a A1 + 2E 

O(1) 8c 2A1 + B1 + 2B2 + 3E 

O(2a) 4a A1 + 2E 

O(2b) 4a A1 + 2E 

O(3) 8c 2A1 + B1 + 2B2 + 3E 
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2.3.2 Instrumentation 

The instrument used in this study was a Renishaw inVia Raman microscope with excitation 

using a Cobolt Samba CW 532 nm DPSS Laser, and its schematic is given in Fig. 2.3.3. 

Powder samples are placed on a glass plate. The samples were exposed to monochromatic 

electromagnetic radiation with wave length of 532 nm and intensities of back-scattered waves 

are detected with CCD. A notch filter is used to remove the intensity arising from elastic 

scattering. The technique was mostly employed to confirm the presence of oxyanion groups 

(phosphate, silicate, carbonate, etc) in the structures. 

 

 

Fig. 2.3.3 Schematic diagram of a Raman microscope. 
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2.4 Solid State NMR Spectroscopy 

Solid state NMR spectroscopy is a technique for the characterisation of solid materials, 

especially the local chemical environments. 

  

2.4.1 Net Magnetisation 

The magnetic moment, µi of a nucleus of an atom is given by: 

 ii Jγµ =        (2.4.1) 

where γ is the gyromagnetic ratio, which is a constant for a specific nucleus and Ji is its 

angular momentum. The net magnetisation, M, by the same type of nuclei is the sum of all of 

the magnetic moments of individual nuclei (vectorial sum): 

 J
i

i γµ ==∑M        (2.4.2) 

where J is the total angular momentum. Torque is a rate of change in angular momentum, and 

for the nuclei placed in a uniform external magnetic field, B, it is given by: 

 MB×== J
dt

d
T       (2.4.3) 

Combining equation 2.4.2 and 2.4.3 gives: 

 MBM ×== γγ J
dt

d

dt

d
      (2.4.4) 

This relationship predicts that M precesses about a fixed field B, at a constant angular 

frequency, Bγω = . Therefore, in an NMR experiment, the magnetisation precesses about the 

applied magnetic field B0 (usually along z axis) with tilting in the Larmor frequency, ω0: 

 00 Bγω =        (2.4.5) 

The z component of the angular momentum of a nucleus is quantised and its values are 

given by: 

 hssz m
h

mJ ==
π2

      (2.4.6) 
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where ms is the magnetic quantum number and has values of -I, -I+1,...0..I-1, I, where I is the 

spin quantum number. The potential energy of the two states is given by: 

 BB JE zpot γµ ==       (2.4.7) 

The energy difference between two quantised states of nucleus having spin number 1/2 is: 

 BB
2

1

2

1
B hhh γγµ =












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


−−==∆

ss
zpotE    (2.4.8) 

 

2.4.2 Resonance 

In the case of a sample with only identical nuclei, all the nuclei precess about the z-axis 

under the applied field B0 in a random distribution, and thus the net magnetic moment is 

along the z axis. When electromagnetic radiation, B1 (generally in the region of radio 

frequency, hence called rf pulse) is applied along the x-axis, there is a change in the external 

magnetic field. However, when the ω of the rf pulse is identical to the Larmor frequency, ω0, 

the energy is transferred to induce a flip in the energy state of some nuclei (from ground state 

to exited state) and the individual magnetisation vector becomes coherent (Fig. 2.4.1.b). When 

the rf pulse is turned off, the magnetisation vector goes back to the state as described in Fig. 

2.4.1.a and this relaxation of the magnetisation vector follows the trajectory in Fig. 2.4.1.c. 

The electromagnetic induction caused by this movement of the magnetisation vector is 

recorded to a receiver and analysed (Fig. 2.4.1.d). 
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Fig. 2.4.1 Individual magnetic moments (a) under B0 (b) with addition of B1. (c) 

The relaxation of magnetisation vector and (d) corresponding 

electromagnetic signals along y and z axes [36]. 

 

However, in a real sample,  B0 experienced by a nucleus is altered by the electronic 

environment around it. This is called diamagnetic shielding and its strength, σ influences the 

effective magnetic field, Beff: 

 0B)1(B σ−=eff        (2.4.9) 

Thus, identical nuclei with different chemical environments have different ω0. Consequently, 

to induce the magnetic resonance for all the nuclei, rf pulses covering a wide range of ω are 

applied in a very short time interval. The relaxation of all the magnetisation vectors for the 

x 

y 

B0 

B1 

M 

M0 

My 

Mz 

(a) (b) 

(c) 

B0 

(d) 

z 



Chapter 2 70

nuclei with different environments precess at different frequencies, and thus the 

electromagnetic signal recorded to the receiver is the sum of all the signals produced by the 

nuclei. This complex time domain signal can be simplified to frequency domain data through 

a Fourier transformation (Fig. 2.4.2). 

 

 

Fig. 2.4.2 Superposition of time domain signals from three nuclei with different 

ω0 and the frequency domain signal obtained by Fourier transform 

[36]. 

 

2.4.3 Solid State NMR 

Conventional NMR data collected from crystalline solids produces excessively broad lines 

due to the lack of random orientation of nuclei. The broad lines are caused by chemical shift 

anisotropy and asymmetry, which give a variation in signals rather than a single sharp line. In 

addition, dipolar coupling, which averages to zero in solution, results in line splitting in 

crystalline solid samples. 
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Spinning of the sample at a angle of 54.74°, so called magic angle spinning (MAS) 

eliminates this broadening as both features contains the term (3cos
2
θ-1), which becomes zero 

when θ is 54.74° related to B0. However, in order to remove this peak broadening, the spin 

rate has to be equal to or greater than the dipolar linewidth. 

 

2.4.4 Instrumentation 

All the measurements were performed by the Solid state NMR service at Durham 

University utilising a Varian VNMRS system operating at 161.87 MHz for 
31

P and at 79.44 

MHz for 
29

Si. The spectra were obtained using direct excitation and spectral referencing was 

with respect to 85% H3PO4 and tetramethylsilane for 
31

P and 
29

Si respectively. 
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2.5 AC Impedance Spectroscopy 

AC (alternating current) Impedance Spectroscopy (also known as Electrochemical 

Impedance Spectroscopy or Impedance Spectroscopy) is a technique used to characterise the 

electrochemical behaviour of a system of interest by studying the response (current or 

voltage) from a stimulus (a certain voltage or current). The process involves relatively simple 

electrical measurement, which can be easily automated. Many intrinsic properties of a 

material and electrode-materials interface can be studied (Table 2.5.1) and they can be 

correlated with many complex materials variables, such as corrosion, dielectric properties, 

mass transport and rate of reaction. 

 

Table 2.5.1 Properties that can be studied using AC impedance spectroscopy [37] 

Intrinsic property Electrode-material interface 

Conductivity Adsorption-reaction rate constants 

Dielectric constant Capacitance of the interface region 

Mobilities of charge carrier  

Equilibrium constant of charged species  

 

2.5.1 Electrical Impedance 

Current is a rate of flow of charge and two types of current can arise from a ceramic 

material by the interaction with an electric field. Displacement current is caused by the 

dielectric mechanism, such as a reorientation of defects having electric dipole moments: 

 
dt

dD
I =         (2.5.1) 

where D is the electric displacement: 

 PED += 0ε        (2.5.2) 

where E is the electric field, ε0 is the permittivity of free space and P is the polarization of 

dielectric material. The second type is caused by the translational motion of charge carriers 

such as ion vacancies and interstitial species, which leads to a DC (direct current) 
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conductivity σ, and current is given by:   

 EI σ=         (2.5.3) 

Electrical impedance, Z is a measure of the ability of a circuit to resist AC and it can be 

calculated from Ohm’s law, which states the relationship between the applied voltage, V and 

responding current, I, 

 
Z

V
I =         (2.5.4) 

When a signal, V(t) with a frequency, πων 2=  and amplitude, V0, 

 )sin()( 0 tVtV ⋅= ω       (2.5.5) 

is applied to a cell, a resulting current, I0, 

 )sin()( 0 θω +⋅= tItI       (2.5.6) 

is observed with phase difference between V(t) and I(t), θ. Impedance is given as: 
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This time domain impedance function is very complex due to the presence of capacitive and 

inductive behaviour of elements in the cell,  

 C
dt

tdV
tI

)(
)( =        (2.5.8) 

 L
dt

tdI
tV

)(
)( =        (2.5.9) 

where C is the capacitance and L is the inductance. 

The mathematical treatment (Fourier transform to the time domain function) greatly 

simplifies this to the frequency domain function, and this can be represented in a complex 

plane with the Euler relationship, 

 ZjZjZjZZ ′′+′=+== )sin(cos)exp()( θθθω   (2.5.10) 

where j is an imaginary number (j
2
 = −1) and θ is the phase difference, which is represented in 

the complex plane as the angle between the vectorial sum of Z' and Z" and Z' axis, 
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 )(tan 1

Z

Z

′

′′
= −θ        (2.5.11) 

 

 
Fig. 2.5.1 A complex impedance plane plot representing each quantity  

  involved  

 

|Z| is the magnitude of the vectorial sum of Z' and Z", 

 [ ]2

1
22 )()( ZZZ ′′+′=       (2.5.12) 

Z' is the real component of Z and is also called the resistance, R. Z" is the imaginary 

component of Z and also called the reactance, X: 

 jXRZjZZ +≡′′+′=       (2.5.13) 

where X is the sum of inductive reactance, XL and capacitive reactance, XC: 
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−⋅=+=
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1

     (2.5.14) 

Hence, the reactance of an ideal resistor is zero and a circuit element showing predominant 

capacitive behaviour has negative values of Z" and inductive behaviour has positive values of 

Z". However, this impedance relationship can only be retained in the linear responsive region, 

and thus a small perturbation (low voltages and currents) has to be applied. 

 

2.5.2 Analysis of impedance data 

A detailed physicoelectrical model containing every single process in a system would be 
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too complicated for the analysis. Thus a much simplified mathematical model based on a 

plausible physical theory is used instead. A model usually consists of ideal and non-ideal 

elements. 

 

2.5.2.1 Equivalent circuit elements 

A simple RC circuit (the combination of a resistor and a capacitor in parallel) is often used 

to describe the electrochemical behaviour of an ionic conductor (Fig. 2.5.2) and its 

characteristic relaxation time, τ is the product of the resistance and the capacitance of the 

elements. 

 
max

1
RC

ω
τ ==        (2.5.15) 

Thus, both quantities, R and C can be obtained from the complex impedance plot. For a 

parallel plate capacitor with area A, separation l between two plates and a medium of 

permittivity ε', the capacitance is equal to the following: 

 
l

A
0C εε ′=        (2.5.16) 

Hence, the capacitance value of a RC circuit is indicative of a region of origin of a response 

from the material (Table 2.5.1). 

 

Table 2.5.1 Typical capacitance values for corresponding phenomena. 

Reproduced with permission from [38]. 
 

Capacitance (F) Phenomenon Responsible 

10
−12

 Bulk 

10
−11

 Minor, second phase 

10
−11

 – 10
−8

 Grain boundary 

10
−10

 – 10
−9

 Bulk ferroelectric 

10
−9

 – 10
−7

 Surface layer 

10
−7

 – 10
−5

 Sample-electrode interface 

10
−4

 Electrochemical reactions 
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(a) 

 

(d) 

 

 

 

(b) 

 

 

 

(e) 

(c) 

 

 

Fig. 2.5.2 Simple RC circuits and the simulated impedance plots. (a) gives  

  plot (d) and both (b) and (c) give (e). 

 

(a) 

 
(c) 

 

 
(b) 

 

Fig. 2.5.3 Distorted arc and two equivalent models that can produce the  

  same arc. 

 

A good understanding of the physical characteristics of the material is essential for the 

analysis, as a measurement can be perfectly fitted to a different equivalent circuit as shown in 

Fig. 2.5.2.b and c. Both models result (Fig. 2.5.2.e) in exactly the same impedance data. In 

addition, a distorted arc is frequently encountered instead of perfect semicircle (Fig. 2.5.3.c). 

This could be caused by either the non-ideality of a material or the overlapping of arcs. 
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In practice, a manufactured resistor, which is originally designed to show only ideal 

resistive behaviour always exhibits some degree of capacitance and inductance, because it 

occupies finite space and its elements are distributed over the space. Since it is not a point 

element, assumed in a mathematical model, it only shows limited ideality over a limited 

frequency range. For a non-homogenous system, the non-regular distribution of elements 

results in a distributed relaxation time and resistance. Furthermore, in the case of an ionic 

conductor which conducts via an ion-hopping model, the different local surroundings of such 

charge carriers results in a distribution of hopping energies. 

A constant phase element (CPE) is a circuit element taking account of such a distribution 

of relaxation times, which is related to a depressed angle of the distorted arc. 

 
nCPE

jQ
Z

)(

1

0 ω
=       (2.5.17) 

where ZQ 10 = at ω is 1. Thus, when n = 1, it is an ideal capacitor and when n = 0, it is an 

ideal resistor. This introduction of non-ideality can improve the fitting data using equivalent 

circuit elements. However, the same impedance data can also be obtained from the presence 

of two arcs (Fig. 2.5.3). From a close inspection of the values used for the simulation, it can 

be seen that the capacitance values of the two CPEs are not very different. Thus the system 

can be understood as a distribution of elements. This ambiguity again emphasises the 

importance of an understanding of the physical model, and it shows the possibility that an 

equivalent circuit can be simplified further for the system. 
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2.5.2.2 Equivalent circuit model for an electrolyte 

  

Fig. 2.5.4 Brick layer model and the corresponding equivalent circuit consisting 

of the components originated from grain interior phase (gi), grain 

boundary phase (gb) and grain boundary phase pathway (gbp) [37]. 

 

Polycrystalline materials can be described with the brick layer model, which consists of 

regular size cubic grains and secondary phases between them (Fig.2.5.4). Thus, there are two 

conduction pathways present: through the grains and grain boundary bridges, or just through 

the grain boundary phase if it is the favourable pathway: the equivalent circuit is given in Fig. 

2.5.4. The easy path model introduces a shortcut for the grain boundary bridge between grains 

(Fig. 2.5.5). This concept can be broadened further to the various degrees of contact between 

grains, which can be represented with many different easy paths presented in equivalent 

circuit. However, this model can be simplified with the use of a CPE, as it accommodates 

various similar relaxation processes into one component. The possible origins of the grain 

boundary phase include: 

o space charge effect – different defect (charge carrier) concentration in the core and 

towards the exterior of the grains; 

o inhibition of anisotropic conduction by the random orientation of grains (e.g. apatite-

type silicates); 

o presence of other phases, such as SiO2 agglomeration in YSZ; 

o and combinations of the above mentioned. 

Grain 

boundary 

phase (gb) 

Grain 

interior 

phase (gi) 
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Fig. 2.5.5 Easy path (ep) model and the corresponding equivalent circuit [37]. 

 

 

        Bulk     Grain boundary 

 

Fig. 2.5.6 The impedance plot of Ba2In1.7P0.3O5.3 sample measured at 195 °C 

in wet N2 and the equivalent model for the fitting. 

 

Nevertheless, all the descriptions mentioned above emphasize the complexity present in 

modelling the grain boundary conduction. However, generally the model with two series R-

CPE with a Rseries is adequate, as most of the grain boundary conduction processes have 

similar capacitance values, as shown in the fitting of the impedance data of Ba2In1.7P0.3O5.3 

sample at 195 °C in wet N2 (Fig. 2.5.6). The fitted model has ideal RC component for grain 

interior (bulk) and n = 0.62 for CPE of grain boundary component which emphasises the non-

ideality of the component. 
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2.5.2.3 The model for a composite electrode 

   

Fig. 2.5.7 The physical model for a composite electrode [37] 

 

A composite electrode is used to enhance the conduction between electrode and electrolyte 

by increasing the number of triple phase boundary (TPB), where cathodic or anodic processes 

are taking place (Fig. 2.5.7). The electrical components of the conduction processes 

happening in the TPB of a cathode consist of (descending order of frequency):  

o one or two arcs of conductivity relaxation, which is related to the microstructure of the 

composite, and these are independent of PO2, 

o the cathodic process involving adsorption, dissociation of O2 on the surface of a TPB, 

which is PO2 dependent and has typical values of Ea of 2.0 eV and capacitance of 10
-4

 

to 10
-1

 F cm
-2

; 

o Gas diffusion impedance. 

Thus the equivalent circuit for the system includes 2 to 4 elements excluding the response 

from the electrolyte. For example, the complex impedance plot of La0.6Sr0.4Fe0.8Co0.2O3−δ-

La10Si5GaO26.5 1:1 composite on a La10Si5GaO26.5 electrolyte is fitted with only two arcs 

which are attributed to the conduction related to the electrode-electrolyte interface and gas-

electrode catalytic process (Fig. 2.5.8). 

 

Current collector 

Electrolyte 

Composite layer 
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Fig. 2.5.8 The impedance plot of La0.6Sr0.4Fe0.8Co0.2O3−δ-La10Si5GaO26.51:1 

composite on La10Si5GaO26.5 electrolyte having area of 0.44 cm2 

measured at 700 °C in air, and the equivalent model for the fitting. 

 

2.5.3 Instrumentation 

Two sets of measurement rig-impedance analyser combinations were used for the 

experiments. The schematic representation of measurement setup A is given in Fig. 2.5.9.a. 

Platinum strips were attached on the surface of a sample which was coated with a platinum 

paste, and then heated to 800 °C for 1 hour to ensure bonding. The platinum strip was 

wrapped around platinum wire in the measurement rig to make an electrical connection to a 

Hewlett Packard 4182A impedance analyser. For samples which required a controlled 

atmosphere (e.g. N2 to remove any contribution of p-type conduction for Ba2In2O5 related 

systems) rather than just air, the required gas was bubbled through concentrated sulphuric acid 

or liquid paraffin or water. A schematic representation of measurement setup B is given in Fig. 

2.5.9.b. Samples were coated with a platinum paste, and then heated to 800 °C for 1 hour to 

ensure bonding. Silver wires, pushed by springs, made contact with the sample and made an 

electrical connection to a Solartron SI 1260 impedance/gain-phase analyser. Voltage 

perturbation (100 mV) methods were used for both instruments. Induction correction was 

applied to the impedance data obtained from the measurement setup B [37]. All impedance 

data were analysed using ZView software, which estimates the resistance and capacitance 

values associated with equivalent circuits through complex nonlinear least squares fitting [39]. 
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Fig. 2.5.9 Schematic diagrams of two impedance analyser-measurement  

  rig configurations. All electric wires are earth shielded. 
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2.6 Thermal Analysis 

Thermal analysis is the study of the physical and chemical changes occurring in a substance 

as a function of temperature and many branched techniques have been established for 

quantitative and/or qualitative analysis (Table 2.6.1). 

 

Table 2.6.1 List of thermal analysis techniques [40] 

Thermal analysis techniques Measurement 

Thermogravimetry (TG) Mass change 

Differential thermal analysis (DTA) Temperature difference between sample and 

reference 

Differential scanning calorimetry (DSC) Energy required to reach zero temperature 

difference between sample and reference 

Evolved gas analysis (EGA) Identification and/or quantification of gaseous 

species evolved 

Thermomechanical analysis (TMA) Deformation of a material under a constant 

load 

Dynamic mechanical analysis (DMA) A strain is measured while a sinusoidal stress 

is applied 

Dilatometry Thermal expansion 

 

2.6.1 Thermogravimetry 

Thermogravimetry (TG) measures the mass change of a substance heated isothermally or 

dynamically. It utilises a microbalance, while the sample is surrounded by a furnace. It is 

mostly suitable for the studies of thermal stability and loss of components in a specific 

atmosphere. TG can be coupled with mass spectrometry to identify and/or quantify any gases 

evolved. Fig. 2.6.1 shows a typical TG profile of the dehydration reaction described in 

equation 2.6.1, and it clearly indicates the species responsible for the mass loss is H2O by 
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accompanying mass-spec data. 

Ba2In1.7P0.3O5.3.xH2O → Ba2In1.7P0.3O5.3 + xH2O(g) (2.6.1) 

However, due to the dynamic nature of the measurement (10 °C min
-1

 in this experiment), 

it is difficult to determine an accurate temperature at which dehydration begins. The 

dehydration may have occurred in a wide range of temperature or occurred at the beginning of 

the mass change temperature but requiring more time to finish. Thus, care must be taken in 

the determination of the reaction temperature: slow heating rate near the reaction temperature 

is beneficial to gain a more accurate temperature value. 

 

 

Fig. 2.6.1 TG profile for the dehydration process of hydrated Ba2In1.7P0.3O5.3, 

along with Mass-spec data for water evolved. 

 

2.6.2 Instrumentation 

The instrument used in this study was a Netzsch STA 449 F1 Jupiter Thermal Analyser 

coupled with a Netzsch MS 403C Aëolos Mass Spectrometer, and its schematic is shown in 
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Fig. 2.6.2. In an experiment, a sample is placed on a thermobalance along with a reference 

crucible (which is required for DTA/DSC measurements), and surrounded by heating 

elements. A mixture of protective gas (N2) and another desired gas such as CO2 was passed 

through the instrument from below. The sample heating rate is controlled by a heating 

programme, and its mass change is recorded while outlet gases are fed to the mass 

spectrometer for analysis. 

 

 

Fig. 2.6.2 Schematic diagram of the instrument. 
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Chapter 3 Oxyanion Doping in Ba2In2O5 

 

3.1 Introduction 

Ba2In2O5 has been the subject of extensive doping studies due to the high oxide ion 

conductivity achieved in the high symmetry cubic phase [1]. However, there is limited 

evidence and doubts about the long term stability of such doped systems towards CO2 

containing atmosphere. Hence, we have proposed an alternative doping strategy involving the 

use of acidic (oxyanion) dopants, with the aim to achieve high conductivity as well as 

improve the CO2 stability. Previously, the successful incorporation of significant level of 

oxyanions (carbonate, nitrate, sulphate, phosphate) has been demonstrated in the studies of 

perovskite-type cuprate superconductors [2-7]. Interestingly, stabilisation of phases, which 

cannot be formed without doping (e.g. the Sr analogue of the high temperature 

superconductor, YBa2Cu3O7-x), has been also achieved [4]. Hence, this doping strategy has 

been extended here to the Ba2In2O5 system and incorporation of phosphate, sulphate and 

silicate anions on the In site has been investigated. In this chapter, the solid solution levels and 

the positive influence on the conductivity and CO2 stability are reported. In particular, the 

effect of silicate doping on the conductivity is interesting as there are many publications that 

have argued the detrimental effect of silica addition to SOFC electrolytes such as yttria 

stabilised zirconia. In addition, the effect of co-doping of La and Zr on Ba and In sites on the 

CO2 stability and conductivity is studied. Finally, the structural implication of fluorination by 

low temperature route on undoped and doped Ba2In2O5 systems is also examined. 

 

3.2 Experimental 

High purity BaCO3, In2O3, NH4H2PO4, (NH4)2SO4, SiO2, La2O3 and ZrO2 were used to 

prepare Ba2In2-xPxO5+x (x = 0, 0.1, 0.2, 0.3), Ba2In2-xSxO5+3x/2 (x = 0.1, 0.2, 0.3), Ba2In2-
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xSixO5+x/2 (x = 0.1, 0.2), Ba2In1.7-xP0.3ZrxO5.3+x/2 (x = 0.1, 0.2), Ba2-xLaxIn1.7P0.3O5.3+x/2 (x = 0.1, 

0.2, 0.3, 0.4), Ba2In1.8-xSi0.2ZrxO5.1+x/2 (x = 0.1, 0.2) and Ba2-xLaxIn1.8Si0.2O5.1+x/2 (x = 0.1, 0.2, 

0.3, 0.4) samples. In order to overcome Ba loss at elevated temperatures, a 3% excess of 

BaCO3 was employed. Without this small Ba excess, low levels of Ba deficient impurity 

phases, such as BaIn2O4 and Ba4In6O13, were observed after sintering, as has been seen in 

other studies synthesising similar Ba containing phases [8, 9]. The powders were intimately 

ground and heated initially to 1000 °C for 12h. They were then ball-milled (350 rpm for 1 

hour, Fritsch Pulverisette 7 Planetary Mill) and reheated to 1000 °C for a further 50h. The 

resulting samples were then pressed as pellets (1.3 cm diameter) and sintered at 1400 °C for 

10h. The pellets were covered in sample powder and the crucible was covered with a lid to 

limit the amount of Ba loss during the sintering process. For the fluorination, the samples 

were mixed with a calculated amount of polytetrafluoroethene (PTFE) to result in the fully 

stoichiometric samples (one O
2−

 exchanged by two F
−
) and heated to 350 °C for 12h, and then 

reground and reheated to 350 °C for 12h. 

Powder X-ray diffraction (Bruker D8 diffractometer with Cu Kα1 radiation = 1.5406 Å) 

was used to demonstrate phase purity. For the detailed information of the structural changes 

for Ba2In1.7P0.3O5.3, time of flight neutron diffraction data were recorded on diffractometer 

HRPD at the ISIS facility, Rutherford Appleton Laboratory. All structural refinements 

employed the GSAS suite of Rietveld refinement software [10].  

Pair distribution function (PDF) analysis of X-ray diffraction data collected using 

synchrotron X-rays and a two-dimensional detector were carried out by the research group of 

Dr. L. Malavasi at University of Pavia in Italy (detailed experimental procedure is given in 

Mancini et al. [11]). 

In order to provide further evidence for the successful incorporation of phosphate, sulphate 

and silicate, Raman spectroscopy measurements were made using a Renishaw inVia Raman 
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microscope with excitation using a Cobolt Samba CW 532 nm DPSS Laser. In addition, 
31

P 

and 
29

Si NMR data were collected to gain further information about the P and Si environment. 

These spectra were obtained using a Varian Unity Inova operating at 121.37 MHz for 
31

P and 

at 59.56 MHz for 
29

Si. Spectral referencing was with respect to 85% H3PO4 and 

tetramethylsilane respectively. The data were collected by the EPSRC Solid state NMR 

service at Durham University. 

The water contents for the hydrated samples were determined from thermogravimetric 

analysis (Netzsch STA 449 F1 Jupiter Thermal Analyser). Samples were heated at 10 °C min
-1

 

to 1000 °C in N2, and the water content was determined from the observed mass loss. 

In order to determine the CO2 stability of samples, two sets of experiments were performed. 

In the first set of experiments, samples were heated at temperatures between 600 and 800 °C 

under CO2, and the samples were analysed for decomposition by X-ray diffraction. In the 

second experiment, samples were analysed using thermogravimetric analysis. Samples were 

heated at 10 °C min
-1

 to 1000 °C in 1:1 CO2 and N2 mixture to determine at what temperature 

CO2 pick up occurred. 

An important aspect of the work was the investigation of the effect this doping strategy has 

on the conductivity. The sintered pellets (> 84% theoretical density) were coated with Pt paste, 

and then heated to 800 °C for 1 hour to ensure bonding to the pellet. Conductivities were then 

measured by AC impedance measurements (Hewlett Packard 4182A impedance analyser) in 

the range from 0.1 to 10
3
 kHz. Since Ba2In2O5 displays a small but significant p-type 

contribution to the conductivity in oxidising conditions, measurements were made in dry N2 

to eliminate this contribution. In addition, measurements were made in wet N2 (in which the 

gas was bubbled at room temperature through water) to identify any protonic contribution to 

the conductivity.   

The impedance data showed generally a single broad semicircle in dry atmospheres. The 
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capacitance of the broad semicircle was typical of a bulk response, suggesting that in dry 

atmospheres, the resistance of the grain boundary is small compared to that of the bulk. In wet 

atmospheres, instead of the single broad semicircle, there were now two partially resolved 

semicircles, whose capacitances were consistent with the bulk and grain boundary 

respectively (Appendix 3.1). In the text, bulk conductivities are reported.  

 

3.3  Phosphate doped systems: Ba2In2-xPxO5+x (x = 0, 0.1, 0.2, 0.3) 

3.3.1 Structural study 

 

Fig. 3.1 X-ray diffraction patterns for Ba2In2-xPxO5+x 

 

The X-ray powder diffraction analysis confirmed the successful synthesis of single phase 

samples of Ba2In2-xPxO5+x in the range 0 ≤ x ≤ 0.3 (Fig. 3.1). Undoped Ba2In2O5 was 

orthorhombic as previously reported and there was a change in symmetry to cubic on 

incorporation of phosphate. Calculated cell parameters are given in table 3.1 and plotted in 

Fig. 3.2. These show a gradual decrease in cell volume with increase in phosphate level as a 

result of substitution of smaller size of P
5+

 in place of bigger In
3+

. Cell size expansion due to 
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the additional oxygen content introduced by charge compensation (P
5+

 versus In
3+

) is hence 

outweighed by the influence of this size difference. The extra oxygen can be accommodated 

within the vacant interstitial sites in the tetrahedral layer of the brownmillerite structure: in 

terms of a defect equation, it can be written as: 

2NH4H2PO4 + 2InIn
x
 ↔ 2PIn

●●
 + 2Oi″ + In2O3 + 2NH3↑ + 3H2O↑ (3.1) 

Structure refinement has been performed using the X-ray (Fig. 3.3 and table 3.2) and neutron 

diffraction data (Fig. 3.4 and table 3.3) for the highest phosphate content sample, 

Ba2In1.7P0.3O5.3. The structure refinement showed B site occupancies of 1.68(1) In and 0.32(1) 

P from X-ray diffraction data and 1.70(1) In and 0.30(1) P from neutron diffraction data, 

consistent with that expected for the nominal starting composition. However, a lower oxygen 

occupancy than expected was obtained. This can most likely be explained by the severe local 

distortion caused by the presence of the phosphate group. This feature coupled with the likely 

disorder in the orientation of the phosphate group makes the accurate location of the 

phosphate oxygens difficult, and thus explains the lower than expected refined oxygen content. 

 

Table 3.1 Cell parameter data for Ba2In2-xPxO5+x 

Sample 

(nominal composition) 

Unit cell parameters (Å) Unit cell volume 

(Å
3
) a b c 

Ba2In2O5 6.089(2) 16.736(8) 5.963(2) 607.6(2) 

Ba2In1.9P0.1O5.1 6.055(6) 16.774(5) 5.957(7) 605.1(4) 

Ba2In1.8P0.2O5.2 4.217(1) - - 75.0(1) 

Ba2In1.7P0.3O5.3 4.208(1) - - 74.5(1) 
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Fig. 3.2 Variation of cubic equivalent unit cell volume with phosphate, sulphate 

and silicate doped series. 
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Fig. 3.3 Observed (cross), calculated (line), and difference plots of 

Ba2In1.7P0.3O5.3 from the Rietveld refinement for room temperature X-

ray diffraction data. 

 

Table 3.2 Refined structural parameters for Ba2In1.7P0.3O5.3 with cubic mPm3  

(221) space group, from room temperature X-ray diffraction data 

 

 a (Å) Rwp Rp χ
2
 

 4.2116(1) 2.98 2.09 1.34 

 

  
x y z 

 Fractional 

occupancy 

Uiso 

(Å
2
 x 100) 

Ba 1b ½ ½ ½  1.000 1.36(2) 

In 1a 0 0 0  0.842(3) 1.79(5) 

P 1a 0 0 0  0.156(3) 1.79(5) 

O 3d 0 0 ½  0.862(8) 4.30(20) 
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Fig. 3.4 Observed (cross), calculated (line), and difference plots of 

Ba2In1.7P0.3O5.3 from the Rietveld refinement for room temperature 

neutron diffraction data 

 

Table 3.3 Refined structural parameters for Ba2In1.7P0.3O5.3 with cubic mPm3  

(221) space group, from room temperature neutron diffraction data 

 

 a (Å) Rwp Rp χ
2
 

 4.2075(1) 4.02 4.22 1.54 

 

  
x y z 

 Fractional 

occupancy 

Uiso 

(Å
2
 x 100) 

Ba 1b ½ ½ ½  1.000 1.53(2) 

In 1a 0 0 0  0.850(10) 1.61(3) 

P 1a 0 0 0  0.150(10) 1.61(3) 

O 3d 0 0 ½  0.766(1) 3.37(2) 
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Fig. 3.5 (a) X-ray PDFs up to 10 Å for Ba2In2O5, Ba2In1.7P0.3O5.3P and 

Ba2In1.7P0.3O5.3. PDF fit of Ba2In1.7P0.3O5.3 up to 10 Å with (b) 

mPm3 and (c) Icmm space groups. Experimental, calculated and 

difference plots showing an improved fit for the latter orthorhombic 

space group. (d) PDF fit of Ba2In1.7P0.3O5.3 from 10 to 20 Å with 

mPm3  space group showing a good agreement. Reproduced with 

permission from [11]. 

(a) (b) 

(c) (d) 
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X-ray total scattering and pair distribution function (PDF) analysis enlightened the 

complexity of the structure further. At first glance, X-ray PDFs up to 10 Å for undoped 

Ba2In2O5 and Ba2In1.7P0.3O5.3 did not show any large differences (Fig. 3.5). Thus the PDF 

fitting of Ba2In1.7P0.3O5.3 up to 10 Å with Icmm space group, as for undoped Ba2In2O5 yielded 

much better agreement factor than that of with mPm3  space group (Rw of 7.2% against 

15.8%), while PDF fitting of Ba2In1.7P0.3O5.3 from 10 to 20 Å with mPm3  space group 

resulted in a good agreement (Rw of 7.2%). The good agreement was retained for further r-

ranges, and thus the results indicated that for r-values closer to the unit cell size, the local 

structure is distorted away from the cubic symmetry [11, 12]. 

 

 

Fig. 3.6 31P NMR data for dry Ba2In2-xPxO5+x (note: the small sharp peak at ≈ 

15 ppm is an artefact of the instrument). 

 

The 
31

P NMR data for the x = 0.1, 0.2, 0.3 samples are given in Fig. 3.6. All the samples 

showed a single broad line with slight chemical shift difference from each other. The chemical 

shifts are ranged from 1.4 to 3.0 ppm, which are in the typical region for an alkaline earth 
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phosphate [13]. Thus, the phosphate groups are strongly linked with Ba. The 
31

P NMR data 

for hydrated samples showed no significant difference to those of the dry samples. This 

suggests that the oxygens on In are the preferred location for the protons, which was not 

unexpected as these sites have higher basicity. 

 

 

 

Fig. 3.7 Raman spectra of Ba2In2-xPxO5+x showing the emergence of bands 

due to the presence of phosphate (most intense band highlighted). 

For comparison, Raman spectra for Ba3(PO4)2 and InPO4 are included. 

 

The Raman spectra for the x = 0, 0.1, 0.2, 0.3 samples are given in Fig. 3.7. On 

incorporation of phosphate, there is the appearance of bands at ≈ 930 cm
-1

 and the reduction 

of the In-O bands, mostly notable for the band at 600 cm
-1

. The position of the newly emerged 

bands at 930 cm
-1

 is similar to the bands observed for Ba3(PO4)2, which again emphasize the 

close relationship of the phosphate group with Ba, as also evidenced by the NMR studies. 

This is not unexpected, as the shorter P-O bond when P is placed on the perovskite B cation 

site, will trigger a significant In-O bond length increase to an adjacent In site. Thus the 
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strongest linkage will be to Ba. In addition, there was a small peak shift to higher 

wavenumber with the increase in phosphate doping level, which is in agreement with 

chemical shift change in the 
31

P NMR data. The In-O bands reduction was previously reported 

in other doping studies [14], which is a result of an introduction of disorder on the oxygen 

sublattice. However, here it should be noted that a perfect cubic perovskite should not be 

Raman active according to the selection rules, with the exception of possible second-order 

effects [15, 16]. Thus, the presence of some bands indicates that while the average structure 

determined in diffraction studies is cubic, there are considerable local distortions away from 

cubic symmetry as was shown by the PDF study. 

 

3.3.2 Conductivity measurements 

 

Fig. 3.8 Conductivity data in dry and wet N2 for Ba2In2-xPxO5+x 
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Following on from the above structural studies, the effect of the phosphate doping on the 

conductivity was examined (Fig. 3.8) and the results showed that there is a general 

enhancement in conductivity. At low temperature, the conductivity is significantly enhanced 

with higher phosphate level, which can be associated with the oxygen sublattice disorder 

shown in X-ray powder diffraction and Raman spectroscopy studies. However, at higher 

temperature (greater than 700 °C), the x = 0.1 sample showed the highest conductivity and 

there is a slight reduction in conductivity with further doping (Fig. 3.9 and table 3.4). This 

high conductivity at elevated temperature even for the lowest P doped sample can be 

correlated with the presence of significant disorder in the oxygen sublattice in the phosphate 

doped samples at this elevated temperature, which was confirmed by variable temperature X-

ray powder diffraction studies: e.g. the x = 0.1 sample showed the phase transition to higher 

symmetry above 625 °C indicating an increase of oxygen disorder (Fig. 3.10), and the 

temperature is also related to the steep increase in the conductivity for this sample (Fig. 3.8). 

Thus, the small decrease in the high temperature conductivity for higher doping levels is most 

likely related to the presence of a small degree of oxygen vacancy trapping on phosphate 

doping. 

 

Table 3.4 Conductivity data for Ba2In2-xPxO5+x 
 

Sample 

(nominal composition) 

 Conductivity (S cm
-1

) 

400 °C 790 °C 

Wet Dry 

Ba2In2O5  1.6 x 10
-5

 7.6 x 10
-7

 9.7 x 10
-4

 

Ba2In1.9P0.1O5.1  1.8 x 10
-4

 1.1 x 10
-5

 1.6 x 10
-2

 

Ba2In1.8P0.2O5.2  8.8 x 10
-4

 3.9 x 10
-5

 1.4 x 10
-2

 

Ba2In1.7P0.3O5.3  7.8 x 10
-4

 5.7 x 10
-5

 8.4 x 10
-3
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Fig. 3.9 Variation in σ790°C in dry N2 and σ400°C in dry and wet N2 for 

Ba2In2-xPxO5+x. 

 

 

Fig. 3.10 Variable temperature XRD patterns for Ba2In1.9P0.1O5.1 showing a 

gradual reduction in orthorhombic splitting above 625○C. 
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A further enhancement in the conductivity was observed by changing the atmosphere to 

wet N2, which is caused by water incorporation, as shown in the defect equation 3.2, similar 

to that of undoped Ba2In2O5 [17, 18]. 

H2O + 2OO
x
 ↔ 2OHO

●
 + Oi'' (3.2) 

This is an exothermic process in nature, and thus the introduction of water, and hence protons 

is most significant at lower temperatures. Therefore, an order of magnitude increase in 

conductivity in wet N2 at temperatures below ≈ 350 °C was observed for all the samples, 

indicative of a significant protonic contribution. This proton conductivity then becomes less 

significant as the temperature increases, due to a reduction in the level of water incorporation. 

Thus the conductivities in dry and wet atmospheres do not show much difference above ≈ 

650 °C. 

 

 

Fig. 3.11 Water contents (n) for Ba2In2-xPxO5+x.nH2O and Ba2In2-xSxO5+3x/2.nH2O 

determined from TGA data. 
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For the determination of the level of water incorporated, the samples were heated under 

wet N2 to 800 °C, before slow cooling (0.4 °C min
-1

) to room temperature. The water content 

was then determined by TGA measurements. The hydration and subsequent TGA 

measurements were performed in duplicate and the results showed a reduction in water 

content with increasing phosphate content (Fig. 3.11). This can be correlated with the 

increased oxygen content on phosphate incorporation which subsequently reduces the 

available sites for water incorporation. However, the reduction in water content did not have a 

simple linear correlation with the phosphate doping level but showed a much greater decrease. 

This can be explained by the tetrahedral geometry of P in the phosphate ion. Thus the vacant 

sites around the perovskite B site coordination sphere become inaccessible to the incoming 

water molecule, and thus the level of water incorporated is much lower than for dopants that  

have comparable size to In. 

 

3.3.3 CO2 stability results 

 

Fig. 3.12 XRD patterns for Ba2In1.8Si0.2O5.1, Ba2In1.7P0.3O5.3, Ba2In2O5 and 

Ba2Ce0.9Y0.1O2.95 heating in CO2 at 600○C for 12h.  
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Fig. 3.13 TG profiles of Ba2In2O5, Ba2Ce0.9Y0.1O2.95, Ba2In1.7P0.3O5.3 and 

Ba2In1.8Si0.2O5.1 

 

One of the concerns of proton conducting perovskites for fuel cell applications is their 

stability towards CO2. For example, although doped BaCeO3 shows excellent proton 

conductivity, it is unstable towards CO2 at fuel cell operating temperatures of 500-700 °C, 

leading to BaCO3 formation [19, 20]. Thus, the effect of the phosphate doping on CO2 

stability was tested. X-ray diffraction data for the undoped Ba2In2O5 and the x = 0.3 sample 

heated to 600 °C in CO2 are given in Fig. 3.12. The data showed that the samples underwent 

CO2 induced decomposition to varying degrees. In particular, the BaCO3 impurities for the x 

= 0.3 sample were less significant than for undoped Ba2In2O5 and also compared to other 

proton conducting perovskites such as Y doped BaCeO3. The TGA results are shown in Fig. 

3.13, and they provide further enlightenment on the relative stability towards CO2. Undoped 

Ba2In2O5 showed a clear mass increase (BaCO3 formation by CO2 pick up) at 600 °C, while 

the mass increase for BaCe0.9Y0.1O2.95 was observed above 500 °C. However, phosphate 

doped Ba2In2O5 showed generally flatter TG profile, with a significant mass change observed 
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only above 800 °C. Thus these results indicated that phosphate incorporation significantly 

enhanced the stability towards CO2 of Ba2In2O5, although at higher temperature, there was 

still some instability. 

 

3.4 Sulphate doped systems: Ba2In2-xSxO5+3x/2 (x = 0, 0.1, 0.2, 0.3) 

3.4.1 Structural study 

The X-ray powder diffraction data of sulphate doped samples showed the transition from 

orthorhombic to cubic as shown earlier with phosphate doping (Fig. 3.14). Calculated cell 

parameters are given in table 3.5. Sulphate doping resulted in a smaller decrease in cell 

volume compared to phosphate doped samples, even though S
6+

 is smaller than P
5+

 (Fig. 3.2). 

In this case, the greater oxygen content resulting from incorporation of the higher charge 

species, S
6+

 in place of In
3+

 partially counterbalanced the effect of this size difference. The 

incorporation process can be represented using the relevant defect equation, as for phosphate 

doping, as shown below: 

2(NH4)2SO4 + 2InIn
x
 ↔ 2SIn

●●●
 + 3Oi″ + In2O3 + 4NH3↑ + 2H2O↑ (3.3) 

 

Table 3.5 Cell parameter data for Ba2In2-xSxO5+3x/2. 

Sample 

(nominal composition) 

Unit cell parameters (Å) Unit cell volume 

(Å
3
) a b c 

Ba2In1.9S0.1O5.15 6.007(2) 16.810(4) 6.011(5) 607.0(4) 

Ba2In1.8S0.2O5.3 5.979(2) 16.843(3) 6.009(2) 605.2(2) 

Ba2In1.7S0.3O5.45 4.227(1) - - 75.5(1) 
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Fig. 3.14 X-ray diffraction patterns for Ba2In2-xSxO5+3x/2. 

 

Structure refinement for the x = 0.3 sample, Ba2In1.7S0.3O5.45 from X-ray diffraction data 

suggested B site occupancies of 1.70(1) and 0.30(1) for In and S respectively, consistent with 

those expected (Fig. 3.15 and table 3.6). PDF fitting of Ba2In1.7S0.3O5.45 up to 10 Å with Icmm 

space group resulted in a better agreement factor than that with mPm3  space group (Rw of 

8.2% against 24.1%) while PDF fitting from 10 to 20 Å with mPm3  space group resulted in 

a good agreement (Rw of 12.1%). Thus Ba2In1.7S0.3O5.45 also showed the local distortion from 

cubic symmetry as evidenced in Ba2In1.7P0.3O5.3. 
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Fig. 3.15 Observed (cross), calculated (line), and difference plots (observed − 

calculated) of Ba2In1.7S0.3O5.45 from the Rietveld refinement for room 

temperature X-ray diffraction data. 

 

Table 3.6 Refined structural parameters for Ba2In1.7S0.3O5.45 using cubic mPm3  

(221) space group from room temperature X-ray diffraction data. 

 

 a (Å) Rwp Rp χ
2
 

 4.2352(1) 2.69 1.94 1.093 

 

  
x y z 

 Fractional 

occupancy 

Uiso 

(Å
2
 x 100) 

Ba 1b ½ ½ ½  1.000 0.85(5) 

In 1a 0 0 0  0.868(9) 2.17(16) 

S 1a 0 0 0  0.133(9) 2.17(16) 

O 3d 0 0 ½  0.908(17) 8.42(48) 
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Fig. 3.16 Raman spectra of Ba2In2-xSxO5+3x/2 showing the emergence of bands 

due to the presence of sulphate (most intense band highlighted). For 

comparison, Raman spectra for BaSO4 and In2(SO4)3 are included. 

 

The Raman spectra showed a similar trend to those for phosphate doping, with a decrease 

in the In-O band intensity with higher sulphate level, along with the appearance of new bands 

at ≈ 985cm
-1

, which were assigned to sulphate groups in the structure (Fig. 3.16). As for  

phosphate doping, the sulphate groups incorporated showed greater association with the Ba 

cations compared to the In cations as the position of the new bands were in a similar position 

to the bands observed for BaSO4. As outlined before, there should be no Raman active modes 

in a perfect cubic perovskite and the presence of these bands indicates that while the average 

structure determined in diffraction studies is cubic, there are considerable local distortions 

away from cubic symmetry, as also evidenced in the PDF studies [11]. 
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3.4.2 Conductivity measurements 

 

Fig. 3.17 Conductivity data in dry and wet N2 for Ba2In2-xSxO5+3x/2 

 

As for phosphate doping, there is an enhancement in the conductivity in dry N2 on sulphate 

doping as a result of the increase in disorder on the oxygen sublattice (Fig. 3.17, 3.18 and 

table 3.7). However, while all sulphate doped samples showed higher conductivities than 

undoped Ba2In2O5, there was not much difference at low temperature between the samples 

with various sulphate levels. At high temperature (greater than 650 °C), the x = 0.1 sample 

showed the best conductivity similar to the situation for phosphate doping. In general, the 

conductivities for the samples with the same level of doping were slightly lower compared to 

those of the phosphate doped samples, which can be correlated either with the lower number 

of oxide ion vacancies for the sulphate doped samples or with a stronger defect trapping effect 

by the sulphate groups. The conductivity in wet atmosphere was also enhanced in agreement 

with a contribution from protonic conduction. The water contents were determined by TGA 

analysis and showed slightly lower values than those for equivalent doping level phosphate 
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doped samples, in agreement with the higher starting oxygen content of the sulphate doped 

samples (Fig. 3.11). This correlation with the starting oxygen contents can be further 

emphasised by the plot of water content with the starting oxygen content for both phosphate 

and sulphate samples (Fig. 3.19). 

 

Table 3.7 Conductivity data for Ba2In2-xSxO5+3x/2 

Sample 

(nominal composition) 

 Conductivity (S cm
-1

) 

400 °C 790 °C 

Wet Dry 

Ba2In1.9S0.1O5.15  3.6 x 10
-4

 3.2 x 10
-5

 1.5 x 10
-2

 

Ba2In1.8S0.2O5.3  4.0 x 10
-4

 2.6 x 10
-5

 5.5 x 10
-3

 

Ba2In1.7S0.3O5.45  5.1 x 10
-4

 3.3 x 10
-5

 4.6 x 10
-3

 

 

 

Fig. 3.18 Variation in σ790°C in dry N2 and σ400°C in dry and wet N2 for 

Ba2In2-xSxO5+3x/2 
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Fig. 3.19 Water contents (n) for Ba2In2-xPxO5+x.nH2O and Ba2In2-xSxO5+3x/2.nH2O 

as a function of oxygen content. 

 

3.5 Silicate doped systems: Ba2In2-xSixO5+x/2 (x = 0.1, 0.2) 

3.5.2 Structural study 

The X-ray powder diffraction data for the silicate doped samples showed the same 

transition from orthorhombic to cubic symmetry as shown by phosphate and sulphate doping 

(Fig. 3.20). For higher Si levels, small Ba2SiO4 impurities were observed, indicating a 

solubility limit of ≈ 10%. Calculated cell parameters are given in table 3.8, and silicate doping 

resulted in a greater decrease in cell volume compared to the phosphate doped samples, 

although Si
4+ 

is larger in size than P
5+

 (Fig. 3.2). This can be explained by the fact that the 

lower oxygen level introduced by incorporation of the lower charged Si species outweighing 

this effect of size difference. The incorporation process can be represented using the defect 

equation below: 

2SiO2 + 2InIn
x
 ↔ 2SiIn

●
 + Oi'' + In2O3 (3.4) 
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Fig. 3.20 X-ray diffraction patterns for Ba2In2-xSixO5+x/2 

 

Table 3.8 Cell parameter data for Ba2In2-xSixO5+x/2 

Sample 

(nominal composition) 

Unit cell parameters (Å) Unit cell volume 

(Å
3
) a b c 

Ba2In2O5 6.089(2) 16.736(8) 5.963(2) 607.6(2) 

Ba2In1.9Si0.1O5.05 6.012(5) 16.794(5) 5.962(6) 602.0(4) 

Ba2In1.8Si0.2O5.1 4.209(1) - - 74.6(1) 
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Fig. 3.21 Observed (cross), calculated (line), and difference plots (observed − 

calculated) of Ba2In1.8Si0.2O5.1 from the Rietveld refinement for room 

temperature X-ray diffraction data. 

 

Table 3.9 Refined structural parameters for Ba2In1.8Si0.2O5.1 with cubic mPm3  

(221) space group, from room temperature Neutron diffraction data 

 

 a (Å) Rwp Rp χ
2
 

 4.2094(1) 7.02 5.35 1.14 

 

  
x y z 

 Fractional 

occupancy 

Uiso 

(Å
2
 x 100) 

Ba 1b ½ ½ ½  1.000 4.79(4) 

In 1a 0 0 0  0.890(4) 3.91(4) 

Si 1a 0 0 0  0.110(4) 3.91(4) 

O 3d 0 0 ½  0.856(18) 8.85(11) 
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Structure refinement for the x = 0.2 sample, Ba2In1.8S0.2O5.1 from X-ray diffraction data 

suggested B site occupancies of 1.80(1) and 0.20(1) for In and Si respectively, consistent with 

that expected (Fig. 3.21 and table 3.9). 

 

 

Fig. 3.22 Raman spectra for Ba2In2-xSixO5+x/2 showing the emergence of bands 

due to the presence of silicate (most intense bands highlighted). For 

comparison, the Raman spectrum for Ba2SiO4 is included. 

 

The Raman spectra showed a similar trend to those for phosphate and sulphate doping, 

with a decrease in the In-O band intensity with higher silicate level, along with the appearance 

of new bands at 800-900 cm
-1

, similar to those of observed for Ba2SiO4, and consistent with 

tetrahedrally coordinated Si (Fig. 3.22). As outlined before, there should be no Raman active 

modes in a perfect cubic perovskite. The presence of these bands therefore indicates that 

while the average structure determined in diffraction studies is cubic, there are considerable 

local distortions away from cubic symmetry as illustrated in the PDF studies of phosphate and 

sulphate doped systems. 
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Fig. 3.23 29Si NMR spectrum for Ba2In1.8Si0.2O5.1 

 

 The 
29

Si NMR spectrum for Ba2In1.8Si0.2O5.1 is given in Fig. 3.23 and it showed a single 

peak at a chemical shift of -77.8 ppm, which corresponds to tetrahedral Si (Q
0
), consistent 

with the Raman spectra analysis. The chemical shift is observed at higher field than that of 

Ba2SiO4 (-70.3 ppm) [21], which suggests that there are interactions with both Ba and In in 

the present samples. 
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Fig. 3.24 Conductivity data in dry and wet N2 for Ba2In2-xSixO5+x/2 

 

 

 

Fig. 3.25 Variation in σ800°C in dry N2 and σ400°C in dry and wet N2 for 

Ba2In2-xSixO5+x/2 
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3.5.2 Conductivity measurements 

It was particularly important to examine the effect of Si incorporation on conductivity as 

there are numerous reports that have argued the detrimental effect of silica addition to SOFC 

electrolytes such as yttria stabilised zirconia [22-24]. As for phosphate and sulphate doping, 

there is an enhancement in the conductivity in dry N2 on silicate doping as a result of the 

increase in disorder on the oxygen sublattice (Fig. 3.24 and 3.25). At low temperature, the 

enhancement is substantial, as for the x = 0.2 sample a conductivity increase by nearly three 

orders of magnitude was observed (table 3.10), while at higher temperature the highest 

conductivity was observed for the x = 0.1 sample. The variable temperature X-ray powder 

diffraction studies for the x = 0.1 sample showed a phase transition to higher symmetry above 

700 °C indicating the increase of oxygen disorder (Fig. 3.26), and this temperature is also 

related to the steep increase in the conductivity for this sample (Fig. 3.24). Thus, the possible 

presence of a small degree of vacancy defect trapping on silicate doping is most likely 

responsible for the lower conductivity of the x = 0.2 sample compared to the x = 0.1 sample in 

the higher temperature region, as already shown for phosphate and sulphate doping. The 

conductivity in a wet N2 atmosphere was also significantly enhanced through a contribution 

from protonic conduction and the x = 0.2 sample showed a conductivity of 2.4 x 10
-3

 S cm
-1

 at 

400 °C in wet N2 which is comparable to that of the best proton conducting perovskites, 

Ba(Zr/Ce)1-xYxO3-x/2 [25], emphasizing the strong beneficial effect of Si doping in Ba2In2O5. 

Thus the results from these studies are contrary to prior studies of fluorite electrolytes of the 

effect of SiO2 incorporation, with a large improvement in the conductivity being observed. 

This can be related to the fact that in the present case the Si enters the structure, rather than 

collecting at the grain boundaries.  
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Table 3.10 Conductivity data for Ba2In2-xSixO5+x/2 

Sample 

(nominal 

composition) 

 Conductivity (S cm
-1

) 

400 °C 800 °C 

Wet Dry 

Ba2In2O5  1.6 x 10
-5

 7.6 x 10
-7

 1.2 x 10
-3

 

Ba2In1.9Si0.1O5.05    1.8 x 10
-4

 2.0 x 10
-5

 4.7 x 10
-2

 

Ba2In1.8Si0.2O5.1  2.4 x 10
-3

 3.4 x 10
-4

 4.3 x 10
-2

 

 

 

 

Fig. 3.26 Variable temperature XRD patterns for Ba2In1.9Si0.1O5.05 showing a 

gradual reduction in orthorhombic splitting above 700 °C. 

 

3.5.3 CO2 stability results 

X-ray diffraction studies for the x = 0.2 sample heated to 600 °C in CO2 showed an 

enhancement in the stability towards CO2 through silicate doping, which was also confirmed 

by TGA studies (Fig. 3.12 and 3.13). As for the phosphate doping, BaCO3 impurities were 

less significant than undoped Ba2In2O5 and the TG profile was generally flatter with a 

significant mass change observed only above 800 °C. 
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3.6 Oxyanion doped Ba2In2O5 systems co-doped with La, Zr  

3.6.1 Structural study 

 

 

Fig. 3.27 XRD patterns for Ba1.7La0.3In1.7P0.3O5.45, Ba2In1.5Zr0.2P0.3O5.4, 

Ba1.6La0.4In1.8Si0.2O5.3 and Ba2In1.6Zr0.2Si0.2O5.2. 

 

Although phosphate and silicate incorporation enhanced the stability towards CO2 of 

Ba2In2O5, the samples still showed some instability at higher temperature. Therefore, in order 

to try to enhance the CO2 stability further, co-doping with La, Zr was investigated and its 

effect on conductivity and CO2 stability examined. Single phase Ba2-xLaxIn1.7P0.3O5.3+x/2, Ba2-

xLaxIn1.8Si0.2O5.1+x/2 (0 ≤ x ≤ 0.4) and Ba2In1.7-xZrxP0.3O5.3+x/2, Ba2In1.8-xZrxSi0.2O5.1+x/2 (0 ≤ x ≤ 

0.4) were prepared and the CO2 stability and conductivities were studied. The preliminary 

results revealed that higher level of La and Zr inhibited the reaction with CO2 at higher 

temperature, although this beneficial effect was to the detriment of the conductivity. The 

compositions Ba1.7La0.3In1.7P0.3O5.45, Ba2In1.5Zr0.2P0.3O5.4, Ba1.6La0.4In1.8Si0.2O5.3 and 

Ba2In1.6Zr0.2Si0.2O5.2 were identified as the most promising for the promotion of CO2 stability 

while retaining high conductivity. Thus these compositions were subjected to the more 
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detailed analysis. X-ray diffraction data for these samples are given in Fig. 3.27 and 

calculated cell parameters are shown in table 3.11 along with values for undoped Ba2In2O5 

and P/Si singly doped samples. On the incorporation of La and Zr, there is a reduction in the 

cell parameters reflecting the smaller size of La
3+

 and Zr
4+

 compared to Ba
2+

 and In
3+

 

respectively. The cell volume change on La doping was greater due to the greater size 

difference between Ba
2+

 and La
3+

. 

 

Table 3.11.a Cell parameter data for P and La or Zr co-doped Ba2In2O5 

Sample 

(nominal composition) 

Unit cell parameters (Å) Unit cell volume 

(Å
3
) a b c 

Ba2In2O5 6.089(2) 16.736(8) 5.963(2) 607.6(2) 

Ba2In1.7P0.3O5.3 4.208(1) - - 74.5(1) 

Ba1.7La0.3In1.7P0.3O5.45 4.183(1) - - 73.2(1) 

Ba2In1.5Zr0.2P0.3O5.4 4.199(1) - - 74.0(1) 

 

Table 3.11.b Cell parameter data for Si and La or Zr co-doped Ba2In2O5 

Sample 

(nominal composition) 

Unit cell parameters (Å) Unit cell volume 

(Å
3
) a b c 

Ba2In2O5 6.089(2) 16.736(8) 5.963(2) 607.6(2) 

Ba2In1.8Si0.2O5.1 4.209(1)   74.6(1) 

Ba1.6La0.4In1.8Si0.2O5.3 4.167(1)   72.4(1) 

Ba2In1.6Zr0.2Si0.2O5.2 4.200(1)   74.1(1) 
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Fig. 3.28.a Conductivity data for Ba1.7La0.3In1.7P0.3O5.45 (square) and 

Ba2In1.5Zr0.2P0.3O5.4 (circle) in dry N2 (filled) and wet N2 (open). 

 

 

Fig. 3.28.b Conductivity data for Ba1.6La0.4In1.8Si0.2O5.3 (square) and 

Ba2In1.6Zr0.2Si0.2O5.2 (circle) in dry N2 (filled) and wet N2 (open). 
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3.6.2 Conductivity measurements 

The conductivities of these samples and the P/Si singly doped samples are compared in Fig. 

3.28 and table 3.12. As mentioned earlier, both La and Zr co-doping decreased conductivity 

compared to the P/Si singly doped phases. However, the decrease for the Zr co-doped samples 

was lower compared to those of La co-doped samples, while the Si based co-doped samples 

showed the highest conductivity. The difference in the decrease may be originating from the 

lower cell volume reduction of the Zr co-doped samples. Overall, all samples showed high 

conductivity with a further enhancement in wet atmospheres at low temperature (less than 

650 °C) through a protonic contribution.  In particular, Ba2In1.6Zr0.2Si0.2O5.2 showed a high 

conductivity of 2.7 x 10
-3

 S cm
-1

 at 500 °C, which represents a promising value for 

technological applications. 

 

Table 3.12.a Conductivity data for P and La or Zr co-doped series. 

Sample 

(nominal composition) 

 Conductivity (S cm
-1

) 

500 °C 800 °C 

Wet Dry 

Ba2In1.7P0.3O5.3  1.9 x 10
-3

 5.0 x 10
-4

 1.2 x 10
-2

 

Ba1.7La0.3In1.7P0.3O5.45  4.4 x 10
-4

 1.8 x 10
-4

 6.0 x 10
-3

 

Ba2In1.5Zr0.2P0.3O5.4  9.7 x 10
-4

 4.0 x 10
-4

 5.3 x 10
-3

 

 

Table 3.12.b Conductivity data for Si and La or Zr co-doped series.  

Sample 

(nominal composition) 

 Conductivity (S cm
-1

) 

500 °C 800 °C 

Wet Dry 

Ba2In1.8Si0.2O5.1  4.5 x 10
-3

 1.7 x 10
-3

 4.3 x 10
-2

 

Ba1.6La0.4In1.8Si0.2O5.3  7.7 x 10
-4

 5.3 x 10
-4

 1.8 x 10
-2

 

Ba2In1.6Zr0.2Si0.2O5.2  2.7 x 10
-3

 9.9 x 10
-4

 2.3 x 10
-2
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3.6.3 CO2 Stability results 

X-ray diffraction data for these co-doped samples heated to 600 °C in CO2 showed no 

evidence of BaCO3 formation, which indicates an enhancement in the CO2 stability by 

addition of La and Zr to singly Si, P doped phases. The heating temperature was increased to 

800 °C and only the X-ray diffraction data for the P based co-doped samples showed the 

presence of small BaCO3, which indicates the excellent CO2 stability for the Si based co-

doped samples (Fig. 3.29). The TG profiles of these latter samples are given in Fig. 3.30 and 

they showed no significant increase in mass up to 1000 °C, although there is a small mass 

increase for the P containing co-doped samples above 600 °C, which again emphasizes the 

excellent CO2 stability of the Si based co-doped samples. 

 

 

 

Fig. 3.29 XRD patterns for Ba1.7La0.3In1.7P0.3O5.45, Ba2In1.5Zr0.2P0.3O5.4, 

Ba1.6La0.4In1.8Si0.2O5.3 and Ba2In1.6Zr0.2Si0.2O5.2 heating in CO2 at 

800○C 12h 
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Fig. 3.30 TG profiles of (a) Ba1.7La0.3In1.7P0.3O5.45, (b) Ba2In1.5Zr0.2P0.3O5.4, (c) 

Ba2In1.6Zr0.2Si0.2O5.2 (d) Ba1.6La0.4In1.8Si0.2O5.3 and (e) Ba2In2O5. 

 

The enhancement in CO2 stability can be explained by two factors, as discussed by Yi et al. 

in their work on the stability of Ba(Fe,Co, Nb)O3-x perovskite cathode materials [26]: namely 

the reduced oxygen vacancy levels and the increased acidity of the perovskite. In the present 

study, the incorporation of all the dopants, lanthanum, phosphate, silicate and zirconium will 

increase the oxygen content by charge compensation, which is also partly responsible for the 

decrease in the conductivity. Again, all the dopants are expected to decrease the basicity of the 

system. In this case, phosphate doping is expected to show a greater enhancement in CO2 

stability owing to its higher acidity and higher charge, which leads to higher oxygen contents 

for the doped phase compared to silicate doped phase. On the contrary, the result showed the 

opposite, the Si doped systems are the most stable towards CO2, and this fact requires further 

investigation. 
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3.7 Fluorination of oxyanion doped Ba2In2O5 

Fluorination of undoped and oxyanion doped Ba2In2O5 was investigated by low 

temperature reaction with PTFE. The X-ray powder diffraction data and the calculated cell 

parameters for the fluorinated Ba2In2O5, Ba2In1.7P0.3O5.3 and Ba2In1.8Si0.2O5.1 (the amount of 

PTFE employed was sufficient to give complete filling of the anion sites) are given in Fig. 

3.31 and table 3.14. There is an increase in the cell parameters on fluorination consistent with 

that observed for fluorinated Ba2Sc2O5 due to filling of the oxygen vacancies [27]. Most 

importantly, the fluorination of Ba2In2O5 resulted in the phase change to cubic symmetry and 

the structure refinement using X-ray diffraction data (fluoride ions are assigned as oxide due 

to the similar electron density) indicated the fully stoichiometric Ba2In2O4F2 (Fig. 3.32 and 

table 3.13), which was previously reported as unsuccessful through the solid state reaction 

between BaF2 and In2O3 [24]. However, accurate determination of the anion contents would 

require neutron diffraction studies. 

 

 

Fig. 3.31 XRD patterns for fluorinated (a) Ba2In2O5, (b)Ba2In1.7P0.3O5.3 and (c) 

Ba2In1.8Si0.2O5.1. 
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Fig. 3.32 Observed (cross), calculated (line), and difference plots (observed − 

calculated) of Ba2In2O5−y/2Fy from the Rietveld refinement for room 

temperature X-ray diffraction data. 

 

Table 3.13 Refined structural parameters for Ba2In2O5−y/2Fy with cubic mPm3  

(221) space group, from room temperature neutron diffraction data 

 

 a (Å) Rwp Rp χ
2
 

 4.2350(1) 6.13 4.69 1.40 

 

  
x y z 

 Fractional 

occupancy 

Uiso 

(Å
2
 x 100) 

Ba 1b ½ ½ ½  1.000 0.85(6) 

In 1a 0 0 0  0.997(2) 1.33(7) 

O 3d 0 0 ½  1.001(9) 1.45(2) 
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Table 3.14 Cell parameter data for fluorinated samples. 

Sample 

 

Unit cell parameters (Å) Unit cell volume 

(Å
3
) a0   

Ba2In2O5−y/2Fy 4.235(1)   76.0(1) 

Ba2In1.7P0.3O5.3−y/2Fy 4.226(1)   75.5(1) 

Ba2In1.8Si0.2O5.1−y/2Fy 4.230(1)   75.7(1) 

 

Raman spectra of the fluorinated samples are given in Fig. 3.33. For all the samples, In-O 

bands around 600 cm
−1

 are not significant and the bands due to phosphate and silicate are 

consistent with those of reference materials shown in earlier sections, and thus indicating no 

significant change in the coordination numbers for the P and Si. This is consistent with the 

prior H2O incorporation results, which suggested that the additional oxide ion vacancies 

around the oxyanion groups could not be filled.  

 

 

 

Fig. 3.33 Raman spectra for fluorinated (a) Ba2In2O5, (b)Ba2In1.7P0.3O5.3 and (c) 

Ba2In1.8Si0.2O5.1. 
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3.8 Conclusions 

In summary, it has been demonstrated that phosphate, sulphate and silicate groups can be 

incorporated onto the B cation site in Ba2In2O5 resulting in a transition from low to high 

symmetry phases (from an orthorhombic to a cubic cell). The increased oxygen sublattice 

disorder causes an enhancement in the oxide ion conductivity at low temperature along with 

significant proton conductivity in wet atmospheres. Particularly promising results were 

observed for the silicate doped samples. These results are in contrast to prior reports of a 

negative effect on the conductivity of fluorite based oxide ion conductors by the addition of 

silica. This may be related to the incorporation of Si into the structure in the systems studied 

here, whereas for the fluorite systems it has been reported to collect at the grain boundaries. In 

addition to the improved conductivity, the stability towards CO2 was also improved and 

further enhancements in the CO2 stability were shown by co-doping with La/Zr on the Ba/In 

sites. In particular, the composition Ba2In1.6Zr0.2Si0.2O5.2 exhibited promising results, with 

high conductivity and high CO2 stability. A novel oxide fluoride, BaInO2F was also 

successfully prepared by the fluorination of Ba2In2O5 with PTFE. The same method were also 

successfully applied to phosphate and silicate doped systems although Raman studies 

suggested no change in the P/Si coordination, indicating that complete filling of all the anion 

sites is not possible in such samples. This can be explained by the unwillingness of the 

phosphate and silicate groups to increase their coordination number. 
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3.9 Appendices 

 

Appendix 3.1 Impedance spectra for Ba2In1.7P0.3O5.4 at 270 °C in (a) dry N2 showing 

a bulk semicircle and (b) wet N2 showing both bulk and grain boundary semicircles. 

 

(a)  

 

(b) 
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Chapter 4 Oxyanion Doping in Ba2Sc2O5 

 

4.1 Introduction 

In the previous chapter, the effect of oxyanion doping on the stabilisation of the high 

symmetry cubic phase of Ba2In2O5 and the corresponding positive influence on conductivity 

and CO2 stability has been shown. In this chapter, the oxyanion doping strategy has been 

extended to the Sc analogue, Ba2Sc2O5, system. Previous reports on Ba2Sc2O5 stated that this 

phase is unstable above 1000 °C, resulting in the formation of Ba3Sc4O9 after heating at 

higher temperature [1,2]. This thermal instability prohibited the sintering of this phase, and 

hence its application as a fuel cell electrolyte. Thus the possible improvement of the thermal 

stability with oxyanion doping was a key aspect for this study. The successful stabilisation of 

phosphate and sulphate doped Ba2Sc2O5 and their conductivities and CO2 stabilities are 

shown. Furthermore, evidence is provided to indicate the previously reported undoped 

Ba2Sc2O5 is actually a carbonate doped Ba2Sc2O5, which accounts for its low thermal stability.  

 

4.2 Experimental 

High purity BaCO3, Sc2O3, NH4H2PO4, (NH4)2SO4 and SiO2 were used to prepare  

Ba2Sc2-xPxO5+x and Ba2Sc2-xSixO5+x/2 samples. A small (3%) excess of BaCO3 was employed, 

in order to overcome Ba loss at elevated temperatures. Without this small Ba excess, low 

levels of Ba deficient impurity phases, such as Ba3Sc4O9, were observed after sintering, as has 

been seen in other studies synthesising similar Ba containing phases [2-4]. The powders were 

intimately ground and heated initially to 900°C for 12h. They were then ball-milled (350 rpm 

for 1 hour, Fritsch Pulverisette 7 Planetary Mill) and reheated to 1000 °C for a further 12h. 

The resulting powders were then ball-milled a second time and pressed as pellets (1.3 cm 

diameter) and sintered at 1500 °C for 10h. The pellets were covered in sample powder and the 
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crucible was covered with a lid to limit the amount of Ba loss during the sintering process. 

Following the structural studies on the undoped Ba2Sc2O5 system, which suggested it 

contained carbonates, studies into the possible preparation of a nitrate doped system were 

performed. For the preparation of these nitrate doped Ba2Sc2O5, a precursor suspension was 

prepared by dissolving Ba(NO3)2 and NH4NO3 in deionised water to which Sc2O3 was added. 

This suspension was sonicated and heated initially to 600°C for 12h in air. It was then ball-

milled and reheated to 1000 °C for a further 12h in N2. For all products, powder X-ray 

diffraction (Bruker D8 diffractometer with Cu Kα1 radiation = 1.5406 Å) was used to 

demonstrate phase purity. For the detailed information on the structure for Ba2Sc1.6P0.4O5.4, 

neutron diffraction data (wave length of 1.1551 Å) were recorded on diffractometer HRPT at 

the SINQ, Paul Scherrer Institut. All structural refinements employed the GSAS suite of 

Rietveld refinement software [5].  

Raman spectroscopy measurements were made in order to provide further evidence for the 

successful incorporation of phosphate, sulphate, silicate, carbonate and nitrate. These 

measurements utilised a Renishaw inVia Raman microscope with excitation using a Cobolt 

Samba CW 532 nm DPSS Laser. In addition, 
31

P and 
29

Si NMR data were collected to gain 

further information about the P and Si environments. These spectra were obtained using a 

Varian VNMRS instrument operating at 161.87 MHz for 
31

P and 79.44 MHz for 
29

Si. Spectral 

referencing was with respect to 85% H3PO4 and tetramethylsilane. The data were collected by 

the EPSRC Solid state NMR service at Durham University. 

The CO2 stability of samples was determined through two sets of experiments. In the first 

set of experiments, samples were heated at temperatures between 600 and 800 °C for 12 hours 

in a tube furnace under flowing CO2 gas, and the samples were analysed for partial 

decomposition by X-ray diffraction. In the second experiment samples were analysed using 

thermogravimetric analysis (Netzsch STA 449 F1 Jupiter Thermal Analyser). Samples were 
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heated at 10 °C min
−1

 to 1000 °C in 1:1 CO2 and N2 mixture to determine at what temperature 

CO2 pick up occurred. 

The water contents of hydrated samples were determined from thermogravimetric analysis 

(Netzsch STA 449 F1 Jupiter Thermal Analyser). Samples were heated at 10 °C min
-1

 to 

1000 °C in N2, and the water content was determined from the observed mass loss. 

For the conductivity measurements, the sintered pellets (>85% theoretical density) were 

coated with Pt paste, and then heated to 800 °C for 1 hour to ensure bonding to the pellet. 

Conductivities were then measured by AC impedance measurements (Hewlett Packard 4182A 

impedance analyser) in the range from 0.1 to 10
3
 kHz. Measurements were made in dry and 

wet N2 (in which the gas was bubbled at room temperature through water) to identify any 

protonic contribution to the conductivity. Measurements were also made in dry O2 to 

determine if there was a p-type electronic contribution to the conductivity. 

The impedance data generally showed partially resolved semicircles in both dry and wet 

atmospheres, whose capacitances were consistent with the bulk and grain boundary responses 

respectively (Appendix 4.1). 

 

4.3 Phosphate doping: Ba2Sc2-xPxO5+x 

4.3.1 Structural study 

It has been previously reported that undoped Ba2Sc2O5 is unstable at temperatures above 

1000 °C [1]. In agreement with this, the preparation of this system (heating at 1000 °C for 3 

days) resulted in a material related to perovskite, having broad X-ray diffraction peaks, which 

turned into a material showing sharp Ba3Sc4O9 peaks after sintering at 1300 °C without any 

trace of perovskite phase (Fig. 4.1). This nominally undoped phase showed a calculated cell 

parameter of 4.128 Å, which is in agreement with the previous report (4.13 Å) [2]. The best 

quality samples prepared in these previous studies were made with a large excess of Ba 
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(Ba:Sc ratio of 1.3:1), and in the present study, similar high levels of Ba (and reaction 

temperature limited to 1000 °C) were required to prepare the perovskite without any 

additional oxyanion (phosphate, sulphate, silicate) doping. 

 

 

Fig. 4.1 XRD patterns for Ba2Sc2O5 fired at (a) 1000 °C and (b) 1300 °C. 

 

Fig. 4.2 XRD patterns for Ba2Sc1.6P0.4O5.4 and Ba2Sc1.5P0.5O5.5. 

Ba2Sc1.6P0.4O5.4 Ba2Sc1.5P0.5O5.5 
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On the other hand, X-ray diffraction patterns of phosphate incorporated samples showed 

the emergence of perovskite peaks along with a reduction in the Ba3Sc4O9 peaks after heating 

to 1300 °C. Thus, single phase cubic perovskite, Ba2Sc2-xPxO5+x, were successfully prepared 

in the range 0.4 ≤ x ≤ 0.5 (Fig. 4.2). X-ray diffraction patterns of samples for x < 0.4 still 

showed peaks due to Ba3Sc4O9, while samples of x > 0.5 showed the formation of phosphate 

rich impurities, i.e. Ba5(PO4)3(OH). Therefore, further work focused on the compositions 

Ba2Sc1.6P0.4O5.4 and Ba2Sc1.5P0.5O5.5. Preliminary structure refinement using X-ray diffraction 

data indicated B site occupancies of 1.59(2) Sc and 0.41(2) P for the x = 0.4 sample, and 

1.50(2) Sc and 0.50(2) P, for the x = 0.5 sample, consistent with those expected (Fig. 4.3, 4.4 

and table 4.1, 4.2). The refinement using neutron diffraction data of Ba2Sc1.6P0.4O5.4 also 

showed the same occupancies of Sc and P but with a lower than expected oxygen occupancy 

of 5.12(1) (Fig. 4.5 and table 4.3). This lower oxygen occupancy suggests that not all the 

oxygen sites have been located, for example the PO4
3−

 oxygens, since the P-O bond would be 

much smaller than Sc-O, and hence significantly displaced from the ideal oxygen site. In an 

attempt to locate these additional oxygen sites, possible strategies to achieve tetrahedral 

coordination for the P in the perovskite structure were considered. In particular, the P site was 

moved towards centre of the xy plane to form a tetrahedron with adjacent two oxygen atoms 

on the x and y axes, and the oxygen atoms along the z axis were moved towards the origin to 

make up sensible bond lengths and angle with the P site (Fig. 4.7). The refinement of this 

arrangement resulted in a noticeable increase in the agreement between the model and 

experimental data, but still there was a lower oxygen content and very high atomic 

displacement parameters, which suggested the presence of other similar sites to accommodate 

the smaller tetrahedral phosphate group (Fig. 4.6 and table 4.4, 4.5). This is most likely 

related to a range of phosphate orientations in the structure and would suggest that the 

structure of Ba2Sc1.6P0.4O5.4 contains a significant level of distortion from the perfect cubic 
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perovskite. Neutron total scattering and pair distribution function (PDF) analysis would be 

useful to enlighten this issue further. 

 

 

 

Fig. 4.3 Observed (cross), calculated (line), and difference plots (observed − 

calculated) of Ba2Sc1.6P0.4O5.4 from the Rietveld refinement for room 

temperature X-ray diffraction data. 

 

Table 4.1 Refined structural parameters for Ba2Sc1.6P0.4O5.4 using cubic mPm3  

(221) space group from room temperature X-ray diffraction data. 

 

 a (Å) Rwp Rp χ
2
 

 4.1504 (1) 5.15 3.70 1.83 

 

  
x y z 

 Fractional 

occupancy 

Uiso 

(Å
2
 x 100) 

Ba 1b ½ ½ ½  1.00 2.22 (2) 

Sc 1a 0 0 0  0.794 (8) 2.67 (6) 

P 1a 0 0 0  0.206 (8) 2.67 (6) 

O 3d 0 0 ½  0.896 (5) 3.6 (1) 
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Fig. 4.4 Observed (cross), calculated (line), and difference plots (observed − 

calculated) of Ba2Sc1.5P0.5O5.5 from the Rietveld refinement for room 

temperature X-ray diffraction data. 

 

Table 4.2 Refined structural parameters of Ba2Sc1.5P0.5O5.5 using cubic mPm3  

(221) space group from room temperature X-ray diffraction data. 

 

 a (Å) Rwp Rp χ
2
 

 4.1404 (1) 4.00 2.71 2.44 

 

  
x y z 

 Fractional 

occupancy 

Uiso 

(Å
2
 x 100) 

Ba 1b ½ ½ ½  1.000 1.88 (1) 

Sc 1a 0 0 0  0.748 (7) 2.59 (5) 

P 1a 0 0 0  0.252 (7) 2.59 (5) 

O 3d 0 0 ½  0.917 (4) 3.9 (1) 
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Fig. 4.5 Observed (cross), calculated (line), and difference plots (observed − 

calculated) of Ba2Sc1.6P0.4O5.4 from the Rietveld refinement for room 

temperature neutron diffraction data. 

 

Table 4.3 Refined structural parameters of Ba2Sc1.6P0.4O5.4 using cubic mPm3  

(221) space group from room temperature neutron diffraction data. 

 

 a (Å) Rwp Rp χ
2
 

 4.1504(1) 3.38 2.48 4.64 

 

  
x y z 

 Fractional 

occupancy 

Uiso 

(Å
2
 x 100) 

Ba 1b ½ ½ ½  1.00 1.66 (2) 

Sc 1a 0 0 0  0.794 (1) 1.77 (1) 

P 1a 0 0 0  0.206 (1) 1.77 (6) 

O 3d 0 0 ½  0.854 (2) 2.35 (1) 
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Fig. 4.6 Observed (cross), calculated (line), and difference plots (observed − 

calculated) of Ba2Sc1.6P0.4O5.4 from the Rietveld refinement for room 

temperature neutron diffraction data with new P site. 

 

Table 4.4 Refined structural parameters of Ba2Sc1.6P0.4O5.4 using cubic mPm3  

(221) space group from room temperature neutron diffraction data 

with new P site coordinates 

 

 a (Å) Rwp Rp χ
2
 

 4.1504(1) 2.75 2.11 3.06 

 

  
x y z 

 Fractional 

occupancy 

Uiso 

(Å
2
 x 100) 

Ba 1b ½ ½ ½  1.00 1.90 (1) 

Sc 1a 0 0 0  0.796 (1) 1.51 (1) 

P 12i 0.140(3) 0.140(3) 0  0.017 (1) 11.8 (15) 

O(1) 3d 0 0 ½  0.812 (1) 2.35 (1) 

O(2) 6e 0 0 0.249(6)  0.027 (1) 11.4 (13) 
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Table 4.5 Selected bond lengths and angles from refinement data (table 4.4). 

Bond length (Å) Bond angle (°) 

P-O(1) 1.605(1) O(1)-P-O(1) 132.4(1) 

P-O(2) 1.322(1) O(2)-P-O(2) 103.2(1) 

  O(1)-P-O(2) 104.5(1) 

 

 

 

 

 

Fig. 4.7 The relocation of P and O(2) to make a tetrahedron.  
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Table 4.6 Cell parameter data for P doped Ba2Sc2O5 

Sample 

(nominal composition) 

Unit cell parameters (Å) Unit cell volume 

(Å
3
) a0 

Ba2Sc2O5 4.128(1) 70.34(3) 

Ba2Sc1.6P0.4O5.4 4.150(1) 71.49(3) 

Ba2Sc1.5P0.5O5.5 4.140(1) 70.98(3) 

 

A particularly interesting point from the refinements was that the cell parameters obtained 

were greater than that of “undoped” Ba2Sc2O5 (table 4.6). This is in contrast with the result 

expected due to the size difference between P
5+

 and Sc
3+

, from which it would be predicted 

that the phosphate doped samples would be smaller than the undoped one, as observed in the 

phosphate doped Ba2In2O5 studies. This fact caused as to re-evaluate the undoped Ba2Sc2O5 

system. The thermal instability of this phase has been shown in this and previous studies [2], 

with both studies showing that heating above 1000 °C led eventually to it converting to 

Ba3Sc4O9. We postulate that this thermal instability, and the smaller cell parameter compared 

to the phosphate doped samples, are caused by the incorporation of carbonate on the Sc site, 

and thus the "undoped" Ba2Sc2O5 is actually carbonate doped phase, Ba2Sc2-xCxO5+x/2. 

Certainly, the incorporation of smaller C
4+

 in Sc
3+

 site would result in a smaller cell volume, 

and the presence of carbonate group in the structure is further evidenced by Raman 

spectroscopy studies. The spectra contained the intense broad peak at ≈ 1064 cm
-1

 (Fig. 4.8). 

The shape of the peak is asymmetrical with a clear presence of a shoulder at lower 

wavenumber, which is consistent with that of unreacted BaCO3, while the bulk of the peak is 

believed to be due to the carbonate within the perovskite. The partial substitution of Sc with 

carbonate would also explain the necessity for the use of a high Ba:Sc ratio to achieve the best 

quality samples. 
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Fig. 4.8 Raman spectra of (a) “undoped” Ba2Sc2O5 and (b) BaCO3. 

 

 
 

Fig. 4.9 Raman spectra of Ba2Sc1.6P0.4O5.4 and Ba2Sc1.5P0.5O5.5. For 

comparison, Raman spectrum for Ba3(PO4)2 is included. 

Ba2Sc1.6P0.4O5.4 Ba2Sc1.5P0.5O5.5 Ba3(PO4)2 
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The Raman spectra for the phosphate doped samples are given in Fig. 4.9. On 

incorporation of phosphate, there is the appearance of bands at around 930 cm
−1

, and the 

position of the newly emerged bands are in a similar position to the bands observed for 

Ba3(PO4)2, consistent with the phosphate group being mainly coordinated to Ba. In addition, 

there was a small peak shift to higher wavenumber with greater P level which is similar to the 

results observed for phosphate doped Ba2In2O5 studies. As noted earlier, the presence of some 

Raman bands indicates that while the average structure determined in diffraction studies is 

cubic, there are considerable local distortions away from cubic symmetry as was the case for 

phosphate doped Ba2In2O5. 

 

 
 

Fig. 4.10 31P NMR spectra for Ba2Sc1.6P0.4O5.4 (continuous line) and 

Ba2Sc1.5P0.5O5.5 (broken line). 

 

The 
31

P NMR data for the phosphate doped samples are given in Fig. 4.10. The data show 

peaks with chemical shifts ranged from 0.4 to 4.8 ppm which is in the typical region for an 

alkaline earth orthophosphate [6]. There are three peaks with slight chemical shift difference, 

Ba2Sc1.6P0.4O5.4 Ba2Sc1.5P0.5O5.5 
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which indicate the presence of more than one phosphate environment. This maybe due to  

the presence of local distortion away from ideal cubic symmetry which produces local 

variation in phosphate content and the change in phosphate environments accordingly. The 

intensity variations of the peaks with different P level is given in table 4.7 showing a 

significant reduction in the intensity of the peak at higher chemical shift (≈ 4.8 ppm) with 

increasing P level. 

 

Table 4.7 31P NMR data for P doped Ba2Sc2O5 

Sample  Peak position (ppm) Relative intensity (%) 

Ba2Sc1.6P0.4O5.4  1.1 

3.2 

4.8 

12.1 

48.9 

39.0 

Ba2Sc1.5P0.5O5.5  0.4 

2.9 

4.6 

37.9 

51.9 

10.3 

 

4.3.2 Conductivity measurements 

The conductivity measurements of these phosphate doped samples are given in Fig. 4.11 

and table 4.8. As in the analogue system, Ba2In2O5, a significant p-type contribution to the 

conduction was expected, and the initial measurements were done in N2 to eliminate this p-

type contribution. At low temperature, a large grain boundary contribution was observed 

which became less significant at higher temperature (Table 4.8). Both samples showed high 

bulk conductivities, which were enhanced further in wet N2 through a protonic contribution to 

the conduction. However, the total conductivities at low temperature were lower than for P 

doped Ba2In2O5 due to the significant grain boundary contribution mentioned above. 

Ba2Sc1.5P0.5O5.5 sample showed a lower conductivity compared to Ba2Sc1.6P0.4O5.4, most likely 

due to the lower oxygen vacancy concentration. While the low temperature grain boundary 
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conductivity was low, the bulk conductivity of 5.9 x 10
-3

 S cm
-1

 at 500 °C in wet N2 for 

Ba2Sc1.6P0.4O5.4 is comparable with other proton conducting perovskites [7, 8]. The 

conductivities in dry O2 were higher at elevated temperatures than those in dry N2, which 

confirms the presence of a p-type contribution as expected. (Fig. 4.12).  

 

Table 4.8.a Bulk conductivity data for P doped Ba2Sc2O5. 

Sample 

(nominal composition) 

 Conductivity (S cm
-1

) 

500 °C 800 °C 

  Dry Wet Dry 

Ba2Sc1.6P0.4O5.4  2.9 x 10
-3

 5.9 x 10
-3

 7.9 x 10
-3

 

Ba2Sc1.5P0.5O5.5  9.0 x 10
-4

 1.3 x 10
-3

 4.5 x 10
-3

 

 

Table 4.8.b Total conductivity data for P doped Ba2Sc2O5 (Grain boundary 

resistance was insignificant compared to that of the bulk at 800 °C). 
 

Sample 

(nominal composition) 

 Conductivity (S cm
-1

) 

500 °C 800 °C 

  Dry Wet Dry 

Ba2Sc1.6P0.4O5.4  1.2 x 10
-3

 2.3 x 10
-3

 7.9 x 10
-3

 

Ba2Sc1.5P0.5O5.5  4.4 x 10
-4

 6.5 x 10
-4

 4.5 x 10
-3
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Fig. 4.11 Bulk conductivity data for Ba2Sc1.6P0.4O5.4 in dry N2 (filled circle) and 

wet N2 (open circle) and for Ba2Sc1.5P0.5O5.5 in dry N2 (filled triangle) 

and wet N2 (open triangle). 

 

 
 

Fig. 4.12 Bulk conductivity data for Ba2Sc1.6P0.4O5.4 in dry N2 (circle) and dry O2 

(triangle). 
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4.3.3 Water incorporation study 

For the determination of the level of water incorporated, the samples were heated under 

wet N2 to 800 °C, before slow cooling (0.4 °C min
-1

) to room temperature. The water contents 

were then determined by TGA measurements, which gave values of 0.12 and 0.07 for 

Ba2Sc1.6P0.4O5.4 and Ba2Sc1.5P0.5O5.5 respectively. These relatively low water contents can be 

correlated to the tetrahedral geometry of phosphate, which requires the presence of oxygen 

vacancies around to maintain this tetrahedral coordination. Thus the complete filling of all the 

available oxygen vacancy sites with water is not possible, as also observed in oxyanion doped 

Ba2In2O5. 

 

4.3.4 CO2 stability results 

X-ray diffraction data for the Ba2Sc1.6P0.4O5.4 and Ba2Sc1.5P0.5O5.5 samples heated to 

600 °C in CO2 showed no evidence of BaCO3 formation (Fig. 4.13) unlike the perovskite 

BaCe0.9Y0.1O2.95, which showed a significant level of BaCO3 formation. On increasing the 

heating temperature to 800 °C, the appearance of small BaCO3 peaks were, however, 

observed. The TG profiles are given in Fig. 4.14 and they provide further evidence regarding 

the relative stability towards CO2. BaCe0.9Y0.1O2.95 showed a clear mass increase (BaCO3 

formation by CO2 pick up) above 500 °C, while Ba2Sc1.6P0.4O5.4 and Ba2Sc1.5P0.5O5.5 samples 

showed generally flatter TG profile, with a significant mass change observed only above 

800 °C. Thus the results indicated that the phosphate doped Ba2Sc2O5 show improved stability 

towards CO2, though at higher temperature, they still show some instability. 
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Fig. 4.13 XRD patterns for (a) Ba2Sc1.6P0.4O5.4, (b) Ba2Sc1.5P0.5O5.5 and (c) 

BaCe0.9Y0.1O2.95 after heating in CO2 at 600 °C for 12h (main BaCO3 

impurity peaks marked *). 

 

 
 

Fig. 4.14 TG profiles (10 °C min-1 to 1000 °C in 1:1 CO2 and N2 mixture) for (a) 

BaCe0.9Y0.1O2.95, (b) Ba2Sc1.6P0.4O5.4 and (c) Ba2Sc1.5P0.5O5.5. 
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4.4 Sulphate doping: Ba2Sc2-xSxO5+3x/2  

4.4.1 Structural study 

After the successful incorporation of phosphate in Ba2Sc2O5, the preparation of sulphate 

doped samples have been attempted. As for the phosphate doping, at low level of sulphate 

(Ba2Sc2-xSxO5+3x/2, x < 0.4), peaks due to Ba3Sc4O9 were seen in the X-ray diffraction patterns. 

The intensity of these peaks decreased with an increase in S content and they were not 

observed for the sample, x = 0.4, while samples of x > 0.4 showed the formation of sulphate 

rich impurities, i.e. BaSO4. Preliminary structure refinement using X-ray diffraction data of 

single phase Ba2Sc1.6S0.4O5.6 indicated B site occupancies of 1.58(2) Sc and 0.42(2) S, 

consistent with those expected (Fig. 4.15 and table 4.9). A cell parameter of 4.168 Å was 

obtained and this value is slightly greater than those of phosphate doped systems, which is 

similar to observed for phosphate and sulphate doped Ba2In2O5 studies. 

The Raman spectrum for the Ba2Sc1.6S0.4O5.6 sample is given in Fig. 4.16. On incorporation 

of sulphate, there is the appearance of broad bands in the range 985-1000 cm
−1

, and the 

position of the newly emerged bands are in a similar position to the bands observed for BaSO4, 

consistent with the sulphate group being mainly coordinated to Ba. The presence of multiple 

bands indicates the presence of more than one sulphate environments in the structure as 

evidenced in the NMR study for the phosphate doped system. Also the presence of some 

Raman bands indicates that while the average structure determined in diffraction studies is 

cubic, there are local distortions away from cubic symmetry as was the case of sulphate doped 

Ba2In2O5. 
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Fig. 4.15 Observed (cross), calculated (line), and difference plots (observed − 

calculated) of Ba2Sc1.6S0.4O5.6 from the Rietveld refinement for room 

temperature X-ray diffraction data. 

 

Table 4.9  Refined structural parameters for Ba2Sc1.6S0.4O5.6 using cubic mPm3  

(221) space group from room temperature X-ray diffraction data. 

 

 a (Å) Rwp Rp χ
2
 

 4.1679 (1) 3.77 2.76 2.16 

 

  
x y z 

 Fractional 

occupancy 

Uiso 

(Å
2
 x 100) 

Ba 1b ½ ½ ½  1.000 2.78 (1) 

Sc 1a 0 0 0  0.792 (7) 2.56 (4) 

S 1a 0 0 0  0.208 (7) 2.56 (4) 

O 3d 0 0 ½  0.922 (4) 3.53 (9) 
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Fig. 4.16 Raman spectra of (a) Ba2Sc1.6S0.4O5.6 and (b) BaSO4. 

 

4.4.2 Conductivity measurements 

The conductivity measurements for Ba2Sc1.6S0.4O5.6 sample in N2 are given in table 4.10. 

At low temperature, a large grain boundary contribution was observed, which became less 

significant at higher temperature. The sample showed slightly lower conductivity than the 

phosphate doped sample, which was also the case for the analogous Ba2In2O5 series, and there 

was no enhancement of the conductivity in wet N2. 

 

Table 4.10 Conductivity data for Ba2Sc1.6S0.4O5.6 (Grain boundary resistance was 

insignificant compared to that of bulk at 800 °C). 
 

Conductivity (S cm
-1

) 

500 °C 800 °C 

Bulk Total Total 

8.9 x 10
-4

 3.9 x 10
-4

 3.5 x 10
-3
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4.5 Silicate doping: Ba2Sc2-xSixO5+x/2 

After the successful incorporation of phosphate in Ba2Sc2O5, the preparation of silicate 

doped samples was attempted. As for the phosphate and sulphate doping, at low level of 

silicate incorporation levels (Ba2Sc2-xSixO5+x/2, x< 0.6), peaks due to Ba3Sc4O9 were seen in 

the X-ray diffraction patterns. The intensity of these peaks decreased with increase in Si 

content and they were not observed for the sample, x = 0.6. However, a small impurity of 

Ba2SiO4 was observed instead at this level of Si doping (Fig. 4.17), and complete elimination 

of this impurity was not successful. Cell parameters were determined and a value of 4.123 Å 

was obtained through the refinement of X-ray diffraction data (Fig. 4.18 and table 4.11). This 

is slightly smaller than those of phosphate doped systems which is similar to observed for 

phosphate and silicate doped Ba2In2O5. The refinement also indicated the Si content of 

0.52(2), which is lower than the nominal value of 0.6 in the starting composition, the lower 

value accounting for the presence of small Ba2SiO4 impurities.  

 

 

Fig. 4.17 XRD patterns for Ba2Sc1.4Si0.6O5.3 (Ba2SiO4 impurity peaks marked *). 
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Fig. 4.18 Observed (cross), calculated (line), and difference plots (observed − 

calculated) of Ba2Sc1.4Si0.6O5.3 from the Rietveld refinement for room 

temperature X-ray diffraction data. 

 

Table 4.11  Refined structural parameters for Ba2Sc1.4Si0.6O5.3 using cubic mPm3  

(221) space group from room temperature X-ray diffraction data. 

 

 a (Å) Rwp Rp χ
2
 

 4.1225 (1) 8.72 6.07 2.81 

 

  
x y z 

 Fractional 

occupancy 

Uiso 

(Å
2
 x 100) 

Ba 1b ½ ½ ½  1.000 1.69 (2) 

Sc 1a 0 0 0  0.739 (8) 3.12 (7) 

Si 1a 0 0 0  0.261 (8) 3.12 (7) 

O 3d 0 0 ½  0.874 (5) 3.60 (10) 
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Fig. 4.19 Raman spectra of (a) Ba2Sc1.4Si0.6O5.3 and (b) Ba2SiO4. 

 

 

Fig. 4.20 29Si NMR spectrum for Ba2Sc1.4Si0.6O5.3. 
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The Raman spectrum for the x = 0.6 sample is given in Fig. 4.19. On incorporation of 

silicate, there is the appearance of bands in the range 800-900 cm
−1

 consistent with the 

presence of SiO4
4-

. The 
29

Si NMR spectrum for the sample is given in Fig. 4.20. It shows the 

presence of a broad peak, which consists of a main peak at -74.9 ppm, with a shoulder at -76.7 

ppm (intensity ratio 7:3). The chemical shift of the peaks are that of the typical tetrahedral 

Si(Q
0
) which is similar to the silicate doped Ba2In2O5 studies. A weak peak at around -70 ppm 

is also shown, which is consistent with the presence of small Ba2SiO4 impurity. The 

conductivity of this sample was not measured due to the impure nature. 

 

4.6 Nitrate doping 

As noted earlier, work suggested that the parent Ba2Sc2O5 was actually an oxide carbonate, 

Ba2Sc2-xCxO5+x/2, which accounted for the poor thermal stability. As a result of this 

observation, an attempt to synthesise a nitrate analogue, Ba2Sc2-xNxO5+x has been made. X-ray 

diffraction data for both firing stages and calculated cell parameters are shown in Fig. 4.21 

and table 4.12. X-ray diffraction data for the sample fired at 600 °C showed the emergence of 

very sharp cubic perovskite peaks having significantly smaller cell volume than Ba2Sc2-

xCxO5+x/2, along with BaCO3 and Sc2O3 peaks. The peaks corresponding to unreacted Sc2O3 

were reduced by an increase in the Ba:Sc ratio (4:1) and can most likely be accounted for by 

the sluggish reactivity of Sc2O3 at low temperature. The reduction of BaCO3 peaks were 

observed for the sample fired at 1000 °C in N2 while the peaks for the cubic perovskite phase 

were broadened, which resulted in the small increase in cell volume. Hence, it is postulated 

that the perovskite phase formed at 600 °C firing stage is nitrate doped Ba2Sc2O5 and there 

was a partial loss of the nitrate groups from the structure at 1000 °C, with possible 

replacement by carbonate. 
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Fig. 4.21 XRD patterns for N doped Ba2Sc2O5 fired at (a) 600 °C in air and (b) 

1000 °C in N2 (Peaks due to BaCO3 is highlighted). 

 

Table 4.12 Cell parameter data for N doped Ba2Sc2O5 
 

Sample 

(nominal composition) 

Unit cell parameters (Å) Unit cell volume 

(Å
3
) a0 

Ba2Sc2O5 4.128(1) 70.34(3) 

N doped, fired at 600 °C 4.103(1) 69.06(2) 

N doped, fired at 1000 °C 4.109(1) 69.37(2) 

 

The presence of a nitrate group in the structure is also evidenced by Raman spectroscopy 

studies. The spectra for the sample fired at 600 °C in air contained the intense broad double 

band centred at ≈ 1055 cm
-1

 (Fig. 4.22) with the region at 1059 cm
-1

 most likely 

corresponding to that of BaCO3 impurity while the broad feature at lower wavenumber is 

consistent with the presence of nitrate. The spectra for the sample fired at 1000 °C in N2 

showed the reduction in the intensity in the lower wavenumber region while showing an 
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increase in the intensity in the peak at higher wavenumber. These changes suggest the loss of 

nitrate from the structure at higher firing temperature due to the possible replacement of 

carbonate from the decomposition of BaCO3, which is in agreement with the small increase in 

the cell parameter. The spectra still contained the sharper feature which could correspond to 

BaCO3 impurity, although X-ray diffraction data showed no significant peaks due to BaCO3, 

and thus any BaCO3 present is mostly poorly crystalline. 

 

 
 

Fig. 4.22 Raman spectra for N doped Ba2Sc2O5 fired at 600 and 1000 °C along 

with Ba(NO3)2 and BaCO3 for comparison. 

 

4.7 Conclusions 

The results show the successful introduction of phosphate, sulphate and silicate into 

Ba2Sc2O5. While single phase phosphate and sulphate doped Ba2Sc2O5 samples 

(Ba2Sc1.6P0.4O5.4, Ba2Sc1.5P0.5O5.5 and Ba2Sc1.6S0.4O5.6) can be prepared, small Ba2SiO4 

impurities are present in the silicate sample Ba2Sc1.4Si0.6O5.3. Furthermore, this work suggests 

that even “undoped” Ba2Sc2O5 contains oxyanions, in this case carbonate, which explains the 
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previously reported thermal instability of this phase.  

The phosphate doped systems showed good thermal stability along with high oxide ion 

conductivity. Significant proton contribution in wet atmospheres is also shown. Moreover, the 

doped samples show higher CO2 stability than doped BaCeO3. The work further emphasize 

the potential of this oxyanion doping strategy in perovskite related phases, with regards to the 

formation of new phases with high conductivities and high CO2 stability. 
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4.8 Appendices 

Appendix 4.1 Impedance spectra for Ba2Sc1.6P0.4O5.4 in dry N2 at 300 °C showing 

typical bulk and grain boundary semicircles 
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Chapter 5 Y/Yb Doping in Ba2In2O5 

 

5.1 Introduction 

The studies presented in chapter 3 have demonstrated that oxyanion (phosphate, sulfate, 

silicate) doping is successful in enhancing the oxide ion conductivity in Ba2In2O5 and related 

phases through the introduction of disorder, along with enhancing the stability towards CO2 

(poor CO2 stability is a key issue for applications of many potential proton conducting 

electrolytes). However, the high cost of In is one of the issues for technological applications, 

as well as the tendency for In
3+

 to reduce at high temperatures under reducing conditions, thus 

raising the necessity to investigate strategies to reduce the In content. In this respect Y, Yb 

doping in Ba2In2O5 have been examined. Previous studies have shown Y substitution up to 

35% in Ba2In2O5 and a similar solubility limit of Yb into the related Ba0.6Sr0.4LaIn2O5.5 [1, 2]. 

In this chapter, we expand such studies to investigate the CO2 stability of such systems, as 

well as the possible incorporation of higher levels of Y, Yb through co-doping with phosphate.  

 

5.2 Experimental 

High purity BaCO3, In2O3, La2O3, Y2O3, Yb2O3, and NH4H2PO4 were used to prepare   

Ba2-zLazIn2-x-yMyPxO5+x+z/2 (M=Y, Yb) samples. A small (3%) excess of BaCO3 was 

employed, in order to overcome Ba loss at elevated temperatures, and eliminate Ba deficient 

impurity phases, such as Ba3In4O9, as has been seen in other studies synthesising similar Ba 

containing phases [3, 4]. The powders were intimately ground and heated initially to 1000°C 

for 12 hours. They were then ball-milled (350 rpm for 1 hour, Fritsch Pulverisette 7 Planetary 

Mill) and reheated to 1000°C for 50 hours. The resulting powders were then ball-milled a 

second time and pressed as pellets (1.3 cm diameter) and sintered at 1400°C for 10 hours. The 
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pellets were covered in sample powder and the crucible was covered with a lid to limit the 

amount of Ba loss during the sintering process. Powder X-ray diffraction (Bruker D8 

diffractometer with Cu Kα1 radiation = 1.5406 Å) was used to demonstrate phase purity as 

well as for preliminary structure determination. For the latter, the GSAS suite of programs 

was used [5]. 

The CO2 stability of samples was determined using thermogravimetric analysis (Netzsch 

STA 449 F1 Jupiter Thermal Analyser). Samples were heated at 10 
○
C min

-1
 to 1000 

○
C in a 

1:1 CO2 and N2 mixture to determine at what temperature CO2 pick up occurred. In addition 

further stability studies were performed by heating samples at 600
○
C for 12 hours in a tube 

furnace under flowing CO2 gas. 

Raman spectroscopy measurements were made in order to provide further evidence for the 

successful incorporation of phosphate. These measurements utilised a Renishaw inVia Raman 

microscope with excitation using a Cobolt Samba CW 532 nm DPSS Laser.  

The water contents of hydrated samples were determined from thermogravimetric analysis 

(Netzsch STA 449 F1 Jupiter Thermal Analyser). Samples were heated at 10
○
C min

-1
 to 

1000
○
C in N2, and the water content was determined from the observed mass loss. 

For the conductivity measurements, the sintered pellets were coated with Pt paste, and then 

heated to 800°C for 1 hour to ensure bonding to the pellet. Conductivities were then measured 

by AC impedance measurements (Hewlett Packard 4182A impedance analyser) in the range 

from 0.1 to 10
3 

kHz. Measurements were made in dry N2 and wet N2 (in which the gas was 

bubbled at room temperature through water) to identify any protonic contribution to the 

conductivity. 

The impedance data showed generally a single broad semicircle in both dry and wet 

atmospheres. The capacitance of the broad semicircle was typical of a bulk response, 
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suggesting that the resistance of the grain boundary was small compared to that of the bulk 

(Appendix 5.1).  

 

5.3 Yttrium and Ytterbium doped Ba2In2O5: Ba2In2-y(Y/Yb)yO5 (y = 0, 0.4, 0.7) 

 

Fig. 5.1 XRD patterns for Ba2In2-y(Y/Yb)yO5 

 

Initially, the determination of the solid solution limits for Y, Yb doping in Ba2In2O5 was 

examined. The results indicated that single phase samples of Ba2In2-yMyO5 (M=Y, Yb) could 

be obtained for 0 ≤ y ≤ 0.7, while Y, Yb excess phases (e.g. Ba3(Y/Yb)4O9) were observed for 

higher levels of Y, Yb. These solid solution limits for Y, Yb in the Ba2In2O5 structure are in 

agreement with those previously reported by Noirault et al. for Y doped systems, and for Yb 

doping by Kakinuma et al. in the related Ba0.6Sr0.4LaIn2O5.5 [1, 2]. The X-ray data showed a 

reduction in the orthorhombic splitting on Y, Yb incorporation, and a transition to cubic 

symmetry for the highest Y, Yb levels, suggesting the introduction of disorder on the oxygen 

sublattice through Y, Yb doping (Fig. 5.1). The structure refinement for the y = 0.7 samples 
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showed B site occupancies (1.30(1) In and 0.70(1) Y and 1.30(1) In and 0.70(1) Yb) 

consistent with those expected for the nominal starting composition (Appendix 5.2 and 5.3). 

The cell parameters showed an increase (comparing equivalent cells) on Y, Yb incorporation, 

which is consistent with the larger sizes of Y
3+

/Yb
3+

 compared to In
3+ 

(Table 5.1). 

 

Table 5.1 Cell parameter data for Ba2In2-y(Y/Yb)yO5 

Sample 

(nominal composition) 

Unit cell parameters (Å) Unit cell 

volume (Å
3
) a b c 

Ba2In2O5 6.089(2) 16.736(8) 5.963(2) 607.6(2) 

Ba2In1.6Y0.4O5 6.025(3) 17.135(9) 6.040(2) 623.5(3) 

Ba2In1.3Y0.7O5 4.280(1) - - 78.38(4) 

Ba2In1.6Yb0.4O5 6.118(2) 16.817(9) 6.005(3) 617.8(4) 

Ba2In1.3Yb0.7O5 4.264(1) - - 77.53(4) 

 

 

Fig. 5.2 Raman spectra of Ba2In2-y(Y/Yb)yO5 
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The Raman spectra for the y = 0, 0.4, 0.7 samples are given in Fig. 5.2. On incorporation 

of Y, Yb, there is the reduction in the intensity of In-O bands, mostly notable for the band at 

600 cm
-1

, which broadened with higher level of Y/Yb incorporation while the intensity of the 

band at 550 cm
-1

 was more significant. These changes are in agreement with previous studies 

of the introduction of oxygen disorder by oxyanion doping (chapter 3 and 4). The presence of 

some bands indicates that while the average structure determined in diffraction studies for y = 

0.7 samples is cubic, there are considerable local distortions away from cubic symmetry as 

observed in the oxyanion doped Ba2M2O5 (M = Sc, In) samples in chapter 3 and 4. 

 

 

Fig. 5.3 Conductivity data in dry N2 for Ba2In2-y(Y/Yb)yO5. Conductivity data in 

wet N2 for Ba2In1.3Y0.7O5 (filled diamond) is also shown. 
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Table 5.2 Bulk conductivity data for Ba2In2-y(Y/Yb)yO5 

Sample 

(nominal composition) 

 Conductivity (S cm
-1

) 

500 °C 800 °C 

Wet Dry 

Ba2In2O5  3.2 x 10
-5

 6.5 x 10
-6

 1.1 x 10
-3

 

Ba2In1.6Y0.4O5  1.8 x 10
-4

 4.0 x 10
-5

 1.7 x 10
-3

 

Ba2In1.3Y0.7O5  2.6 x 10
-3

 6.7 x 10
-4

 9.5 x 10
-3

 

Ba2In1.6Yb0.4O5  1.7 x 10
-4

 3.9 x 10
-5

 1.4 x 10
-3

 

Ba2In1.3Yb0.7O5  4.6 x 10
-4

 3.4 x 10
-4

 8.1 x 10
-3

 

 

The conductivity data showed that there is an enhancement in the conductivity in dry N2 on 

Y, Yb doping (Fig. 5.3, table 5.2), in agreement with the above conclusions regarding the 

increase in disorder on the oxygen sublattice, with a further enhancement owing to a protonic 

contribution on changing to wet N2, similar to the studies presented in chapter 3 and 4. 

Following on from these conductivity studies, the CO2 stability on Y, Yb incorporation was 

studied: undoped Ba2In2O5 is known to have comparatively poor CO2 stability, showing a 

significant mass increase above 600 
○
C in the TG profile on heating in a 1:1 CO2 and N2 gas 

mixture. The Y, Yb doped samples exhibited similar low stability (Fig. 5.4), with the 

temperature for the first observed mass increases being slightly lower, at 550
○
C, for both 

Ba2In1.3Y0.7O5 and Ba2In1.3Yb0.7O5, while the overall mass increases were slightly lower (Fig. 

5.4). X-ray diffraction data of the samples heated under CO2 in a tube furnace at 600
○
C 

showed the presence of significant amounts of BaCO3 impurity, with the highest levels of  

BaCO3 observed for undoped Ba2In2O5 (Fig. 5.5) in agreement with the highest mass increase 

from the TGA results.  
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Fig. 5.4. TG profiles (10 °C min-1 to 1000 °C in 1:1 CO2 and N2 mixture) for 

Ba2In1.3(Y/Yb)0.7O5. 

 

 

Fig. 5.5 XRD patterns for Ba2In2O5 and Ba2In1.3(Y/Yb)0.7O5 after heating in CO2 

at 600 °C for 12h (Peaks due to BaCO3 are highlighted). 

* 
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For the determination of the maximum level of water incorporated in these samples, they 

were heated under wet N2 to 800
○
C, then cooled slowly (0.4 

○
C min

-1
) to room temperature. 

The water content of these hydrated samples was then determined by thermogravimetric 

analysis, which resulted in values of 1 H2O per formula unit, indicating the complete filling of 

the oxide ion vacancies. 

 

5.4 Y/Yb doped Ba2In2O5 systems co-doped with La, P 

In order to increase the maximum incorporation level of Y, Yb, as well as enhance the CO2 

stability, co-doping with phosphate was examined. The results showed that quite high levels 

of phosphate were required to increase the Y/Yb content further, with it proving to be possible 

to prepare single phase samples with composition Ba2In0.5(Y/Yb)P0.5O5.5 (Fig. 5.6, table 5.3). 

The Raman spectra for these co-doped samples confirmed the presence of phosphate, as 

exemplified by the emergence of a peak at 940 cm
-1

, in line with prior studies on phosphate 

doped Ba2M2O5 (M = In, Sc) in chapter 3 and 4 (Fig. 5.7). 

 

Fig. 5.6 XRD patterns for La and/or P and/or Y/Yb co-doped Ba2In2O5 

Ba1.7La0.3In1Y0.7P0.3O5.45 Ba1.7La0.3In1Yb0.7P0.3O5.45 
Ba2In0.5Y1P0.5O5.5 Ba2In0.5Yb1P0.5O5.5 
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Table 5.3 Cell parameter data for La and/or P co-doped Ba2In2-y(Y/Yb)yO5 

Sample 

(nominal composition) 

Unit cell parameters (Å) Unit cell 

volume (Å
3
) a b c 

Ba2In2O5 6.089(2) 16.736(8) 5.963(2) 607.6(2) 

Ba2In0.5Y1P0.5O5.5 4.269(1) - - 77.78(4) 

Ba2In0.5Yb1P0.5O5.5 4.244(1) - - 76.43(4) 

Ba1.7La0.3In1Y0.7P0.3O5.45 4.241(1) - - 76.25(4) 

Ba1.7La0.3In1Yb0.7P0.3O5.45 4.221(1) - - 75.23(4) 

Ba2Y1.5P0.5O5.5 4.290(1) - - 78.92(5) 

Ba2Yb1.5P0.5O5.5 4.251(1) - - 76.81(4) 

 

 

Fig. 5.7 Raman spectra of Ba2Yb1.5P0.5O5.5, Ba2In0.5Yb1P0.5O5.5, 

Ba1.7La0.3In1Yb0.7P0.3O5.45 and Ba3(PO4)2 

 

 

7 
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Fig. 5.8 TG profiles (10 °C min-1 to 1000 °C in 1:1 CO2 and N2 mixture) for La 

and/or P and Y/Yb co-doped Ba2In2O5 

 

While the previous studies for Y, Yb doped Ba2In2O5 showed a small decrease in the onset 

temperature of CO2 pick-up, the phosphate co-doped samples, despite the higher Y, Yb levels, 

resulted in a small increase in this temperature, with the Ba2In0.5YbP0.5O5.5 sample only 

showing a mass increase above 700 
○
C (Fig. 5.8 and 5.9).  This was also observed for 

phosphate doped Ba2In2O5 studies, and it was proposed that the incorporation of phosphate 

reduces the basicity of the system, thus resulting in the enhancement in CO2 stability. 

Although the phosphate co-doping showed a beneficial effect in terms of the CO2 stability, it 

proved to be detrimental on the conductivity (Table 5.4). This is most likely caused by the 

decrease in the oxide ion vacancy level due to the doping of higher valent P, and the presence 

of oxygen vacancy trapping around the phosphorus, due to its preference to be incorporated as 

a tetrahedral PO4
3-

 ion. Further increases in the Y, Yb content in the presence of phosphate 

proved to be possible and the complete replacement of In with Y, Yb was successful, resulting 

7
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in the samples with nominal starting composition Ba2(Y/Yb)1.5P0.5O5.5. However, the presence 

of Ba3(Y/Yb)4O9 impurities cannot be avoided in the synthesis of these particular phases, 

despite increasing the BaCO3 excess to >10%. 

 

Table 5.4 Bulk conductivity data for La and/or P co-doped Ba2In2-y(Y/Yb)yO5 

Sample 

(nominal composition) 

 Conductivity (S cm
-1

) 

500 °C 800 °C 

Wet Dry 

Ba2In0.5Y1P0.5O5.5  4.5 x 10
-4

 1.7 x 10
-4

 4.4 x 10
-4

 

Ba2In0.5Yb1P0.5O5.5  6.6 x 10
-4

 2.0 x 10
-4

 6.1 x 10
-4

 

Ba1.7La0.3In1Y0.7P0.3O5.45  3.3 x 10
-4

 9.8 x 10
-5

 1.5 x 10
-3

 

Ba1.7La0.3In1Yb0.7P0.3O5.45  2.7 x 10
-4

 8.3 x 10
-5

 1.3 x 10
-3

 

 

 

Fig. 5.9 XRD patterns for La and/or P and Y/Yb co-doped Ba2In2O5 after heating 

in CO2 at 600 °C for 12h, showing no evidence for BaCO3 formation 

unlike for samples without P doping (see Fig. 5.5). 

7
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The structure refinement using X-ray diffraction data for Ba2Yb1.5P0.5O5.5 (Appendix 5.4) 

indicated an Yb content of 1.47(1), which is similar to the nominal value of 1.5 in the starting 

composition. No further analysis was performed on these samples due to the impure nature. 

In order to improve the CO2 stability further, additional co-doping with La was examined, 

as the previous studies of La and phosphate doping in Ba2In2O5 resulted in a large 

enhancement in the CO2 stability (Chapter 3). To accommodate the additional La, the 

phosphate level had to be reduced and single phase samples of composition 

Ba1.7La0.3In1(Y/Yb)0.7P0.3O5.45 were prepared as shown by X-ray diffraction data (Fig. 5.6). In 

agreement with the prior studies, the results here showed a further improvement in the CO2 

stability of these samples, with TGA showing a mass increase on heating in a 1:1 CO2/N2 gas 

mixture only at temperatures above ≈ 900
○
C (Fig. 5.8). However, the conductivity was 

significantly lower compared to both samples with and without phosphate (Table 5.4).  

 

5.5 Conclusions 

It has been shown that up to 35% Y, Yb can be incorporated into Ba2In2O5 leading to an 

improvement in the low temperature conductivity as a result of the introduction of disorder on 

the oxygen sublattice. Higher levels of Y, Yb incorporation are possible through co-doping 

with phosphate. These co-doped samples showed a small improvement in the CO2 stability, 

although there was a detrimental effect on the conductivity. The CO2 stability could be 

improved further through co-doping on the Ba site with La. However, it was again shown to 

be at the detriment of the conductivity, indicating the difficulties of achieving both high 

conductivity and CO2 stability in such perovskite systems.  
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5.6 Appendices 

Appendix 5.1 Impedance spectra at 260 °C for Ba2In1.3Yb0.7O5 in dry and wet 

N2 showing a single semicircle.  

 

 

 



 

Chapter 5 

 

175

Appendix 5.2.a Observed (cross), calculated (line), and difference plots 

(observed − calculated) of Ba2In1.3Y0.7O5 from the Rietveld refinement for room 

temperature X-ray diffraction data. 

 

 

 

Appendix 5.2.b Refined structural parameters for Ba2In1.3Y0.7O5 using cubic 

mPm3  (221) space group from room temperature X-ray diffraction data. 

 

 a (Å) Rwp Rp χ
2
 

 4.2800 (1) 5.18 3.05 4.21 

 

  
x y z 

 Fractional 

occupancy 

Uiso 

(Å
2
 x 100) 

Ba 1b ½ ½ ½  1.000 3.73 (7) 

In 1a 0 0 0  0.651 (8) 4.08 (9) 

Y 1a 0 0 0  0.349 (8) 4.08 (9) 

O 3d 0 0 ½  0.833 (11) 8.69(34) 
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Appendix 5.3.a Observed (cross), calculated (line), and difference plots 

(observed − calculated) of Ba2In1.3Yb0.7O5 from the Rietveld refinement for room 

temperature X-ray diffraction data. 

 

 

 

Appendix 5.3.b Refined structural parameters for Ba2In1.3Yb0.7O5 using cubic 

mPm3  (221) space group from room temperature X-ray diffraction data. 

 

 a (Å) Rwp Rp χ
2
 

 4.2641 (1) 5.59 3.99 1.97 

 

  
x y z 

 Fractional 

occupancy 

Uiso 

(Å
2
 x 100) 

Ba 1(b) ½ ½ ½  1.000 3.26 (14) 

In 1(a) 0 0 0  0.650 (8) 2.92 (14) 

Yb 1(a) 0 0 0  0.350 (8) 2.92 (14) 

O 3(d) 0 0 ½  0.829 (15) 6.72 (41) 
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Appendix 5.4.a Observed (cross), calculated (line), and difference plots 

(observed − calculated) of Ba2Yb1.5P0.5O5.5 from the Rietveld refinement for room 

temperature X-ray diffraction data. 

 

 

 

Appendix 5.4.b Refined structural parameters for Ba2Yb1.5P0.5O5.5 using cubic 

mPm3  (221) space group from room temperature X-ray diffraction data. 

 

 a (Å) Rwp Rp χ
2
 

 4.2508 (1) 7.35 5.41 2.04 

 

  
x y z 

 Fractional 

occupancy 

Uiso 

(Å
2
 x 100) 

Ba 1(b) ½ ½ ½  1.000 1.99 (10) 

Yb 1(a) 0 0 0  0.733 (8) 2.42 (12) 

P 1(a) 0 0 0  0.267 (8) 2.42 (12) 

O 3(d) 0 0 ½  0.932 (15) 6.93 (38) 

 



 

Chapter 5 

 

178

5.7 References 
 
[1] Kakinuma, K.; Waki, T.; Yamamura, H.; Atake, T. J. Ceram. Soc. Jp. 2009, 117, 

529. 
[2] Noirault, S.; Quarez, E.; Piffard, Y.; Joubert, O. Solid State Ionics. 2009, 180, 

1157. 
[3] Omata, T.; Fuke, T.; Otsuka-Yao-Matsuo, S. Solid State Ionics 2006, 177, 2447. 
[4] Abakumov, A. M.; Rossell, M. D.; Gutnikova, O. Y.; Drozhzhin, O. A.; Leonova, 

L. S.; Dobrovolsky, Y. A.; Istomin, S. Y.; Tendeloo, G. V.; Antipov, E. V. Chem. 
Mater. 2008, 20, 4457. 

[5] Larson, A. C.; Von Dreele, R. B. Los Alamos National Laboratory Report LAUR 
1994, 86-748. 

 



Chapter 6 179

Chapter 6 Conductivity and the Effect of Long Term Annealing 

Studies of Apatite-type Al-doped Neodymium Silicate 

Single Crystals and Polycrystalline Lanthanum Silicates 

 

6.1 Introduction 

Apatite-type silicates have attracted a considerable amount of interest for SOFC electrolyte 

applications owing to their high oxide ion conductivity [1, 2]. In order to understand the 

conduction properties of these systems further, various lanthanide containing apatite silicate 

singles crystals have been prepared and shown to display significant anisotropic conduction, 

with the conductivity parallel to the c-axis being about an order of magnitude higher than 

perpendicular to the c-axis [3-5]. Although doping studies on the Si site in these systems in 

polycrystalline samples have shown improved conductivity, there have been no such studies 

with single crystals, with the only doping studies being the examination of Sr doped 

neodymium silicate single crystals [6]. Thus, the preparation of single crystals containing the 

lower valent cation Al on the Si site has been attempted. 

In this chapter, the fundamental measurement of the oxide ion conductivity of these Al-

doped neodymium silicate single crystals is reported. Preliminary results indicated the 

presence of a second semicircle in the impedance plot, which was not previously reported. To 

identify the origin of this additional impedance response, conductivity data for single crystals 

annealed at 950 °C for 1-3 months were also recorded. 

For fuel cell electrolyte applications, along with high ionic conductivity, and negligible 

electronic conductivity, the long term stability at fuel cell operating temperature is required. 

And thus similar annealing studies to the Nd9.33+x/3Si6−xAlxO26 single crystals were carried out 

for practical electrolyte materials: La9.67Si6O26.5 and La10Si5GaO26.5. A combination of 

techniques including X-ray powder diffraction, AC impedance measurements and 
29

Si NMR 
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spectroscopy has been employed to study, in detail, the effect of this long term thermal 

treatment on structure and oxide ion conductivity of these apatite silicates. In particular, the 

effect of long term thermal treatment on conductivity is discussed in terms of structural 

considerations. In addition, evidence for a beneficial outcome of long term thermal treatment, 

in terms of total conductivity below 400 °C, is also provided. 

 

6.2 Experimental 

 

Fig. 6.1 Single crystals of (a) Nd9.33Si6O26, (b) Nd9.50Al0.5Si5.5O26, (c) 

Nd9.67AlSi5O26 and (d) Nd9.83Al1.5Si4.5O26 grown along the c-axis. 

Reproduced with permission from [7]. 

 

The single crystals (Nd9.33+x/3Si6−xAlxO26: x = 0, 0.5, 1.0, 1.5) were prepared using the 

floating-zone method in an argon atmosphere at a growth rate of 5mm h
−1

 by the research 

group of Prof. T. White at Nanyang Technological University in Singapore (detailed synthesis 



Chapter 6 181

procedure is given in An et al. [7]). The crystals, grown along the c-axis, were cut into 

hexagonal discs and the surfaces of the discs were polished. The phase purity was established 

through X-ray powder diffraction for the powder obtained from pieces of crushed single 

crystals. 

The excess oxygen containing La10Si5GaO26.5 and La9.67Si6O26.5 polycrystalline samples 

were prepared using high purity La2O3, SiO2 and Ga2O3. The correct stoichiometric mixtures 

were heated for 12 hours at 1200 ºC, with a second firing at 1350 ºC for a further 12 hours. 

They were then ball-milled (350 rpm for 1 hour, Fritsch Pulverisette 7 Planetary Mill) and 

pressed as pellets (1.3 cm diameter) and sintered at 1600°C for 2 hours. Powder X-ray 

diffraction (Bruker D8 diffractometer with Cu Kα1 radiation = 1.5406 Å) was used to 

demonstrate phase purity. 

For the conductivity measurements, the crystal discs and sintered pellets were coated with 

Pt paste, and then heated to 800 °C for 1 hour to ensure bonding to the disc. Conductivities 

were then measured by AC impedance measurements (Hewlett Packard 4182A impedance 

analyser) in the range from 0.1 to 10
3 

kHz with the voltage perturbation of 100 mV. 

Measurements were made in air and the data were analysed using ZView software, which 

estimates the resistance and capacitance values associated with equivalent circuits (to 

represent the materials) through the complex nonlinear least squares fitting [8]. After the 

measurement, the samples were annealed at 950 ºC for a month, and the conductivity 

measurements were performed again. The procedure was repeated for the total annealing time 

of 3 months. 

29
Si NMR data for the as prepared and 3 months annealed La10Si5GaO26.5 and La9.67Si6O26.5 

polycrystalline samples were collected to gain further information about the Si environment. 

These spectra were obtained using a Varian Unity Inova operating at 59.56 MHz, and spectral 
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referencing was with respect to tetramethylsilane. The data were collected by the EPSRC 

Solid state NMR service at Durham University. 

 

6.3 Conductivity data for the as prepared single crystals 

 

Fig. 6.2 Conductivity plots for a Nd9.33Si6O26 single crystal, parallel and 

perpendicular to the c-axis. 

 

 

Table 6.1 Bulk conductivity data for Al-doped neodymium silicate single crystals 

parallel to the c-axis 

 

Composition σ (S cm
−1

) at 500 °C Ea (eV) 

Nd9.33Si6O26    5.2 x 10
−2

 0.63 

Nd9.33Si6O26   (┴ c-axis) 1.6 x 10
−3

 0.60 

Nd9.5Si5.5Al0.5O26 3.7 x 10
−2

 0.71 

Nd9.67Si5Al1O26 1.6 x 10
−2

 0.81 

Nd9.83Si4.5Al1.5O26 6.9 x 10
−3

 0.82 

 

 

║ c-axis 

║ c-axis 2nd arc 

┴ c-axis 

┴ c-axis 2nd arc 
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Fig. 6.3 Conductivity plots for Nd9.33+x/3Si6−xAlxO26 single crystals, parallel to the 

c-axis. 

 

The conductivities (parallel and perpendicular to the c-axis) of Nd9.33Si6O26 are shown in 

Fig. 6.2 and table 6.1 and they are in agreement with those previous reported [4]. The 

conductivities parallel to the c-axis for the Al doped single crystals are given in Fig. 6.3 and 

table 6.1 and this represents the first such conductivity study of a single crystal doped on the 

Si site. The single crystals showed a decrease in the conductivity with increase in Al level, in 

contrast to the previous studies on polycrystalline Al doped lanthanum silicates, where a 

conductivity enhancement was observed. The enhanced conductivity in the latter case was 

attributed to there being an optimum cation vacancy level to ensure high oxide ion 

conductivity [9]. The difference in the trend for the single crystals may have arisen from the 

different size of the rare earth cation: neodymium to lanthanum. Thus further doping studies 

with similar trivalent cations (e.g. Ga, B) are required to elucidate this issue further. In line 

with the effect of the smaller rare earth, Nd, studies by Slater et al. also showed a reduction in 

conductivity for polycrystalline samples on Ga doping in Nd9.33Si6O26 [10]. In addition to the 
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observed reduction in the conductivity of the single crystals, the activation energy was 

increased with increase in Al content (table 6.1). 

 

 

Fig. 6.4 Impedance plots for a Nd9.33Si6O26 single crystal parallel to the c-axis at 

230 and 380 °C showing a bulk and an additional semicircle with 

corresponding capacitance values. 

 

An interesting feature from the impedance spectra for the single crystals was the 

appearance of a semicircle at lower frequency as shown in the impedance plot measured along 

the c-axis at 380 °C for Nd9.33Si6O26, having the capacitance value 1.5 x 10
−7

 F cm
−1

, which is 

slightly larger than a typical value for a grain boundary response and may be correlated with a 

surface layer effect [12] (Fig. 6.4): a similar extra semicircle was also present in the 

measurement along the ab plane and its conductivity was also similar (Fig. 6.2). The presence 

of a second semicircle was not reported in previous studies of single crystals, although in 

these earlier studies, the impedance plot reported was only at 100 °C, with no higher 

temperature data given [4]. This second semicircle was also shown in the Al doped single 

crystals and its origin is not clear, since there should be no grain boundary component in a 

1.5 x 10
−7

 F cm
−1

 

1.1 x 10
−10

 F cm
−1
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true single crystal. One possibility is that this secondary resistive component is associated 

with stacking faults/dislocations or boundaries between regions of different cation vacancy 

content in the single crystal. To verify this hypothesis, long term annealing (at 950 °C) studies 

were conducted in the hope that any stacking faults/dislocations/inhomogeneity in cation 

content in a single crystal would be annealed out over time. 

In addition, it should be noted that the capacitance value for the bulk response shown in 

Fig. 6.4 is slightly higher than that for a conventional ceramic sample, but this high 

capacitance in a single crystal was previously observed in other single crystal studies and 

rationalised by the ready local displacement of the charge carrier [13]. 

 

6.4 Effect of long term heat treatment on the conductivity of single crystals 

of Nd9.33Si6O26 and Nd9.5Si5.5Al0.5O26 

The conductivities of the single crystals were remeasured after annealing at 950 °C over 3 

months. The data showed that the lower frequency semicircle was not observed anymore for 

Nd9.33Si6O26 after annealing for 2 months (Fig. 6.5), which suggested that this may indeed be 

due to stacking faults/dislocations/inhomogeneity effects. However, the data also showed that 

the bulk conductivity along the c-axis decreased, as illustrated by the increase in the size of 

semicircle in the impedance plots measured along the c-axis at 300 °C upon annealing (Fig. 

6.6 and 6.7). The origin of this reduction in bulk conductivity is unclear, but it may be due to 

the reduced disordering of oxide ion defects in the lattice as a result of the reduction in cation 

lattice inhomogeneity. 
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Fig. 6.5 Impedance plots for a Nd9.33Si6O26 single crystal annealed for 2 months 

parallel to the c-axis at 400 and 500 °C showing no evidence of the 

additional semicircle which was present for the as prepared sample. 

 

 

Fig. 6.6 Impedance plots at 300 °C parallel to the c-axis for a Nd9.33Si6O26 single 

crystal annealed at 950 °C for various durations (in months) showing 

the increase in the size of semicircle corresponding to the bulk 

conduction process. 

 

2.6 x 10
−11

 F cm
−1

 

4.5 x 10
−11

 F cm
−1

 



Chapter 6 187

 

Fig. 6.7 Bulk conductivity plots for a Nd9.33Si6O26 single crystal annealed at 

950 °C for various durations (in months). 

 

In addition to the effect of long term annealing on the conductivity of Nd9.33Si6O26, the 

conductivity of similarly annealed Al doped Nd9.5Si5.5Al0.5O26 was also examined and the 

impedance plots of Nd9.5Si5.5Al0.5O26 measured along the c-axis at 300 °C are given in Fig. 

6.8. These data showed the same reduction in bulk conductivity and disappearance of the 

second semicircle. However, in this Nd9.5Si5.5Al0.5O26 single crystal, there was an appearance 

of yet another resistive component at lower frequency with the capacitance value typical for a 

grain boundary/impurity response (2.6 x 10
−8

 F cm
−1

), with the size of this semicircle 

increasing upon annealing (Fig. 6.8). This semicircle may be due to the precipitation of a 

secondary phase such as NdAlO3, as LaAlO3 has been reported as a common secondary phase 

in the preparation of Al doped lanthanum silicate samples [14, 15]. However, there was no 

evidence of such an additional phase in the X-ray diffraction data after annealing collected by 

T. White group and co-workers. Thus further annealing studies, possibly in conjunction with 

similar studies on polycrystalline Al doped neodymium silicate are required to explain this 
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issue. Overall, the results showed that the total conductivity parallel to the c-axis of the 

Nd9.5Si5.5Al0.5O26 single crystal decreased upon annealing (Fig. 6.9). 

 

Fig. 6.8 Impedance plots at 300 °C for a Nd9.5Si5.5Al0.5O26 single crystal 

annealed at 950 °C for various durations (in months), showing the 

emergence of a further semicircle. 

 

Fig. 6.9 Total conductivity plots for a Nd9.5Si5.5Al0.5O26 single crystal annealed at 

950 °C for various durations (in months). 

9.9 x 10
−11

 F cm
−1

 

2.9 x 10
−11

 F cm
−1

 

4.1 x 10
−11

 F cm
−1

 

2.6 x 10
−8

 F cm
−1

 

1.3 x 10
−7

 F cm
−1

 

1.4 x 10
−7

 F cm
−1 

(Stacking faults 

/dislocations/ 

inhomogeneity) 
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6.5 Effect of long term heat treatment on the conductivity of polycrystalline 

La10Si5GaO26.5 and La9.67Si6O26.5 

 

Fig. 6.10 Impedance plots at 300 °C for poly-crystalline La10Si5GaO26.5 samples 

annealed at 950 °C for various durations (in months) showing the 

increase in the size of the semicircle corresponding to the bulk 

conduction and decrease in the size of semicircle corresponding to the 

grain boundary conduction. 

 

Table 6.2 Total conductivity data for La10Si5GaO26.5 samples after annealing at 

950 °C for various durations 

  Conductivity (S cm
-1

) 

400 °C 600 °C 

As prepared  1.42 x 10
-4

 7.91 x 10
-3

 

1 month  1.44 x 10
-4

 5.57 x 10
-3

 

2 months  1.95 x 10
-4

 5.14 x 10
-3

 

3 months  2.14 x 10
-4

 4.96 x 10
-3

 

 

The conductivity data obtained for as prepared La10Si5GaO26.5 were in agreement with the 

previously reported values [11]. The impedance plots at 300 °C given in Fig. 6.10 showed the 
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significant decrease in bulk conductivity upon annealing, similar to the results from 

neodymium silicate single crystals. At the same time, there is an improvement in the grain 

boundary conductivity as the size of the low frequency semicircle decreased upon annealing 

(Fig. 6.10). Significantly, this resulted in a small enhancement in total conductivity below 

400 °C because the improvement in grain boundary conductivity outweighed the decrease in 

bulk conductivity (Fig. 6.11 and table 6.2) which at higher temperature the situation was 

reversed. The other annealed sample, La9.67Si6O26.5, showed a similar result to La10Si5GaO26.5, 

exhibiting an improvement in total conductivity below 400 °C (Fig. 6.12). The reduction in 

the bulk conductivity may be caused by the reduced disordering of defects in the lattice and 

the enhancement in the grain boundary conductivity may be caused by the 

reduction/disappearance of the contribution of stacking faults/dislocations/inhomogeneity to 

grain boundary conductivity as observed in the single crystal studies. 

 

 

Fig. 6.11 Conductivity plots for La10Si5GaO26.5 samples annealed at 950 °C for 

various durations (in months) showing the total conductivity change. 
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Fig. 6.12 Conductivity plots for La9.67Si6O26.5 samples annealed at 950 °C for 

various durations (in months) showing the total conductivity change. 

 

 
 

Fig. 6.13 X-ray diffraction data for as prepared and annealed (at 950 °C for 3 

months) La10Si5GaO26.5 and La9.67Si6O26.5. 
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Table 6.3 Cell parameters for as prepared and annealed (at 950 °C for 3 months) 

La10Si5GaO26.5 and La9.67Si6O26.5. 

Sample 

(nominal composition) 

Unit cell parameters (Å) Unit cell volume 

(Å
3
) 

a b c 

La10Si5GaO26.5 9.743(1) - 7.242(1) 595.4(1) 

La10Si5GaO26.5 annealed 9.744(1) - 7.240(1) 595.4(1) 

La9.67Si6O26.5 9.703(1) - 7.179(1) 585.3(1) 

La9.67Si6O26.5 annealed 9.717(1) - 7.187(1) 587.7(1) 

 

The structural change after 3 months of annealing was examined by X-ray diffraction and 

29
Si NMR data. No second phase was observed in the X-ray diffraction data for both 

La10Si5GaO26.5 and La9.67Si6O26.5 (Fig. 6.13). The calculated cell parameters for as prepared 

and annealed La10Si5GaO26.5 samples were the same, while those of La9.67Si6O26.5 showed a 

slight increase for the annealed sample (Table 6.3). The 
29

Si NMR data for La10Si5GaO26.5 and 

La9.67Si6O26.5 are given in Fig. 6.14 and table 6.4. The 
29

Si NMR data for the as prepared 

La10Si5GaO26.5 sample showed two peaks at −77.8 and −80.8 ppm in agreement with previous 

reports, which were associated with two different Q
0
 SiO4 units, the latter associated with a 

SiO4 group near an interstitial oxide ion [16]. Upon annealing, there was only a slight shift of 

the second peak towards higher field indicating a small bond strength change without any 

significant change in the intensity. The 
29

Si NMR data for as prepared La9.67Si6O26.5 samples 

showed four peaks at −77.7, −79.3, −81.2 and −84.9 ppm in agreement with previous reports, 

which were assigned to Q
0
 SiO4 units with different environments and a possible Q

1
 Si2O7 

unit for the peak at −84.9 ppm [17, 18]. Upon annealing, most notably, a very broad peak at 

−111.6 ppm was observed and assigned to Q
4
 SiO2. If only Si drops out from the structure, 

then an overall increase in the La and excess oxygen content would be expected with a 

consequential increase in the cell volume. This was actually observed in the X-ray diffraction 
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data for the annealed sample, although there was no significant evidence for the presence of 

SiO2 in the data, which suggests that the SiO2 might not be crystalline. Excluding the 

contribution of the SiO2 peak from the relative intensity, the corrected relative intensity 

showed no significant change upon annealing. However, the annealing leads to an increase in 

the La:Si ratio in the bulk material, then an enhancement in conductivity might  have been 

expected due to the increased interstitial oxide ion content, whereas the reverse was observed. 

Thus the origins of the observed conductivity change are still not fully explained. 

 

 

Fig. 6.14 29Si NMR data for as prepared and annealed (at 950 °C for 3 months) 

La10Si5GaO26.5 and La9.67Si6O26.5 (SiO2 peak is highlighted). 

↓
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Table 6.4 29Si NMR data for as prepared and annealed (at 950 °C for 3 months) 

La10Si5GaO26.5 and La9.67Si6O26.5. The relative intensity was obtained by the 

deconvolution of the spectra in Fig. 6.14 (uncertainty = ± 2 %). The corrected relative 

intensity for the annealed La9.67Si6O26.5 was calculated by removing the contribution 

of the intensity of the SiO2 peak at  -111.6 ppm for the comparison with the relative 

intensity of the peaks for the as prepared sample. 

Sample  
Peak position 

(ppm) 

Relative intensity 

(%) 

Corrected relative 

intensity (%) 

La10Si5GaO26.5 

As 

prepared 

-80.8 

-77.8 

11.7 

88.3 
- 

Annealed 
-81.3 

-77.9 

13.7 

86.3 
- 

La9.67Si6O26.5 

As 

prepared 

-84.9 

-81.2 

-79.3 

-77.7 

3.5 

23.4 

13.2 

59.9 

- 

Annealed 

-111.6 

-84.9 

-81.1 

-79.2 

-77.5 

4.7 

5.0 

25.1 

13.2 

52.1 

- 

5.2 

26.3 

13.9 

54.7 

 

 

6.6 Conclusions 

The conductivity of Al doped neodymium silicates single crystals has been reported for the 

first time and showed a decrease with increasing Al level. Due to the presence of a second 

semicircle in the impedance plots, the effect of long term (1-3 months) heat treatment at 

950 °C was also examined for Nd9.33Si6O26 and Nd9.5Si5.5Al0.5O26 single crystals. The 

annealing treatment was shown to eliminate this second semicircle: thus its cause is suggested 

to be due to stacking faults/dislocations/sample inhomogeneity in the single crystals which are 

annealed out over time. The data showed that there was also a general decrease in the 

conductivity for Nd9.5Si5.5Al0.5O26 single crystal along with the appearance of a third 
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semicircle at lower frequency with the capacitance value for a typical grain 

boundary/impurity response. The origin of this semicircle is not clear and further systematic 

studies utilising other lower valent cation (i.e. Ga, B) doped single crystals in conjunction 

with polycrystalline samples would be required to elucidate this issue further. 

Although, there were only small structural changes from the powder X-ray diffraction and 

29
Si NMR data for the polycrystalline apatite silicates, there was a general decrease in the 

bulk conductivity. While the bulk conductivity was decreased, it was evidenced that the long 

term thermal treatment was beneficial on the total conductivity of the polycrystalline silicates 

at the temperature lower than 400 °C due to an improvement in grain boundary conductivity. 

In the next chapter, neutron diffraction studies are reported for such annealed samples in order 

to try to determine the origin of these effects. 
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Chapter 7 Structural Features of Apatite Silicates with high Oxygen 

Excess: the Effect of Hydration and Long Term 

Annealing 

 

7.1 Introduction 

Apatite-type silicates have been an active subject of research for fuel cell electrolyte 

applications owing to their high oxide ion conductivity [1, 2]. The numerous conduction 

mechanisms proposed for apatite-type silicates and the pivotal role of the interstitial oxide ion 

were discussed in detail in chapter 1.4. While there is general agreement relating to the 

location of the interstitial site for the apatite-type germanates (located adjacent to Ge leading 

to the formation of 5 coordinate Ge) [3-6], a range of sites have been suggested for the silicate 

apatites [7-10], although there is growing support for a position near the channel centre [10-

12]. One of the difficulties with locating these interstitial oxide ion sites is the generally low 

levels of interstitial oxide ion, especially for the silicates, where prior studies have suggested a 

maximum limit close to 0.5 O per formula unit [7]. In order to improve our ability to 

accurately locate the interstitial site, a higher oxygen excess would be beneficial. In this 

respect, it has been shown that the interstitial oxide ion content can be increased through 

water incorporation for the apatite germanates [13, 14], and the same strategy to increase the 

interstitial oxide ion content for the silicates has been examined in this work. While only low 

levels of water can be incorporated in cation stoichiometric apatite silicates, e.g. La8+xA2-

xSi6O26+x/2 (A = Ca, Sr, Ba), significant water incorporation for systems containing oxygen 

excess and cation vacancies, i.e. La9.33+xSi6O26+3x/2 was achieved. In particular, the work here 

has highlighted that systems with x > 0.17 can accommodate higher levels of water than 

samples with low values of x. In this chapter, the successful incorporation of water in the 

system, La9.6Si6O26.4, is reported and the structure, especially the location of the interstitial 
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oxide ion site is analysed. In addition, the structural change upon annealing for a month is 

investigated to rationalize the cause of the decrease in the bulk conductivity for the apatite-

type single crystals and polycrystalline samples upon long term annealing studies, as shown in 

the previous chapter. 

 

7.2 Experimental 

La9.6Si6O26.4 was prepared as follows. High purity La2O3, and SiO2 were ground together in 

the correct stoichiometric ratio and heated for 12 hours at 1350 ºC, with a second firing at 

1350 ºC for a further 12 hours. Between firings the sample was reground to ensure a 

homogeneous mixture. The sample was then divided into two equal weight batches (≈ 12g). 

Batch 1 was used as prepared while batch 2 was annealed at 950 ºC for a month. In both cases, 

phase purity was established through X-ray powder diffraction (Bruker D8 diffractometer 

with Cu Kα1 radiation = 1.5406 Å). 

For the water incorporation, a portion (≈ ⅓ of each batch) of the samples was heated in 

water in a hydrothermal vessel (model 4749 Parr digestion vessel with 23 ml capacity) at 

200
○
C for 48 hours (pH2O ≈ 15 atm), as described previously [14].  The water contents were 

assessed through thermogravimetric analysis (Netzsch STA 449 F1 Jupiter Thermal Analyser). 

The TGA experiments were carried out in N2 with a heating rate of 10 °C/min up to 700 °C.  

The structures of both as prepared and hydrated samples were determined by refinement 

using neutron diffraction data, which were collected on diffractometer HRPT at the SINQ, 

Paul Scherrer Institut. All structural refinements employed the GSAS suite of Rietveld 

refinement software [15]. 

The metaprism twist angle, φ of the LaO6 units was calculated using the equation based on 

cosine rule (geometry for the La, O1 and O2 are given in chapter 1.4.4) [16]: 
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where  La1 866.0 xG = , LaLa1 5.0 xyH −= ; 

 
1O2 866.0 xG = , 

11 OO2 5.0 xyH −= ; 

 
2O3 866.0 xG = , 

22 OO3 5.0 xyH −= . 

In order to gain additional information on the thermal stability of the water in the apatite 

structure, the hydrated sample was investigated further through high temperature X-ray 

diffraction, utilising a Bruker D8 diffractometer. Measurements were made between 50 and 

550 °C in air.  

 

7.3 As prepared La9.6Si6O26.4 

Among the various space groups reported to be exhibited by apatite systems [16], space 

groups P63 and 3P were analysed initially, as these are the most widely reported space groups 

used to describe oxygen excess apatite-type silicates [17]. The initial structural refinement 

using both symmetries showed similar R-factor values, and thus the higher symmetry space 

group P63 was chosen for the full structural refinement. Because there is no special position in 

terms of the z coordinate in this space group, it was required to constrain the z coordinate of 

the channel oxygen to a value of ¼ to provide a fixed origin in z. In the initial structure 

refinement, there was no evidence of any cation vacancy ordering phenomena involving the 

La(1) and La(2) sites [18], and so to avoid errors involving the high degree of correlation 

between these sites, their fractional occupancy and thermal parameters were constrained to be 

equal. Among the various interstitial oxide ion sites reported in apatite silicates, two sites at 

channel periphery (0.037, 0.277, 0.584) [17] and near channel centre (0.018, 0.050, 0.573) 

[12] was tested initially. The refinement for both sites showed an improved fit compared to 
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the model without any interstitial oxide ion (Rwp = 2.18) but the interstitial oxide ion 

positioned near channel centre resulted in a better fit (Rwp = 2.08) over channel periphery site 

(Rwp = 2.13), and thus the full structural refinement was continued with the interstitial oxide 

ion near the channel centre. 

 

 

Fig. 7.1 Observed (cross), calculated (line) and difference plots of as prepared 

La9.6Si6O26.4 from the Rietveld refinement from room temperature 

neutron diffraction data 
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Table 7.1.a Refined structural parameters of as prepared La9.6Si6O26.4 with 

hexagonal P63 (173) space group, from room temperature 

neutron diffraction data 

Space group a/b (Å) c (Å) Rwp Rp χ
2
 

P63 9.72441(4) 7.18726(5) 2.00 1.58 3.299 

Atom Site x y z Uiso x 100 

(Å) 

SOF 

La(1) 2b ⅓ ⅔ -0.0161(5) 1.28(2) 0.874(2) 

La(2) 2b ⅔ ⅓ -0.0139(5) 1.28(2) 0.874(2) 

La(3) 6c 0.2286(1) -0.0119(1) 0.2427(5) 1.09(1) 1 

Si 6c 0.4028(2) 0.3725(1) 0.2488(5) 0.69(2) 1 

O(1) 6c 0.3235(2) 0.4847(2) 0.2429(9)  1 

O(2) 6c 0.5948(1) 0.4729(2) 0.2438(10)  1 

O(3) 6c 0.3531(4) 0.2580(5) 0.0592(8)  1 

O(4) 6c 0.6643(6) 0.7466(5) 0.9204(7)  1 

O(5) 2a 0 0 ¼  0.853(5) 

O(6) 6c 0.0033(23) 0.0193(41) 0.4049(21)  0.092(3) 

100 x U11 U22 U33 U12 U13 U23 

O(1) 2.98(7) 2.51(7) 2.43(9) 2.38(7) -1.64(20) -0.52(21) 

O(2) 1.01(6) 0.98(5) 2.47(7) 0.37(5) 0.37(20) 0.30(21) 

O(3) 2.22(11) 1.84(14) 1.75(14) 1.29(11) -0.80(9) -0.51(14) 

O(4) 8.27(20) 1.18(14) 1.59(15) 2.08(16) -2.73(12) -0.84(15) 

O(5) 0.28(5) 0.27(5) 13.4(3) 0.14(3) 0 0 

O(6) 8.9(18) 33.8(36) 8.3(15) 13.7(24) 15.0(16) 19.3(24) 

 

Table 7.1.b Selected bond distances for as prepared La9.6Si6O26.4 

Bond Bond distance (Å) 

Si-O(1) 1.620(1) 

Si-O(2) 1.618(1) 

Si-O(3) 1.674(1) 

Si-O(4) 1.587(1) 

La(1)-O(1) (x3) 2.535(1) 

La(1)-O(2) (x3) 2.503(1) 

La(1)-O(4) (x3) 2.944(1) 

La(2)-O(1) (x3) 2.453(1) 

La(2)-O(2) (x3) 2.591(1) 

La(2)-O(3) (x3) 2.806(1) 

La(3)-O(1) 2.762(1) 

La(3)-O(2) 2.519(1) 

La(3)-O(3) 2.630(1), 2.476(1) 

La(3)-O(4) 2.464(1), 2.586(1) 

La(3)-O(5) 2.284(1) 

O(6)-La(3) 2.632(1), 2.677(1), 2.405(1) 

O(6)-O(5) 1.136(1) 
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Fig. 7.2 The anisotropic thermal ellipsoids around the apatite channel position of 

as prepared La9.6Si6O26.4, viewed down the c-axis. 

 

 

The structural parameters of the as prepared La9.6Si6O26.4 sample using neutron diffraction 

data are given table 7.1, with the observed, calculated and difference profiles in Fig. 7.1. The 

data indicated a refined composition of La9.50Si6O26.26, close to that expected from the starting 

stoichiometry. The structural data generally agrees with the previously reported sample of 

similar composition, La9.67Si6O26.5 [17], including high thermal displacement parameters for 

O(4) (silicate oxygen near the channel) and O(5) (channel oxygen), which suggests significant 

local structural disorder. However, in this study, the interstitial oxide ion, O(6) appeared to be 

located near the channel centre site (0.003, 0.019, 0.405) rather than channel periphery. This 

result is similar to the position observed by Bechade et al. and others [10-12]. In this model, 

Bechade et al. proposed a defect complex (Oi"−VO
●●

−Oi") (Fig. 1.4.6 in chapter 1), and in the 

present study, a similar complex can be proposed. The observed length scale in this study for 

this complex is 2.27 Å which is smaller than the predicted value of 2.93 Å from the modelling 

Si(1) 

La(3) 

O(6) 
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work [10]. However, it should be noted that the thermal displacement parameter for O(6) is 

very high perpendicular to the channel (U22 = 34 Å
2
). This suggests significant local 

displacement from the refined position: which may hence allow an increase in the Oi"−VO
●●

 

length. Overall it would suggest the presence of various interstitial oxide ion sites with 

differing displacements from the channel centre. In particular, the anisotropic thermal 

ellipsoids for the O(6) are directed towards channel lanthanum, La(3) (Fig. 7.2), which is not 

unexpected as O(6) is highly underbonded (−1.08), and so some displacement might be 

expected to aid the stability of this oxide ion site. 

 

7.4 Hydrated La9.6Si6O26.4 

The structural parameters for hydrated La9.6Si6O26.4 are given in table 7.2 with the observed, 

calculated and difference profiles in Fig. 7.3. It was not possible to locate the proton site, most 

likely due to the presence of a range of different H sites and significant local displacement in 

these positions. In this respect, further studies at low temperature (≈ 4K) would be required, 

as has been performed to locate the proton sites in perovskite systems. The data indicated a 

refined composition of La9.53Si6O26.98 (excluding protons) showing a significant increase in 

the O content. If we assume that this extra O is charge balanced by protons, the composition 

of La9.53Si6O26.98H1.37 is obtained. Apart from the increased O content, the major difference to 

the as prepared sample is the deviation of the interstitial oxide ion site further away from the 

channel centre (0.133, 0.143, 0.419). This displaced interstitial oxide ion site is still closer to 

the channel centre than the channel periphery. It can be proposed that the additional 

displacement from the channel centre is required to accommodate more anions in the structure, 

and the data showed that further structure distortion accompanied the water incorporation. In 

particular, the calculated average metaprism twist angle of LaO6 was decreased from 22.24° 
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to 21.68°, in order to expand the channel size to allow the accommodation of the extra oxide 

ions, resulting in an increase in the cell size along a/b and decrease in c. These cell parameters 

changes can be elegantly demonstrated using high temperature X-ray diffraction data (Fig. 

7.4). Such data show that there is a steep decrease in the size of a/b and increase in c at around 

210 °C, on heating the hydrated sample (due to water loss), while the as prepared sample 

showed a linear increase over the temperature range. This single stage dehydration process 

also can be easily noticed on the plot of cell volume change with temperature. 

 

 

 

Fig. 7.3 Observed (cross), calculated (line) and difference plots of hydrated 

La9.6Si6O26.4 from the Rietveld refinement for room temperature neutron 

diffraction data.  
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Table 7.2.a Refined structural parameters of hydrated La9.6Si6O26.4 with 

hexagonal P63 (173) space group, from room temperature 

neutron diffraction data 

Space group a/b (Å) c (Å) Rwp Rp χ
2
 

P63 9.79242(10) 7.17565(9) 2.47 1.93 5.309 

Atom Site x y z Uiso x 100 

(Å) 

SOF 

La(1) 2b ⅓ ⅔ 0.0058(9) 1.93(4) 0.882(3) 

La(2) 2b ⅔ ⅓ 0.0028(9) 1.93(4) 0.882(3) 

La(3) 6c 0.2360(1) -0.0077(2) 0.2438(6) 1.28(2) 1 

Si 6c 0.4032(3) 0.3757(3) 0.2475(12) 1.51(5) 1 

O(1) 6c 0.3269(3) 0.4877(3) 0.24941(8)  1 

O(2) 6c 0.5939(2) 0.4724(3) 0.2515(9)  1 

O(3) 6c 0.3624(4) 0.2649(6) 0.0628(6)  1 

O(4) 6c 0.6664(6) 0.7494(6) 0.9169(6)  1 

O(5) 2a 0 0 ¼  0.890(11) 

O(6) 6c 0.1334(20) 0.1425(12) 0.4192(17)  0.200(7) 

100 x U11 U22 U33 U12 U13 U23 

O(1) 6.09(17) 4.29(17) 0.71(10) 4.70(15) -1.62(25) -2.36(18) 

O(2) 2.06(12) 1.74(11) 2.25(12) 0.04(10) -0.99(30) -0.97(31) 

O(3) 5.29(24) 4.75(27) 0.64(16) 4.03(23) 0.79(14) 0.17(16) 

O(4) 8.46(29) 1.82(20) 2.18(18) 2.34(23) -3.68(15) -1.09(19) 

O(5) 1.64(15) 1.64(15) 22.5(8) 0.82(7) 0 0 

O(6) 8.5(13) 0.20(58) 3.09(71) 3.07(66) 0.52(70) -2.21(51) 

 

Table 7.2.b Selected bond distances for hydrated La9.6Si6O26.4 

Bond Bond distance (Å) 

Si-O(1) 1.609(1) 

Si-O(2) 1.618(1) 

Si-O(3) 1.628(1) 

Si-O(4) 1.614(1) 

La(1)-O(1) (x3) 2.455(1) 

La(1)-O(2) (x3) 2.580(1) 

La(1)-O(4) (x3) 3.010(1) 

La(2)-O(1) (x3) 2.505(1) 

La(2)-O(2) (x3) 2.552(1) 

La(2)-O(3) (x3) 2.740(1) 

La(3)-O(1) 2.830(1) 

La(3)-O(2) 2.479(1) 

La(3)-O(3) 2.651(1), 2.520(1) 

La(3)-O(4) 2.483(1), 2.538(1) 

La(3)-O(5) 2.350(1) 

O(6)-La(3) 2.489(1), 2.302(1), 2.538(1) 

O(6)-O(4) 1.698(1) 

O(6)-O(5) 1.818(1) 
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Fig. 7.4.a Cell parameter variation versus temperature for the as prepared (circle) 

and hydrated (triangle) La9.6Si6O26.4 on heating. 

 

 

Fig. 7.4.b Cell volume variation versus temperature for the as prepared (circle) 

and hydrated (triangle) La9.6Si6O26.4 on heating. 
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Fig. 7.5 TG profile of hydrated La9.6Si6O26.4 
 

The water content of hydrated sample was determined by TGA measurements (Fig. 7.5).  

Unlike the single stage dehydration suggested by the high temperature X-ray diffraction data, 

there was evidence for a two stage water loss from the TGA data: firstly there was an abrupt 

loss in mass at around 280 °C with a second mass loss at around 470 °C. Since high 

temperature X-ray diffraction data did not show any change at higher temperature, the second 

mass loss was attributed to the decomposition of an impurity phase (most likely amorphous), 

since the structure refinement indicated a lower La content than the starting ratio, it was 

presumed that this may be La(OH)3 [19]: 

2La(OH)3  → °C280  2LaOOH + 2H2O↑  → °C470  La2O3 + H2O↑ 

Firstly, the mass of LaOOH was worked out from the mass loss at 470 °C and subsequently, 

the mass of La(OH)3 was calculated. Eliminating the contribution of the above process, the 

calculated level of water incorporated was 0.75 H2O per formula unit, which agreed with the 

composition La9.5Si6O26.26.0.75H2O and the calculated interstitial content (≈ 1 O per formula 
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unit) from the diffraction studies. The dehydration temperature difference between X-ray 

diffraction study and the TGA result is due to the dynamic nature of the TGA measurement.  

 

7.5 Annealed La9.6Si6O26.4 

In order to determine the effect of long term (1 month) heat treatment at 950 °C, the 

structure of annealed La9.6Si6O26.4 was examined using neutron diffraction data. The structural 

parameters are given in table 7.3 with the observed, calculated and difference profiles in Fig. 

7.6. The data indicated a refined composition of La9.46Si6O26.16. Overall, there was no 

significant structural difference to the as prepared sample, apart from the slightly lower La 

content and consequently lower interstitial oxide ion occupancy, and the slight expansion in 

the a/b axis. The lower occupancy of La and O was accompanied by a slight increase in the 

average metaprism twist angle (22.24° → 22.43°), corresponding to the closing of the channel 

due to the lower anion content. Although there was no evidence for the presence of a 

secondary phase in the diffraction pattern, it is possible that lanthanum was lost from the 

structure as a form of La2SiO5 (amorphous), which is a common impurity in apatite-type 

silicates [20]: 

La9.5Si6O26.26 → 0.095La2SiO5 + 0.98La9.46Si6O26.16 
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Table 7.3.a Refined structural parameters of annealed La9.6Si6O26.4 with 

hexagonal P63 (173) space group, from room temperature 

neutron diffraction data. 

Space group a/b (Å) c (Å) Rwp Rp χ
2
 

P63 9.72969(4) 7.18835(5) 2.34 1.83 3.105 

Atom Site x y z Uiso x 100 

(Å) 

SOF 

La(1) 2b ⅓ ⅔ -0.0161(6) 1.22(1) 0.864(2) 

La(2) 2b ⅔ ⅓ -0.0143(6) 1.22(1) 0.864(2) 

La(3) 6c 0.2300(1) -0.0116(1) 0.2415(5) 1.06(1) 1 

Si 6c 0.4025(2) 0.3723(2) 0.2485(6) 0.71(3) 1 

O(1) 6c 0.3233(2) 0.4846(2) 0.2425(8)  1 

O(2) 6c 0.5942(1) 0.4727(1) 0.2425(8)  1 

O(3) 6c 0.3535(3) 0.2588(4) 0.0588(5)  1 

O(4) 6c 0.6644(5) 0.7473(4) 0.9201(6)  1 

O(5) 2a 0 0 ¼  0.849(5) 

O(6) 6c 0.0018(21) 0.0058(45) 0.3959(20)  0.077(2) 

100 x U11 U22 U33 U12 U13 U23 

O(1) 3.09(8) 2.57(8) 2.34(9) 2.45(7) -0.62(22) -1.64(23) 

O(2) 0.94(6) 1.16(6) 2.28(8) 0.35(6) 0.27(21) 0.45(21) 

O(3) 2.37(12) 2.03(15) 1.64(16) 1.42(12) -0.71(10) -0.89(14) 

O(4) 8.09(21) 0.96(14) 1.57(17) 1.80(16) -0.64(12) -2.83(15) 

O(5) 0.06(6) 0.06(6) 13.1(3) 0.03(3) 0 0 

O(6) 7.26(28) 35.3(41) 5.59(17) 13.3(28) 18.7(16) 14.0(30) 

 

Table 7.3.b Selected bond distances for annealed La9.6Si6O26.4 

Bond Bond distance (Å) 

Si-O(1) 1.622(1) 

Si-O(2) 1.617(1) 

Si-O(3) 1.667(1) 

Si-O(4) 1.594(1) 

La(1)-O(1) (x3) 2.536(1) 

La(1)-O(2) (x3) 2.510(1) 

La(1)-O(4) (x3) 2.945(1) 

La(2)-O(1) (x3) 2.456(1) 

La(2)-O(2) (x3) 2.588(1) 

La(2)-O(3) (x3) 2.806(1) 

La(3)-O(1) 2.761(1) 

La(3)-O(2) 2.513(1) 

La(3)-O(3) 2.633(1), 2.483(1) 

La(3)-O(4) 2.455(1), 2.583(1) 

La(3)-O(5) 2.294(1) 

O(6)-La(3) 2.560(1), 2.580(1), 2.505(1) 

O(6)-O(5) 1.050(1) 
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Fig. 7.6 Observed (cross), calculated (line) and difference plots of annealed 

La9.6Si6O26.4 from the Rietveld refinement for room temperature neutron 

diffraction data. 

 

The structural parameters for the annealed-hydrated La9.6Si6O26.4 sample are given in table 

7.4 with the observed, calculated and difference neutron diffraction profiles in Fig. 7.7. These 

data show a refined composition of La9.46Si6O27.03 (excluding protons) or La9.46Si6O27.03H1.68 

(with protons). As before, there were no significant structural differences compared to the as 

prepared hydrated sample apart from the very high atomic displacement parameter along the 

x-axis for O(6), which is suggestive of the presence of multiple interstitial sites. The level of 

water incorporated was also higher, which may be related to the lower occupancy of the 

interstitial oxide ion for the annealed sample. The calculated level of water incorporated by 

the TGA measurement was 0.88 H2O per formula unit, which agreed with the calculated 

interstitial content from the diffraction studies. Interestingly, the TGA result showed no 

second mass loss at 470 °C, which suggests no La(OH)3 present. Thus, these impurities have 

been eliminated in the annealing process. Overall, the structural data indicated only small 

differences between the samples before and after long term annealing at 950 °C. 
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Fig. 7.7 Observed (cross), calculated (line) and difference plots of annealed and 

hydrated La9.6Si6O26.4 from the Rietveld refinement for room 

temperature neutron diffraction data. 
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Table 7.4.a Refined structural parameters of annealed and hydrated 

La9.6Si6O26.4 with hexagonal P63 (173) space group, from room 

temperature neutron diffraction data. 

Space group a/b (Å) c (Å) Rwp Rp χ
2
 

P63 9.78693(9) 7.17734(9) 2.66 2.08 5.436 

Atom Site x y z Uiso x 100 

(Å) 

SOF 

La(1) 2b ⅓ ⅔ -0.0026(21) 1.83(3) 0.866(3) 

La(2) 2b ⅔ ⅓ -0.0044(21) 1.83(3) 0.866(3) 

La(3) 6c 0.2356(1) -0.0079(2) 0.2383(19) 1.16(2) 1 

Si 6c 0.4024(3) 0.3748(3) 0.2428(20) 1.40(5) 1 

O(1) 6c 0.3258(3) 0.4866(3) 0.2471(19)  1 

O(2) 6c 0.5935(2) 0.4721(3) 0.2465(21)  1 

O(3) 6c 0.3621(5) 0.2640(6) 0.0589(19)  1 

O(4) 6c 0.6667(6) 0.7481(6) 0.9142(20)  1 

O(5) 2a 0 0 ¼  0.884(5) 

O(6) 6c 0.1359(21) 0.1462(45) 0.4151(20)  0.211(2) 

100 x U11 U22 U33 U12 U13 U23 

O(1) 6.04(17) 4.45(17) 0.79(10) 4.79(15) -2.06(25) -2.50(19) 

O(2) 1.85(11) 1.69(11) 1.90(11) 0.21(10) 0.13(29) 0.02(30) 

O(3) 5.10(23) 4.87(27) 0.79(16) 4.33(22) -0.41(14) -0.25(17) 

O(4) 7.72(26) 0.90(18) 1.98(17) 0.97(18) -3.43(14) -1.16(19) 

O(5) 1.30(13) 1.30(13) 21.4(7) 0.66(6) 0 0 

O(6) 26.0(31) 0.09(6) 2.08(7) 6.16(11) 0.56(11) -2.21(5) 

 

Table 7.4.b Selected bond distances for annealed and hydrated La9.6Si6O26.4 

Bond Bond distance (Å) 

Si-O(1) 1.606(1) 

Si-O(2) 1.620(1) 

Si-O(3) 1.626(1) 

Si-O(4) 1.614(1) 

La(1)-O(1) (x3) 2.489(1) 

La(1)-O(2) (x3) 2.563(1) 

La(1)-O(4) (x3) 3.006(1) 

La(2)-O(1) (x3) 2.483(1) 

La(2)-O(2) (x3) 2.563(1) 

La(2)-O(3) (x3) 2.745(1) 

La(3)-O(1) 2.818(1) 

La(3)-O(2) 2.484(1) 

La(3)-O(3) 2.643(1), 2.527(1) 

La(3)-O(4) 2.466(1), 2.556(1) 

La(3)-O(5) 2.347(1) 

O(6)-La(3) 2.511(1), 2.296(1), 2.519(1) 

O(6)-O(4) 1.675(1) 

O(6)-O(5) 1.821(1) 
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7.6 Conclusions 

The refined structural parameters for apatite-type silicate system, La9.6Si6O26.4, containing 

cation vacancies and oxygen excess, suggested a slightly lower La content with refined 

composition La9.50Si6O26.26. Hydration of this sample led to an increase in the total oxygen 

content to approximately 27, i.e. La9.50Si6O25.61 (OH)1.37: this represents an approximate 0.69 

H2O per formula unit. The position of the interstitial oxide ion site for the as prepared sample 

was determined to be close to the channel centre, at (0.003, 0.019, 0.405), rather than at the 

channel periphery, similar to the reports by Bechade et al.[10]. As water was incorporated, a 

displacement of the oxygen from the channel centre, (0.133, 0.143, 0.419) was observed, 

which was accompanied by the channel expansion to accommodate the higher level of 

interstitial oxide ions, evidenced by a cell parameter increase along a/b and a reduction in the 

LaO6 metaprism twist angle. Overall, the results indicated that these interstitial oxide ions 

appear to be located along the channels causing local displacement of the oxide ion in the 

conventional oxide ion sites (evidenced by the high atomic displacement parameters) in line 

with the conclusions by Bechade et al.. As water is incorporated, and hence more anions 

introduced, there is insufficient space to accommodate the oxide ions directly along the 

channel centre, and the interstitial oxide ions are displaced away from the channel centre 

leading to swelling of the channel. The structure accommodates this swelling through the 

flexibility of the La3.6(SiO4)6 framework, through a change in the metaprism twist angle. The 

results therefore highlights the importance of the metaprism twist angle, and the structural 

flexibility its’ variation allows in these apatite systems. Moreover, the demonstration of the 

ability to open up or close the channels by the variation in this angle potentially provides 

some insight into how oxide ion migration can progress along the c direction. The opening of 

the channel to allow an oxide ion interstitial to more along c, followed by its closure once the 
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oxide ion has moved, may indicate a mechanism similar to peristalsis, which is observed to 

move items in the small intestine. The structural data indicated only small differences 

between the samples before and after long term annealing at 950 °C. There was some 

indication for a lower La content in the annealed sample. This may suggest that such oxygen 

excess apatites may be inherently unstable at temperatures lower than their synthesis 

temperature. The lower La content and hence lower oxygen content, observed after annealing 

would account for the reduction in bulk conductivity on annealing. Somewhat surprisingly, 

the reduction in La content was accompanied by a small increase in the cell dimensions, 

whereas the opposite might have been expected. Overall, therefore the results indicate 

significant complexities in the structural features of these apatite silicates, warranting further 

studies for samples with different La:Si rations, including phase diagram studies at different 

temperatures.  
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Chapter 8 Evaluation of a La0.6Sr0.4Fe0.8Co0.2O3−δ-La10Si5GaO26.5 

Composite Cathode Deposited on a La10Si5GaO26.5 

Electrolyte 

 

8.1 Introduction 

A number of studies have been carried out for the optimisation of apatite silicate 

electrolytes for SOFC applications including lower temperature sintering to reduce the 

production cost [1], thin film fabrication to reduce the ohmic losses [2] and diffusion 

controlled grain growth along the c-axis to maximise their anisotropic conduction [3]. Apart 

from these studies, concerning only the electrolyte part, the properties involving the electrode 

and electrolyte interface have been also examined such as thermal expansion coefficient 

compatibility [4] and area specific resistance (ASR) for a range of electrode materials [1, 5, 6]. 

It has been reported that the employment of a composite electrode reduces ASR by an 

increase in porosity and accessible triple phase boundary (TPB) [7]. The electrolyte material 

in the composite provides the porous support for the electrode material, thus resulting in a 

more open pore structure, which allows the easy access of the fuel/oxidant gases to the TPB. 

At the same time, the increased contact area between catalytic sites and ionic conducting 

phase provides an increased number of charge transfer pathways in a given area. These effects 

are often analysed by AC impedance spectroscopy, which generally resulted in two 

semicircles corresponding to the charge transfer at higher frequency and the gas diffusion 

(and dissociation) at lower frequency [1, 6].  

There have been a number of studies carried out to identify the best cathode for apatite 

electrolytes in terms of ASR, and various optimisation strategies examined, such as the 

particle sizes of the composite electrode materials [8] and the employment of a buffer layer in 

between the electrode and electrolyte layers [1]. In order to extend these studies, in this 
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chapter, the effect of the perovskite/apatite ratio of the composite cathodes applied on an 

apatite-type silicate electrolyte La10Si5GaO26.5 is reported, as well as the chemical 

compatibility of the materials involved in the composite cathodes. La10Si5GaO26.5 was chosen 

as it has been reported to show high oxide ion conductivity, and is cation stoichiometric, and 

so may help to limit interaction with the perovskite material. In addition to the conventional 

cathode material La0.6Sr0.4Fe0.8Co0.2O3−δ (LSCF), a new phosphate doped perovskite material 

CaMn0.95P0.05O3−δ (CMP), prepared in our group [9] was analysed. Furthermore, a composite 

of perovskite and Ce0.9Gd0.1O1.95 (CGO) was also examined on this apatite electrolyte. 

 

 

Fig. 8.1 Schematic diagram of a composite cathode deposited on an electrolyte in a 

symmetrical cell. 

 

8.2 Experimental 

For the preparation of the electrolyte material, La10Si5GaO26.5 (LSG), high purity La2O3, 

SiO2 and Ga2O3 were ground together in the correct stoichiometric mixture and heated for 12 

hours at 1200 ºC, with a second firing at 1350 ºC for a further 12 hours. Between firings the 

sample was reground to ensure a homogeneous mixture. They were then ball-milled (350 rpm 

for 1 hour, Fritsch Pulverisette 7 Planetary Mill) and pressed as pellets (0.8 cm diameter) and 
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sintered at 1600°C for 2 hours. For the preparation of the cathode  material, CaMn0.95P0.05O3−δ 

(CMP), high purity CaCO3, MnO2 and NH4H2PO4 were ground together in the correct 

stoichiometric mixture and heated for 12 hours at 1200 ºC, with a second firing at 1250 ºC for 

a further 12 hours. Between firings the sample were reground to ensure homogeneous reaction. 

Powder X-ray diffraction (Bruker D8 diffractometer with Cu Kα1 radiation = 1.5406 Å) was 

used to demonstrate phase purity. The other cathode and electrolyte materials examined, 

La0.6Sr0.4Fe0.8Co0.2O3−δ (LSCF) and Ce0.9Gd0.1O1.95 (CGO) were obtained from Sigma-Aldrich.  

The chemical compatibility between the materials was examined by X-ray diffraction 

studies. 1:1 wt.% mixtures of materials were ground together and fired to 1000 ºC for 12 h 

and the data were analysed to reveal any changes in the compounds of the mixture (e.g. cell 

parameters, the presence of additional phase). 

For the preparation of the symmetrical cells for the area specific resistance (ASR) 

measurements, cathode and electrolyte materials were mixed in amounts from 0 to 50 wt.% 

electrolyte using a ball-mill (350 rpm for 1 hour), with the addition of the binder material, 

Decoflux (WB41, Zschimmer and Schwarz). The suspension was painted onto a thin  LSG 

electrolyte pellet (thickness ≈ 0.6 mm) on both sides, and dried in an oven at 100 ºC: this was 

repeated 3 times to ensure full covering of the surface. The cell was fired to 900 ºC for 2h, 

and then coated with Pt paste, followed by heating to 800°C for 1 hour to ensure bonding to 

the cathode surface. ASR measurements were then measured in static air by AC impedance 

spectroscopy (Solartron SI 1260 impedance/gain phase analyser) in the frequency range from 

1 to 10
6 

Hz with perturbation of 100 mV. The induction contribution from the measurement 

rig was corrected by the method described in Macdonald [10]. The impedance data were 

analysed using ZView software, which estimates the resistance and capacitance values 

associated with equivalent circuits through the complex nonlinear least squares fitting [11]. 
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8.3 Chemical compatibility results 

 
Fig. 8.2 X-ray diffraction patterns for the composite electrode, LSCF-LSG at 

room temperature and fired at 1000 °C for 12h (Peaks due to strontium 

silicates are highlighted). 

 

The X-ray diffraction data for the LSCF-LSG composites, as mixed and fired at 1000 °C, 

are given in Fig. 8.2. There was the emergence of small peaks relating to strontium silicates, 

Sr2SiO4 and SrSiO3 which was also seen in the work of Merrero-Lopez et al. [1] while 

showing no significant cell parameter change for both LSG and LSCF. The long term heat 

treatment resembling SOFC operating condition was carried out at 900 °C for 2 weeks and 

showed no significant cell parameter change for both LSG and LSCF while the emergence of 

small peaks due to SrSiO3 was observed in X-ray diffraction data (Fig. 8.3). Overall, limited 

reactivity between LSCF and LSG was demonstrated.  
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Fig. 8.3 X-ray diffraction patterns for the composite electrode, LSCF-LSG at 

room temperature and fired at 900 °C for 2 weeks (Peaks due to SrSiO3 

are highlighted). 

 

 

 
Fig. 8.4 X-ray diffraction patterns for the composite electrode, CMP-LSG at 

room temperature and fired at 1000 °C for 12h. 
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A compatibility test between LSG and oxyanion doped cathode materials, 

CaMn0.95P0.05O3−δ (CMP) was also carried out (Fig. 8.4). There were no peaks due to 

additional phases observed in the X-ray diffraction data and no significant cell parameter 

change for both LSG and CMP which indicated no significant reactivity between CMP and 

LSG. 

 

 
Fig. 8.5 X-ray diffraction patterns for the composite electrode, LSCF-CGO at 

room temperature and fired at 1000 °C for 12h. 

 

CGO is a common electrolyte material for SOFC applications and it has also been used in 

many studies related to cathode development, and even used as a buffer layer for an apatite-

type silicate electrolyte [1]. Thus, CGO was used to prepare LSCF-CGO composite cathodes, 

and so compatibility tests between LSCF and CGO were carried out (Fig. 8.5 and table 8.1.a). 

Although there was no evidence to indicate the formation of an additional phase in the X-ray 

diffraction data, the cell parameter for LSCF decreased dramatically, which suggested a 

significant level of cation migration as observed in prior studies [1]. The compatibility test 
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between CGO and LSG was also carried out (Fig. 8.6 and table 8.1.b) because LSG was the 

electrolyte for the ASR measurement of the composite, and there was a significant reduction 

in the cell parameter for LSG, although there was no evidence for the formation of any 

secondary phase. The results therefore indicated that CGO is reactive towards both LSCF and 

LSG as previously reported [1]. 

 

Table 8.1 Cell parameters for composite electrode constituents as mixed and heat 

treated. 

 Composite 

constituent 

Unit cell parameters (Å) Unit cell 

volume (Å
3
) 

a b c 

(a) As 

mixed 

CGO 5.417(1) - - 159.0(1) 

LSCF 5.477(1) - 13.47(1) 349.8(1) 

1000 °C 

12h 

CGO 5.417(1) - - 158.9(1) 

LSCF 5.484(1) - 13.35(1) 347.6(1) 

(b) As 

mixed 

LSG 9.743(1) - 7.242(1) 595.3(1) 

CGO 5.414(1) - - 158.7(1) 

1000 °C 

12h 

LSG 9.739(1) - 7.233(1) 594.1(1) 

CGO 5.414(1) - - 158.7(1) 
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Fig. 8.6 X-ray diffraction patterns for the electrolyte mixture, CGO-LSG at room 

temperature and fired at 1000 °C for 12h. 

 

8.4 Area specific resistance results 

The impedance plots for the symmetrical cells showed distorted semicircles which can be 

interpreted as the overlapping of two semicircles. For example, the impedance plot obtained 

from the LSCF-LSG composite cathode on the electrolyte showed the overlapping of two 

semicircles (Fig. 8.7), and these were attributed to the charge transfer, and to the competitive 

reactions at the TPB (oxygen diffusion, adsorption and dissociation). However, some 

impedance plots showed severely distorted semicircles, such that the estimation of the 

resistance and capacitance for each constituent semicircle was not always possible. Thus, only 

the overall ASR values are reported here. 
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Fig. 8.7 The impedance plot of La0.6Sr0.4Fe0.8Co0.2O3−δ-La10Si5GaO26.5 1:1 

composite on La10Si5GaO26.5 electrolyte having area of 0.44 cm2, 

measured at 700 °C in air, and the equivalent model for the fitting. 

 

The ASR data for the LSCF-LSG composite cathode on the LSG electrolyte showed the 

reduction in the ASR for the 10-30 % LSG containing composite cathode compared to that of 

LSCF on its own, while the 40-50% LSG composite showed no significant difference to 

LSCF on its own (Fig. 8.8). The ASR value obtained for the 10 % LSG composite was 0.56 Ω 

cm
2
 at 700 °C which was a significant improvement compared to 1.16 Ω cm

2
 for LSCF on its 

own. There was also no significant change in activation energy (≈ 2.1 eV) for the different 

compositions and the value is slightly higher than in previous reports for other apatite silicate 

electrolytes, such as La10Si5.5Al0.5O26.75, etc [1, 6]. 
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Fig. 8.8 ASR data in static air for composite electrodes, LSCF-LSG mixed in 

various ratio (percentage given is LSG content). Ea = 2.14 eV for 0% 

electrolyte. 

 

 
Fig. 8.9 ASR data in static air for composite electrodes, CMP-LSG mixed in 

various ratio (percentage given is LSG content). Ea = 1.94 eV for 0% 

electrolyte. 
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The ASR measurement of the CMP(90%)-LSG(10%) composite cathode on LSG 

electrolyte showed the slight decrease to 2.98 Ω cm
2
 at 700 °C compared to 3.99 Ω cm

2 
for 

CMP on its own. However, further addition of LSG (20 %) was shown to be detrimental to 

the ASR (Fig. 8.9), which may be due to some Ca, Mn incorporation into the apatite phase. 

As before, there was no significant change in activation energy (≈ 1.94 eV) on varying 

electrolyte contents. 

 

Table 8.2 Area specific resistance values for various composite electrodes 

deposited on La10Si5GaO26.5 electrolyte at 900 °C for 2h. 

Composition Ratio ASR (Ω cm
2
) at 700 °C 

LSCF  1.164 

LSCF-LSG 90:10 0.560 

LSCF-CGO 90:10 0.661 

CMP  3.992 

CMP-LSG 90:10 2.981 

 

 

 
Fig. 8.10 ASR data in static air for composite electrodes, LSCF-CGO mixed in 

various ratio (percentage given is CGO content). 
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A CGO-LSCF composite cathode has been reported to be a good system in terms of low 

ASR [6, 12-14], and this was shown to be true for the ASR measurement on LSG electrolyte 

showing an ASR value of 0.66 Ω cm
2
 at 700 °C (Fig. 8.10 and table 8.2), although there was 

evidence for the reaction between the LSCF and CGO. Interestingly, no ASR value variation 

was observed with varying the CGO ratio: essentially similar values were obtained from 0 % 

to 50 % CGO ratio, along with no significant change in the activation energy. Electron 

microscopic studies are required for each of these systems to investigate the influence of the 

electrolyte content of the cathode on the microstructure, and hence gain more detained 

information on these composite cathode systems. 

 

8.5 Conclusions 

It has been demonstrated that the electrode and electrolyte materials studied here show 

some inter-reactivity although the changes observed were generally small. The employment 

of these composite cathodes was shown to improve the ASR in the electrode-electrolyte 

interface. It has been also shown that in most cases there appears to be an optimum 

electrode/electrolyte material ratio for the composite electrode, which is most likely 

determined by the competition between the beneficial (e.g. the increase in porosity) and 

detrimental (e.g. isolation of electrode materials, formation of secondary phase) effects 

toward ASR. The LSCF(90%)-LSG(10%) composite cathode on a LSG electrolyte showed 

the best ASR value of 0.56 Ω cm
2
 at 700 °C, which indicated the potential of this composite 

cathode coupled with a LSG electrolyte for fuel cell applications. 
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Chapter 9 Summary of Conclusions 

 

9.1 Ba2In2O5 systems 

The successful incorporation of oxyanions (phosphate, sulphate and silicate) has been 

demonstrated in Ba2In2O5, which led to a transition from a low symmetry orthorhombic cell to 

a high symmetry cubic cell. Due to the increased oxygen sublattice disorder, the oxide ion 

conductivity at low temperature was significantly enhanced, and measurement in wet 

atmospheres showed the presence of significant proton conductivity. Among the oxyanions, 

silicate incorporation appeared to be most beneficial, which is also in contrast to prior reports 

of a detrimental effect on the conductivity of fluorite based oxide ion conductors by the 

addition of silica. This can be explained by the accommodation of Si into the structure of the 

perovskite system rather than the accumulation at the grain boundary observed for the fluorite 

systems. The stability towards CO2 was also improved by oxyanion doping, and there was a 

further improvement by co-doping with La/Zr on the Ba/In sites. In particular, the 

composition Ba2In1.8Zr0.2Si0.2O5.2 displayed promising results, with a combination of high 

conductivity and high CO2 stability.  

35% Y, Yb were successfully incorporated into Ba2In2O5, and higher levels of Y, Yb 

(50%) were achieved with co-doping with phosphate (25%). The 35% Y, Yb doped systems 

adopted a cubic lattice and showed an improved oxide ion conductivity at low temperature. 

However, in these cases, phosphate co-doping reduced the oxide ion conductivity, which can 

be attributed to the reduction in the level of oxide ion vacancies. Improved CO2 stability was 

obtained with further co-doping with La, but this was also shown to be to the detriment of the 

conductivity. 
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A novel oxide fluoride, BaInO2F was successfully prepared by the fluorination of Ba2In2O5 

with PTFE. The same method applied to phosphate and silicate doped systems only led to 

partial fluorination which can be explained by the unwillingness of the P and Si of the 

phosphate and silicate groups to increase their coordination number. 

 

9.2 Ba2Sc2O5 systems 

The oxyanion doping strategy was extended to the Ba2Sc2O5 system, resulting in single 

phase phosphate and sulphate doped Ba2Sc2O5 samples, with silicate doped samples showing 

small Ba2SiO4 impurities. In addition, the results suggested that “undoped” Ba2Sc2O5 contains 

oxyanions, in this case carbonate, which explains the previously reported thermal instability 

of this phase. The phosphate doped samples exhibited good thermal stability, high oxide ion 

conductivity along with significant proton contribution in wet atmospheres and high CO2 

stability. The results thus emphasise the potential of the oxyanion doping strategy for the 

preparation of new perovskite related phases with excellent properties. 

 

9.3 Al doped Nd9.33Si6O26 single crystals 

Al doping in neodymium silicate single crystals was examined, and the results showed a 

detrimental effect on the conductivity. Due to the presence of a second semicircle in the 

impedance plot of these single crystals, the effect of long term (1-3 months) heat treatment at 

950 °C was examined for Nd9.33Si6O26 and Nd9.5Si5.5Al0.5O26. It was postulated that this 

second semicircle may be due to stacking faults/dislocations/cation inhomogeneity in the 

single crystals. Some support for this was provided by the fact that the second semicircle 

disappeared on long term annealing. The bulk conductivity was shown to be decreased upon 

annealing, and a further semicircle at lower frequency appeared for Nd9.5Si5.5Al0.5O26 having 
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the capacitance value for a typical grain boundary response. Further systematic studies 

utilising other lower valent cation (i.e. Ga, B) doped single crystals in conjunction with 

polycrystalline samples are required to identify the origin of this semicircle, although it may 

be due to Al being “precipitated” as NdAlO3. 

 

9.4 Polycrystalline lanthanum silicates  

A structural refinement from neutron diffraction data was performed for the sample 

La9.6Si6O26.4, with the refinement indicating a slightly lower La content, i.e. La9.5Si6O26.26. 

Hydration of this sample led to an increase in the total oxygen content to approximately 27, 

i.e. La9.50Si6O25.61 (OH)1.37, having approximately 0.69 H2O per formula unit. Structural 

refinement showed the interstitial oxide ion to be located near the channel centre, (0.003, 

0.019, 0.405) for the dry sample. The incorporation of water displaced this interstitial oxide 

ion from the channel centre to an average site at (0.133, 0.143, 0.419), which was 

accompanied by the channel expansion to accommodate the high level of interstitial oxide ion, 

evidenced by a cell parameter increase along a/b and the reduction in LaO6 metaprism twist 

angle. The data showed high atomic displacement parameters for these interstitial oxide ions, 

consistent with a range of sites with different displacements from the channel centre. The 

presence of these interstitial oxide ions also appears to cause local displacement of the oxide 

ion in the conventional oxide ion sites (evidenced by the high thermal displacement 

parameters) in line with the conclusions by Bechade et al [1]. Moreover, the demonstration of 

the ability to alter the size of channel by the variation in the metaprism twist angle suggested 

that there may be the participation of dynamic structure relaxation (similar to peristalsis) to 

enhance oxide ion migration along the c-axis. 
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The effect of long term (1-3 months) heat treatment at 950 °C was also examined. There 

was a general decrease in the bulk conductivity without a large structural change in the 

powder diffraction data, although the data did suggest a small reduction in La content. While 

the bulk conductivity was decreased, it was shown that the long term thermal treatment was 

beneficial on the total conductivity of the polycrystalline silicates at the temperature lower 

than 400 °C, due to an improvement in grain boundary conductivity. Further work is required 

in this area to explain these observations, which are the first reported experiments of the effect 

of long term annealing at SOFC operating temperature of apatite electrolytes. 

Studies were also begun to investigate composite materials that could be employed as 

cathodes in conjunction with an apatite electrolyte. The presence of an optimum 

electrode/electrolyte material ratio for the composite electrode was demonstrated, which is 

most likely determined by the competition between the beneficial (e.g. the increase in 

porosity) and detrimental (e.g. isolation of electrode materials or formation of secondary 

phase) effects toward ASR. The LSCF(90%)-LSG(10%) composite cathode on LSG 

electrolyte showed the best ASR value of 0.56 Ω cm
2
 at 700 °C without a significant 

reactivity between the materials, which showed the potential of this composite cathode 

coupled with a LSG electrolyte for fuel cell applications. Further work is planned to take 

these studies further towards full cell testing. 
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Chapter 10 Further Work 

 

10.1 Investigation into the improvement of ionic conductivity of Ba2In2O5 

systems through fluorination 

Animitsa et al. reported the enhanced ionic conductivity for fluorinated Ba2In2O5 system 

(best conductivity for Ba1.95In2O4.9F0.1) [1]. In this work, the total anion content was fixed at 5, 

and the F as replacement for O was accommodated by Ba vacancies. A similar study is 

warranted where the Ba content is fixed and the anion content varied, i.e. Ba2In2O5−xF2x. 

Thermal stability studies of the fluorinated undoped, and phosphate and silicate doped, 

Ba2In2O5 are also warranted, to establish the possibility for technological applications. 

 

10.2 Fuel cell tests for Ba2In1.6Si0.2Zr0.2O5.2 

As Ba2In1.6Si0.2Zr0.2O5.2 showed excellent ionic conductivity and CO2 stability, a fuel cell 

test with this composition is warranted. Firstly, suitable cathode/anode having appropriate 

thermal expansion coefficient, chemical compatibility, low ASR would be selected and the 

optimum ratio for composite electrode would be determined. The fuel cell fabrication method 

also needs to be optimised and followed by the fuel cell test. 

 

10.3 Preparation of doped Ba2In2O5 phases with high oxide ion/proton 

conductivity, CO2 stability along with low In content 

Due to the high cost of In, the In content has to be lowered for technological applications. 

Y/Yb and P co-doping achieved the preparation of phases with only 25% In present. However, 

these phases showed lower conductivity and CO2 stability compared to the P, Si doped 

Ba2In2O5 systems. Thus, further doping studies for the preparation of the phases with low In 
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content are required to prepare systems having high oxide ion/proton conductivity and CO2 

stability. 

Further studies of oxyanion doping in perovskite systems are also warranted to explore the 

widespread viability of these doping strategies. 

 

10.4 Further studies on doped neodymium silicate single crystals 

As Al doping in neodymium silicates showed a detrimental effect on the conductivity, in 

contrast to the reported beneficial effect of such doping on polycrystalline lanthanum silicates, 

further doping studies using similar low valent cation (e.g. B, Ga) are warranted. Further 

studies are required on other apatite silicate single crystals, to gather more information 

regarding the origin of the additional semicircle observed in impedance studies. 

 

10.5 Further annealing studies on polycrystalline lanthanum silicates 

As there was shown to be a detrimental effect on the bulk conductivity of some apatite 

silicate electrolytes upon annealing at 950 °C, further studies in this area are warranted, 

including a series of related systems containing varying degrees of cation vacancies and 

oxygen excess. These samples should be annealed for an extended period of time to make any 

structural changes significant and those changes would be analysed to correlate with the 

conductivity change utilising a combination of techniques such as X-ray and neutron powder 

diffraction, 
29

Si NMR, electron microscopy coupled with energy dispersive X-ray 

spectroscopy, Raman and IR spectroscopy. In particular total scattering studies are warranted 

to elucidate, if there are any key local structural changes. In addition, microscopy studies will 

also provide information about the origin of the improved grain boundary conductivity for 
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polycrystalline samples (e.g. possibility of gradual improved sintering upon annealing, 

redistribution of cations between bulk and grain boundary). 

 

10.6 Fuel cell tests using a La10Si5GaO26.5 electrolyte 

In order to illustrate the potential of apatite silicates as fuel cell electrolytes, further studies 

are required utilising these electrolytes in complete cells. As the 

La0.6Sr0.4Fe0.8Co0.2O3−δ(90%)-La10Si5GaO26.5(10%) composite cathode showed the best ASR 

on La10Si5GaO26.5, the next step is to identify an optimum anode composite ratio which could 

be used in the fabrication of a full cell. Following optimisation of the fabrication method, the 

potential for the La10Si5GaO26.5 as an electrolyte in a fuel cell application could be assessed. 
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