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Abstract 

Burning of fossil fuels has disastrous implications on the environment due to 

emissions of nitrogen oxides, sulphur oxides and a wide range of toxic organic and 

inorganic compounds. We are also about to deplete the available natural energy 

sources and therefore research to find new, sustainable and clean energy sources are 

crucial for the benefit of present and future generations. Hydrogen fuel cells provide 

one such alternative and therefore research and development of fuel cells (Fuel cells, 

2011) is important. The cells convert chemical energy directly into electrical energy 

and have an advantage over conventional means of power generation due to their 

high-energy conversion efficiency besides being environmentally friendly.  The first 

fuel cell was demonstrated over 160 years ago but development continued inhibited 

by lack of attractive materials, which have high conductivity in the intermediate 

temperature region of 200 to 500 ◦C. 

This thesis is based on experimental studies carried out on perovskite structured 

yttrium doped barium zirconate, calcium zirconate and strontium zirconate systems. 

The main work included synthesis of yttrium doped barium zirconate with different 

Y concentrations, followed by studying the local structure of the system as a function 

of Y concentration and the influence of protons on the local structure surrounding the 

Y ions. The experiments were performed using x-ray powder diffraction (XRD), to 

study the average structure of the perovskite lattice, and infrared (IR) and 

luminescence spectroscopy to study the local structure of the material. 

The results indicated that increasing Y concentration leads to a slight, but clear, 

distortion of the local structure of the perovskite and we also found a dependence on 

hydration.  Moreover, the results showed the symmetry around the Y atom was more 

distorted in the dry sample than in the hydrated. For the 20% Y doped BaZrO3 

sample in particular, spectral differences could not be resolved with the techniques 

used, which would motivate a further study of the local ordering of the dopant atoms 
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Chapter 1 

Introduction 

1.1     Background 

Energy is essential for our everyday lives. It is needed for basic food preparation to 

running industries and we therefore need a reliable source of energy. Global energy 

systems are changing for example oil and gas exploration and production in some 

countries for example recently found oil wells in Turkana area in Kenya, retreat from 

nuclear electricity dependence in some countries (Germany has planned shutdown of 

its nuclear power plants) and increasing policy focus on energy efficiency (IEA, 

2012). Africa accounts for a meagre 5.8% of the world energy consumption 

according to the world energy statistics (WES, 2012). From the World Bank report 

on energy (WB, 2012), 1.3 billion people do not have access to electricity worldwide 

and 550 million of them are in Africa. It is projected that by the year 2030, 90-100 

million people in sub-Sahara Africa will be without electricity. This means the poor 

will be deprived of the most basic human rights and economic opportunities to 

improve their standards of living.  

  

 Kenya is committed to becoming a globally competitive and prosperous country 

through implementation of a long-term strategic plan, Kenya Vision 2030 (KV30, 

2010). A key important area in achieving the vision is boosting Kenya’s production 

capacity and this implies higher energy requirements to sustain the envisioned 

economy. The country wants to boost its energy production capacity to 17 GW to 

enable it sustain economic development and to export any surplus to the 

neighbouring countries. About 70% of electricity supply is from hydropower 

generation whose sustainability and efficiency is threatened by frequent draughts, 

drying wetlands and receding underground water. The heavy reliance on wood fuel 

and kerosene for energy and lighting by a large population, production of over 20% 

of electricity from fossil fuel coupled with extra demand to support accelerated and 

sustainable economic development is environmentally unfriendly and calls for 
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alternative sources of energy and fuels (NEP, 2004). Burning of fossil fuels has 

disastrous implications on the environment due to emissions of nitrogen oxides, 

sulphur oxides and a wide range of toxic organic and inorganic compounds. We are 

also about to deplete the available natural sources and thus research and development 

of alternative sources of energy especially fuel cells (Fuel cells, 2011) is crucial for 

the benefit of present and future generations in Kenya. It is therefore necessary to 

find new, sustainable and clean energy sources and hydrogen fuel cells provide one 

such alternative.  

 

A fuel cell converts chemical energy directly into electrical energy. It consists of an 

anode (negative side), a cathode (positive side) and an electrolyte for the energy-

producing device. Electrons are drawn from the anode to the cathode through an 

external circuit producing direct current. Oxygen enters the fuel cell at the cathode; it 

combines with electrons flowing from the electrical circuit and hydrogen ions 

(protons) that have moved through the electrolyte from the anode to cathode. 

Together, the hydrogen and oxygen ions form water which drains from the cell. The 

protons and electrons are the product of hydrogen dissociation on interaction with the 

anode catalyst (Fuel cells, 2012; Ormerod, 2002) 

 

Fuel cells are advantageous over conventional power generation due to their high 

efficiency in chemical energy conversion into electrical energy. The conversion 

process involves diminished emissions of nitrogen oxides (NOx), sulphur oxides 

(SOx) and hydrocarbons (HC) depending on the fuel used (FTD, 2011). They also 

have significantly reduced carbon monoxide emissions, which have adverse 

implications in human health, ecosystems and climate change thus making fuel cells 

environmental friendly. The fuel cells have applications in combined heat and power 

systems, in the range of 1-100 KW, in small scale and remote standalone 

applications (Ormerod, 2002). They are also important for applications where there 

is a requirement for high quality uninterrupted powers supplies that are eventually 

developed into large scale power generation.  
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 1.2 Problem statement 

 

Despite all the advantages, commercialization of fuel cells has been delayed due to 

the performance of their component materials. In particular, it has been difficult to 

develop fuel cells for the intermediate temperature range (200-500 ˚C) as seen in 

figure 1.1 (Norby, 1999). This is unfortunate because operating a fuel cell below 500 

◦
C is a sufficiently low temperature to allow the use of relatively affordable materials 

and components, while 200 
◦
C is high enough to give a wide flexibility in fuel and 

reduce the amount of expensive noble catalysts on the electrodes. At below 200 ˚C, 

there is fuel refinement and therefore the temperature range is not ideal.   The main 

difficulty that has hindered the development of such fuel cells has been to find 

electrolytes with sufficiently high proton conductivities. However, proton conducting 

perovskite type oxides have emerged as a promising class of materials for this 

purpose. Norby (2001) reported that all known electrolytes have flaws; consequently 

concerted efforts in searching for acceptable electrolytic materials are necessary.  

 

1.3 Justification 

 

Proton conducting perovskites were initially investigated by Iwahara et al. (1981), 

and they have indeed been successfully used as electrolytes for numerous 

applications in fuel cells, sensors and batteries. Solid oxide ceramics have been the 

subject of rigorous research due to their inherent advantages as electrolytes. They 

have high efficiency compared to combustion-based technologies, low emissions and 

fuel flexibility (Malavasi et al., 2010). Many successful low temperature proton 

conductors, below 100 ˚C are polymer based. Nafion® is the most studied one, with 

a conductivity of the order 10
-1

 S cm
-1

 about 90 ˚C  (Norby, 1999). In the 100–200 

˚C range, several inorganic acid compounds (solid acids), e.g. CsHSO4 and Rb3H 

(SeO4)2, exhibit a phase transition to a ”superprotonic” state where the conductivity 

jumps by several orders of magnitude to a value of 10
-1

 to 10
-3

 S cm
-1

 (Kreuer, 2002). 
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In the high temperature range, above 600 ˚C, many hydrated perovskites show high 

proton conduction (Norby, 1999). One of the best is Y-doped BaCeO3, which 

reaches a maximum conductivity of ∼10
−2

 S cm
−1

 at about 600 ˚C (Norby, 1999). In 

the intermediate temperature range 200–500 ˚C, a ‘gap’ characterizes the lack of 

available materials possessing high proton conduction (here about 10
−2

 S cm
−1

 and 

higher (Figure 1.1). Proton conductors at intermediate temperatures would also be 

attractive in many applications. It is therefore of high interest to find materials that 

can close the gap. 

 

Figure 1.1: Arrhenius plot of state of the art conductivities over a large range (20 - 

1000 ˚C). Adapted from Norby (1999). 
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Several hydrated perovskites show high proton conductivity at the upper limit of the 

intermediate temperature range (Kreuer, 2003), and it is anticipated that some of 

these can be modified and made high proton conducting at lower temperatures. 

Therefore, further research on these materials may develop new solid proton 

conductors for applications in the intermediate temperature range (Norby, 1999). 

This work was therefore planned to understand proton-conducting perovskites with a 

specific interest of investigating the characteristics of yttrium doped AZrO3 (A= Ba, 

Sr or Ca) perovskites.  

1.4 Objectives 

The main objective was to investigate proton conduction characteristics at varied 

levels of doping barium zirconate perovskites with yttrium at intermediate 

temperatures and to extend the investigation to strontium zirconate and calcium 

zirconate with 2.5% yttrium doping. The specific objectives were to: 

1. Synthesize barium zirconate with different yttrium doping concentrations, 

and calcium zirconate and strontium zirconate at 2.5% yttrium doping. 

2. Study the local structure of yttrium doped BaZrO3  as a function of 

yttrium concentration. 

3. Study the local structure of AZrO3 as a function of A site cation. (A= Ba, Sr 

or Ca). 

4. Investigate the influence of hydration on the local structure of the above 

mentioned materials. 
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Chapter 2 

Literature Review 

2.1    Introduction 

There have been numerous studies done on different aspects of proton conducting 

perovskites. These studies involve synthesis, vibrational spectroscopy and atomic 

simulations. The most commonly used electrolyte is the yttrium-stabilized zirconia 

(YSZ). This is a fluorite-structured oxide (AO2  A= Zr).  The YSZ exhibits good 

conductivity at temperatures 800–1000 
˚
C.  This high working temperature makes it 

problematic for use in small-scale applications. Thus new materials with a lower 

operating temperature need to be developed (Malavasi et al., 2010) 

2.2 Survey of study field 

Iwahara et al. (1990) studied Y doped SrZrO3 and found that protons are bound in 

the interstitial sites between the oxygen ions and migrate by thermal activation 

process.  Infrared absorption measurements of SrZrO3 crystals show two broad bands 

around 2400 cm
-1 

and 3200 cm
-1

, which is characteristic of O-H stretching vibrations. 

The free O-H stretch is observed at 3500 cm
-1

. This can be associated with protons in 

the perovskite structure. At 5% yttrium doping, activation energy of 0.45eV was 

obtained. 

D’epifano et al. ( 2007) described synthesis of ABO3 (A= Ba, Ca or Sr; B= Zr) 

perovskite through citric acid based sol-gel with water and ethylene glycol as the 

solvent. The technique was used to synthesise single-phase 20% yttrium doped 

barium zirconate (BaZrO3) powders. More powders of different doping levels were 

also synthesised and calcined at 1100 ˚C from which XRD patterns showed pure 

perovskite structure (Fabbri et al., 2010). Single-phase crystals were obtained up to 

50% level of yttrium doping. The samples were hydrated to add protons in the 

material and the level of proton uptake was determined using thermal gravimetric 
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analysis (TGA) and the proton uptake was observed to increase with increasing 

level of doping. Interestingly,  t he larger proton concentration did not result in 

proton conductivity enhancement but rather reduced.  The reduced conductivity was 

attributed to the structural distortion inferred by Y-doping and possibly trapping of 

protons at the Y sites.  

In another study by Yajima et al. (1991), yttrium doped SrZrO3 showed appreciable 

proton conduction in proton and hydrogen-containing atmospheres. In a hydrogen 

atmosphere, the oxides became almost pure proton conductors although they showed 

proton and mixed conduction in a water vapour atmosphere. Other proton conducting 

perovskites have been studied to find the stable electrolyte with higher proton 

conductivity.  

Only electrolytes based on high Y doped BaZrO3 combined high bulk proton 

conductivity with high stability in a unique way.  Aliovalent dopants with matching 

ionic radii to the B site atom are traditionally chosen for oxide ion conductors. Sc 

doped zirconia ion conductors show higher oxide ion conductivity than Y doped 

zirconia. However, for proton conductivity, Y doped zirconia shows higher proton 

conductivity than Sc or In doped zirconia.  In Y doped zirconia, proton mobility and 

activation enthalpy is independent of the dopant concentration. Y on the Zr site 

usually expands the lattice locally and leads to tetragonal distortions at 

concentrations above 5%, although it leaves the acid/base properties of the 

coordinating oxygen almost unchanged  (Kreuer, 2003). 

Using different trivalent acceptor dopants on BaZrO3 B site, Karlsson et al. (2010) 

showed that the acceptor doping leads to local structure distortions of the average 

cubic structure.  It was however noted that the effect of doping was stronger in the 

Raman than in the IR spectra. The Raman spectrum of the doped material is different 

from that of the undoped BaZrO3. 

In a study of the vibrational properties of protons in the hydrated perovskite system 

BaInxZr1-xO3- for different dopant concentrations using Infrared and Raman 
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spectroscopy by Karlsson et al. (2005), doping with In on the B site was observed to 

lead to significant local distortions of the average cubic structure. The local 

distortions became more pronounced with increasing dopant concentrations, however 

they had no correlation to the oxygen vacancies. 

Omata et al (2004) in their study of infrared diffuse reflection spectra of the O-H 

stretching vibration region was used to characterize proton dissolution sites in High 

Temperature Proton Conductors of CaZrO3, SrZrO3 and BaZrO3 doped with trivalent 

Ga
3+

 In
3+

 and Y
3+

 ions. For CaZrO3, the diffraction peaks corresponded to 

orthorhombic perovskite-related phase and the determined lattice parameters were 

consistent with the presence of the dopant. The IR spectra for the 5% Y
3+

 doped 

sample, a sharp band was observed for the sample annealed in water vapour. For the 

5% Y doped SrZrO3 annealed in water vapour atmosphere a broad absorption 

spectrum from 3700 to 1700 cm
-1 

was observed. There were five bands, 3327, 3043, 

2498, 1897, 1747 cm
-1 

. The five O-H bands observed correspond to five different 

proton dissolution sites in SrZr0.95Y0.05O3-. BaZr0.95Y0.05O3- annealed in water 

atmosphere consisted of two vOH bands corresponding to proton dissolution sites at 

3465 and 3309 cm
-1

 and a combination band at 4168 cm
-1

 (Omata et al., 2004). 

Quantum Molecular studies serve to confirm the validity of the defect simulations 

but provide additional information on the electronic structure that is inaccessible to 

atomistic simulations. Quantum Molecular dynamics simulations have been carried 

out to calculate the diffusion coefficients and activation energies of protonic defects 

in BaZrO3.  The study on the physical processes and interatomic interactions which 

significantly contribute to the activation energies in cubic perovskite BaZrO3 showed 

that the hydrogen bond interactions results in a shortening of the O-H
.
0 – O0

x 

separation distance of the eight neighbouring oxygen atoms. The oxygen separation 

length of the hydrogen bonded complex was found to be 270 pm, which is a 

significant reduction from the experimental value of 296 pm. The type of proton 

transfer is purely intra-octahedral. (Munch et al., 2000) 
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2.3 Proton conducting perovskites 

The ideal perovskite-type oxide has the general formula ABO3, where A represents a 

large cation, e.g. Ba
2+,

 Sr
2+

 or Ti
3+,

 and B represents a small transition metal/main 

group ion, e.g. Cu
2+,

 Cr
3+

 or Sn
4+. 

The coordination geometry of the B site ions is 

octahedral while the A ions are 12-fold coordinated; hence the structure may be 

described as a framework of corner-sharing BO6 octahedral containing 12-fold 

coordinated A site ions. Johnson et al (2005). The structure is schematically 

illustrated in figure 2.1. The wide range of cation sizes and number of possible 

valences that can be incorporated into this structure form an enormous number of 

different perovskites. However, the ideal structure is only observed if the sizes of the 

cations are within a certain range. This can be checked by the Goldschmidt factor, 

which is an indicator for the stability and distortion of the perovskite structures. 

Cubic perovskites like BaZrO3 have a Goldschmidt factor between 0.9 and 1 while 

orthorhombic like CaZrO3 have a Goldschmidt factor in the range 0.71 to 0.9. This 

Goldschmidt factor is determined by the sizes of the A site and B site ions relative to 

each other. It is obtained using the equation: 

                                     t = (rA + rO)/√2(rB + rO)                                                        2.1 

where rA, rB and rO are the respective radii of A cation, B cation and O anion in the 

appropriate coordination. (Shannon, 1976; Wikipedia, 2012)
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Figure 2.1: a: The ideal cubic ABO3 perovskite structure showing the octahedral coordinated B ions and the 12-fold coordinated A ions, 

b: A schematic of the formation and filling of an oxygen vacancy by substituting the octahedral Zr
4+

-site with a lower-valent Y
3+

 ion 

followed by hydration and c: A schematic picture of the Grotthuss mechanism in hydrated perovskites. The proton transport is divided 

into proton transfer between neighbouring oxygen’s and reorientation of the hydroxide ion at the oxygen site. 
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2.3.1    Incorporation of protons in the perovskite structure 

High proton conduction in perovskites requires both a high concentration and a high 

mobility of protons. However, protons are not there inherently, but they can be 

incorporated into the perovskite structure by forming oxygen vacancies, followed by 

hydration (Karlsson, 2005).  The general formula of such oxygen deficient structures 

may be written as A(MxB1−x)O3−x/2, where M is the trivalent cation substituted on the 

tetravalent B site.  

Water molecules at the gas phase then dissociate into hydroxide ions and protons 

during hydration, the hydroxide ions fill the oxide ion vacancies where protons form 

a covalent bond with lattice oxygen. In the Kröger-Vink notation (Kreuer, 2003) this 

reaction is, 

                     H2O+Vo
••
 +Oo

x
 ⇔2O-Ho

•
                                                                      2.2                                       

where two positively charged protonic defects (O-H•) are formed.  The higher the 

concentrations of oxygen vacancies in the dry state the higher the proton content 

after protonation. Thus, the dopant level can control the concentration of protons, as 

the dopant level determines the concentration of oxygen vacancies in the dry sample. 

A schematic illustration of the principle with formation of oxygen vacancies and 

hydration is depicted in Figure 2.1(b). 

 

2.3.2    Proton transport mechanism 

The proton conduction mechanism in perovskites is Grotthuss-like, separated into (i) 

proton transfer between neighbouring oxygen and (ii) reorientation of the hydroxide 

ion at the oxygen site (Figure 2.1 c). The proton transfer is affected by the degree of 

hydrogen bonding between the proton and the adjacent oxygen it will jump to. The 

probability for proton transfer is affected by proton vibration motion and the oxygen 

lattice dynamics close to the proton (Kreuer, 1999), and in particular by the O-B-O 

bend mode, which may be seen as a precursor for the proton transfer (Munch, 1996). 
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Fluctuations in the oxygen separation distance and in the O-H distances may 

therefore result in the formation of stronger hydrogen bonds during short time 

periods, which would favour proton transfer (Kreuer, 1999 and 2000).  The 

reorientation step is also affected by the dynamics of the oxygen atoms since it is 

facilitated by increasing O-O separations, thus lowering the hydrogen bond 

interaction to neighbouring oxygen event (Munch, 1996). However, a frequency-shift 

towards a lower frequency of the O-H stretch band in the IR-spectra for several 

perovskites indicates strong hydrogen bonding, which should favour fast proton 

transfer rather than fast reorientation of the hydroxyl groups, which requires the 

breaking of such bonds. The rate-limiting step may be different in different kinds of 

perovskites and is a topic not yet fully understood (Kreuer, 2003). 

The majority of perovskites are oxygen ion conductors at high temperatures above 

800 
˚
C and proton conduction in a certain temperature range is often a competing 

process with the oxygen conduction. As a consequence, even though the proton 

conduction starts to decrease as a result of dehydration at high temperatures, the total 

conductivity may still be high (Karlsson 2005). 

2.4 Theory of Experimental Techniques 

2.4.1    Powder X-ray Diffraction 

X-ray powder diffraction (XRD) is an analytical technique used for phase 

identification and determination of unit cell dimensions of crystalline materials. 

XRD yields the atomic structure of materials and is based on the elastic scattering of 

x-rays from the electron clouds of the individual atoms in the material under 

investigation. These scattered x-rays produce a Bragg peak if their reflection from 

the various planes interferes constructively. The interference is constructive when 

the phase shift is a multiple of 2π and Bragg’s law expresses this condition as: 

                    nλ = 2dsinθ                                                                                        2.3 

where n is an integer number of wavelengths in path length, λ is the wavelength of 

the incident radiation, d is the perpendicular spacing of the crystal lattice plane 
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and θ is the angle of incidence as seen in figure 2.2.  

                      

 

Figure 2.2: Schematic representation of Bragg reflection. AB+BC= multiples of nλ. 

Constructive interference occurs only when nλ=AB+BC. Source: PDX, 2012 

 

The diffracted x-rays are detected; processed and counted by scanning the sample 

through an angle of 2θ (Fig. 2.3), which is achieved by moving the sample. The 

detector is stationary. The sample is rotated as it interacts with the x- rays. All 

possible diffraction directions of the lattice should be scanned due to the random 

orientation of crystallites in a sample. Conversion of the diffraction peaks to d 

spacing allows identification of the element, since each material has a set of unique d 

spacing, and the measured d is compared with those in standard reference patterns. 

(Jenkins, 1995; Tsuji, 2004) 

                        

http://web.pdx.edu/~pmoeck/phy381/Topic5a-XRD.pdf
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Figure 2.3: Basic features of an XRD experimental set up showing the production, 

diffraction and detection stages. Source:  PDX, 2012 

2.4.1.1    Principles of XRD Analysis  

The primary characterization of the samples purity, crystal structure and reaction 

process was performed using the powder x-ray diffraction technique. The sample 

was irradiated with comparable radiation wavelength to its atomic spacing. 

Constructive and destructive interference occur between the lattice planes in the 

crystal, resulting in a diffraction pattern. The pattern presents a detailed picture of the 

inner structure describable in terms of the symmetry of the unit cell and its 

dimensions, fractional coordinates and chirality. For an x-ray pattern of a pure 

material, all its peaks in the diffractogram could be indexed and assigned a space 

group. Hence this technique is able to fingerprint materials since a materials x-ray 

pattern is dependent on the atomic number, position of the atoms, and the type of 

unit cell as well as its size. Despite two or more materials having the same space 

http://web.pdx.edu/~pmoeck/phy381/Topic5a-XRD.pdf
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group, their diffractograms will be essentially unique. Crystalline materials are 

characterized by the orderly periodic arrangement of atoms and possess lattice planes 

(visible from single crystal diffraction data) described by integer values h, k, l known 

as Miller indices and the parallel distance between two of these planes is denoted 

dhkl
.
  In reciprocal space the distance is ascribed 1/dhkl

.
 Given a monochromatic X-ray 

beam and a set of parallel planes in the crystal, constructive interference will occur if 

the Bragg conditions are fulfilled.  These conditions are: the path length between two 

constructively interfering waves being a multiple integer (n) of the wavelength and 

the wavelength (λ) comparable to inter-atomic distances (inter-lattice distances).  

(PDX, 2012) 

2.4.2    Infrared spectroscopy 

Infrared (absorption) spectra originate from photons in the infrared region that are 

absorbed by transitions between two vibrational levels of the molecule in the 

electronic ground state.  

 

 

 

Where io(ν) is the incident beam and i(ν) is the output beam 

The basis of quantitative analyses in Transmission (absorption) spectroscopy is the 

Lambert-Beer law. 

                                           
 

  
                                                        2.4        

Where A is the absorbance, T is the transmittance, I is the intensity of the transmitted 

beam and I0  that of the incident beam. (Wikipedia, 2011) 

The infrared spectrum is divided into three regions: the near infrared (14000-4000 

cm
-1

), the mid infrared (4000-400 cm
-1

) and the far infrared (400-10 cm
-1

). The near 

Sample 

𝑖𝜊 𝜈  
𝑖 𝜈  
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infrared can excite overtones or harmonic vibrations; the mid infrared is used to 

study fundamental vibrations and associated rotational-vibrational structure. The far 

infrared has low energy and is applied in low frequency rotational studies as well as 

in low frequency lattice vibrations. (Wartewig, 2003) 

ABO3 perovskites of cubic symmetry have three sets of triply degenerate infrared 

modes of symmetry 3f1u and the silent optically inactive mode of symmetry f2u (Perry 

et al, 1965). The f2u mode can become optically active on account of distortions of 

the crystal lattice of cubic structures. Any perturbation in the structure puts the 

degeneracies in all modes. When the inactive torsional f2u mode becomes active, the 

B cation can no longer be the centre of symmetry. This is realized when the lattice is 

slightly sheared since Active vibrational modes are observed when the lattice is 

sheared. 

2.4.2.1    Principles of Infrared Spectroscopy 

Fourier transform technique is the most commonly used infrared technique. The 

basic component behind Fourier transform infrared (FTIR) spectroscopy is the 

Michelson interferometer (Fig 2.4), which modulates the infrared radiation emitted 

from a broadband source to an interferogram. The broadband source is typically 

made of a ceramic material, and in this work a Globar (SiC) source was used. The 

Globar operates around 1200–1300 ˚ C  and emits about 75% of what a black body 

would emit. The Michelson interferometer consists of two mirrors, a fixed mirror and 

a moving mirror, and a beam splitter. The mirror moves at a fixed rate. Its position is 

determined accurately by counting the interference fringes of a collocated Helium-

Neon laser. The Michelson interferometer splits a beam of radiation into two paths 

having different lengths, and then recombines them. A detector measures the 

intensity variations of the exit beam as a function of path difference. A superposition 

of wavelengths enters the spectrometer, and the detector indicates the sum of the sine 

waves added together. The difference in path length for the radiation is known as the 

retardation δ  (δ = OM-OF). When the retardation is zero, the detector sees maximum 

intensity since all wavenumbers of radiation add constructively. When the 
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retardation is l/2 of the initial radiation, the detector sees a minimum. An  

                             

Figure 2.4: The setup of FTIR using a Michelson interferometer.. The sample is 

between the beam collimator and the detector. Source: UNR, 1998 

interferogram is the sum of all of the wavenumber intensities. The interferogram is 

directed towards the sample, which absorbs characteristic wavelengths depending 

on its microscopic structure and composition. A detector registers the intensity of the 

infrared beam, which can be a thermal detector (e.g. Deuterated TriGlycerin Sulphate, 

DTGS) or quantum type (e.g. Mercury Cadmium Tellurium, MCT). The thermal 

detector feels the change in temperature due to the absorption of infrared radiation 

while in the quantum type detects the infrared radiation excites electrons from the 

valence band to the conduction band. Quantum detectors need to be cooled for high 

sensitivity. Finally, computer software transforms the interferogram to the resulting 

vibrational spectrum. The processing uses the Fourier transform algorithm (Larkin, 

2011) 
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Chapter 3 

Experimental techniques 

3.1    Introduction 

To address the key fundamental question of this study, the effect of increasing 

dopant concentration on local structure of the perovskite, a combination of methods 

were used. Samples were prepared by sol-gel method and the initial characterization 

of the average structure carried out using x-ray diffraction (XRD). Infrared and 

luminescence spectroscopy were used to characterize the local structure. The sample 

experimental aspects are examined below. 

 

3.2 Sample preparation 

 

The hydrated perovskites (BaYxZr1−xO3−x/2, SrYxZr1−xO3−x/2 and CaYxZr1−xO3−x/2) 

investigated in this work were prepared in accordance with the sol-gel technique 

described by D’Epifanio et al. (2007). It is a wet chemistry process that involves 

mixing stoichiometric amounts of reactants, and subsequent firing and grinding 

where citric acid is the chelating agent and ethylene glycol is the solvent.  

 

3.2.1 Synthesis of 20% Y doped BaZrO3 

In preparation of 20% Y doped BaZrO3, the mixture compounds were: Ba (N03) 2 of 

99.999% purity and a molar weight of 261.35 g, Zr (C5H7O2) 4 of 98% purity and 

molar weight of 487.216 g and Y (NO3) 3.5(H2O) of 99.99% purity and a molar 

weight of 364.902 g from sigma Aldrich.  

The reaction equation was: 

Ba(N03)2 + 0.8 (Zr(C5H7O2)4) + 0.2 (Y(NO3)3.5H2O)  BaY0.2Zr0.8O2.9                        3.1 
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The amount of compounds used in the mixture was measured using an electronic 

balance with a sensitivity of 0.1 mg and the metal compounds were reduced by a 

factor of 150 from their molar weight to synthesise a manageable sample.  The 

amount used in the synthesis were as follows: 

Ba(N03)2 :  261.35 g/ 150 = 1.7423 g ;  Zr(C5H7O2)4 :  (487.216 g/150 ) * 0.8 = 

2.5985 g; Y(NO3)3.5H2O :  (364.902 g/150) * 0.2 = 0.4866 g, 60 ml of ethylene 

glycol and citric acid at a ratio of 2:1, citric acid to metal cations.  

The mixture of metal compounds and citric acid in the ethylene glycol was heated on 

a hot plate while being stirred using a magnetic stirrer up to a temperature of 150 ˚C. 

This resulted in all the liquid evaporating giving a dark brown solid. The solid 

material was ground into a powder using an agate mortar and pestle and then placed 

in a furnace for 16 h at a temperature of 200 ˚C. After cooling and grinding it was 

heated at a rate of 5 ˚C min
-1

 up to 800 ˚C and left at that temperature for 5 h before 

being cooled and ground. The process was repeated for temperatures of 900 ˚C, 1100 

and finally 1400 ˚C. Due to the combustive nature of barium at high temperatures, 

the heating and stirring was done in a gas chamber and attended to throughout. 

Powder x-ray diffraction patterns were obtained after a heating temperature of 1100 

˚C; the patterns were compared with those in the ICDD database. When impurities 

were observed, the sample was subjected to further heating at 1400 ˚C for 8 hours; an 

x-ray pattern was obtained that corresponded to a diffraction pattern of a pure 

perovskite on the ICDD database. BaZrO3 samples of different Y doping were 

synthesised including 2.5% Y doped calcium zirconate and 2.5% Y doped strontium 

zirconate. The stoichiometric formulas of the successfully prepared samples were as 

follows: BaZrO3, BaZr0.9Y0.1O2.95, BaZr0.85Y0.15O2.925, BaZr0.8Y0.2O2.9, 

BaZr0.7Y0.3O2.85, BaZr0.6Y0.4O2.8, BaZr0.5Y0.5O2.75, BaZr0.975Y0.025O2.9875, 

SrZr0.975Y0.025O2.9875 and CaZr0.975Y0.025O2.9875. 
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3.2.2 Hydration, TGA analysis and vacuum drying 

 

Figure 3.1 Schematic of hydration system setup.  Adapted from Ahmed 2008 

 

The synthesized sample was annealed at 500 ˚C in an Ar atmosphere saturated with 

H2O vapour at 70 ˚C for 3 days. The hydration setup used is shown in figure 3.1. The 

level of hydration was assessed using thermo gravimetric analysis (TGA). TGA is 

an experimental method in which the change in mass of a sample is measured as a 

function of temperature or time. The change indicates whether the sample has 

undergone decomposition or absorption on heating or cooling under controlled 

atmosphere. In the case of decomposition process it is possible to calculate the type 

of molecules lost by using chemical knowledge of the sample. The change in mass is 

an inherent property of the material and can be quantitatively linked to physical or 

chemical processes occurring in the sample. In the case of proton conductors, during 

the hydration process, protons and oxygen are incorporated into the structure of the 

material, which results in an increase in the mass of the sample. When the samples 

are pre-hydrated a loss in mass is observed upon heating under a dry inert 

atmosphere. By following the mass change in samples quantitatively, it is possible to 
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know the amount of protonic defects formed during the hydration process.   

Synthesized samples were vacuum dried by annealing them in a vacuum tube for 8 

hours under 10
-6

 mbar pressure at 900 ˚C. After vacuum drying, the samples were 

immediately transferred to an inert environment to limit the uptake of protons. The 

set up used is shown in figure 3.2. 

 

Figure 3.2 Schematic for Vacuum drying setup.  Adapted from Ahmed (2008) 

 

3.3 XRD SAMPLE ANALYSIS 

The x-ray equipment used in this project was a Bruker D8 AdvanceTM 

diffractometer with a monochromatic Cu kα x-ray wavelength of 1.5406 Å. The x-

ray tube was operated at 40 KV and 40 mA. Intensities were scanned in the 2θ range 

between 17˚ and 60˚ for set up spectrum collection time 1800 s and the A database 

(ICDD: International Centre for Diffraction Data) was used to identify the phases 
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in the sample. The 17˚ to 60˚ range is sufficient to identify a sample as a unique set 

of peaks of a unit cell of a sample are observed. These scans were carried out after 

the samples were heated to temperatures of 800 ˚C, 900 ˚C, 1100 ˚C and 1400 ˚C. 

The obtained XRD patterns were then compared with those in the ICDD database. 

The samples underwent further calcination until a pure sample was obtained when 

the perovskite peaks of the synthesized sample corresponded with the expected peaks 

on the ICDD database.   

3.4 Infrared Sample Spectroscopy 

Two different Fourier transform IR spectrometers and three different modes of 

operation were used. The different instruments and modes of operation were 

required to cover the whole IR spectral range, from 30 to 4500 cm
-1

, to study the 

host lattice vibrations in the sample, which gives information of the local structure 

of the materials. 

 

 3.4.1 Low frequency IR measurements 

A Bruker IFS 66 V/s spectrometer was used for measurement in the far infrared 

(FIR) and mid infrared (MIR) region facilitated with a Globar MIR source, and a 

myler 6-beam splitter at an aperture setting of 10 mm. In the FIR region, 5% of the 

sample was dispersed in 0.1 g of Polyethylene powder. The mixture was ground in 

an agate mortar and pestle and then pressed into a 13 mm pellet using a load of 7 

tonnes. Polyethylene is transparent to infrared in the region 30-680 cm
-1

. 

In the MIR region, 5% of the sample was dispersed in 0.1 g of potassium bromide 

(KBr).   Mixed using an agate mortar and pestle and then pressed into a pellet using 

a 13 mm die. KBr is transparent to infrared light in the region 380-7800 cm
-1

.  The 

KBr beam splitter at an aperture setting of 6 mm was used. 
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3.4.2 High frequency IR measurement 

These measurements were carried out using the diffuse reflectance Fourier transform 

(DRIFT) mode using a Bruker Alpha instrument to study the O-H stretch region. 

This mode measures the vibration properties of the sample where the final 

vibrational spectra are given by the ratio of the logarithm of the reference spectra to 

sample spectra. In the setup, measurements were done in an inert environment at 

room temperature on finely ground samples.  A reference spectrum was obtained 

from a gold mirror standard and a KBr beam splitter was used.  

3.5 Luminescence spectroscopy  

Luminescence spectroscopy gives the symmetry of the local structure of the material. 

In this study, 1% Europium was placed on the yttrium sites in the 10% Y doped 

sample. The radius of europium (0.095 nm) is comparable to the radius of yttrium  

(0.093 nm). From XRD patterns in the ICDD database, the diffraction pattern for 

samples with 1% Eu on Y sites was similar to those without europium. Therefore 

introducing europium to the sample was assumed not to distort the local structure of 

the sample and it was thus used as a tool to investigate the local structure. Eu has an 

electronic transition of 12000 cm
-1

 for the 0-0 transition, 
5
D0 −> 

7
F0, located between 

570 and 580 nm. This transition can be correlated to the number of Eu (dopant atom 

sites) in the structure. In addition to the synthesising compounds for Y doped barium 

zirconate samples, Europium (iii) Nitrate  (Eu (NO3)3)  of molar weight 337.98 g 

(sigma Aldrich 99.99%) was added. The samples synthesised were as follows: 

BaZr0.9Y0.999Eu0.001O3-∂,, BaZr0.825Y0.17325Eu0.00175O3-∂, BaZr0.8Y0.198Eu0.002O3-∂, 

BaZr0.775Y0.22275Eu0.00225O3-∂,  BaZr0.75Y0.2475Eu0.0025O3-∂,  BaZr0.7Y0.297Eu0.003O3-∂,  

BaZr0.6Y0.396 Eu0.004O3-∂ and BaZr0.5Y0.495 Eu0.005O3-∂.. Their purity was determined by 

using x-ray diffraction. Part of the samples was hydrated and part vacuum dried so 

that tests were carried out on both sets of samples for comparison. Sample 

luminescence spectroscopy was carried out at University of Verona in Italy where 

0.1 g of each dried and hydrated sample was appropriately packaged and sent.  
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Chapter 4 

Results and Discussion 

4.1    Introduction 

This chapter presents analytical results from the synthesized BaZr1−xYxO3−x/2  (x= 

0.1, 0.15, 0.2, 0.3, 0.4, 0.5) and AZr1−xYxO3−x/2  (x= 2.5, A=Ba, Sr or Ca) materials. 

The results include synthesis from XRD, IR spectroscopy and luminescence 

spectroscopy. 

4.2 Material synthesis   

The following perovskite samples were synthesised: x= 0.1, 0.15, 0.2, 0.3, 0.4, 0.5 for 

BaZr1−xYxO3−x/2 and x= 2.5, A=Ba, Sr or Ca for AZr1−xYxO3−x/2. During the 

synthesising process (Figure 4.1), there were observable colour changes as the 

chemical reaction took place leading to the formation of the perovskite. After a 

heating temperature of 500 ˚C, a brown solid containing organic compounds was 

obtained however the perovskite structure was yet to be formed. After a heating 

temperature of 800 ˚C, the solid colour changed to black and this was attributed to 

presence of carbon in the solid. A single-phase white perovskite was obtained after a 

final heating temperature of 1400 ˚C and the structure of perovskite was ascertained 

using XRD analytical method. Weight loss was noted after subsequent heating 

temperatures. 
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Figure 4.1: Image showing the synthesis process.  (1) Mixing of the compounds 

using ethylene glycol as a solvent, heating at 150 ˚C and stirring using a magnetic 

stirrer.  (2) and (3) shows changes in colour as the chemical reaction takes place. (4) 

A brown solid obtained after all the liquid has evaporated.  (5) Brown powder after 

heating at 800 
◦
C for 5 h and (6) Powder obtained after a final heating temperature of 

1400 
◦
C for 5 h. 

 

The results obtained from TGA analysis are shown in figure 4.2 where the sample 

denoted x = 0 had a 0% mass loss. The percentage mass loss increased with increase 

in dopant concentration except for the sample with doping of x = 0.2. The loss in 

sample x = 0.2 was less than that from the x = 0.1 and x = 0.15, thus the loss was less 

than expected in view of the observed trend.  The observation was seen as due to a 

possible ordering of yttrium in the structure of sample x = 0.2 and due to the dopant 

or vacancy ordering, there could be possible trapping of water in the structure that 

may have been retained in the sample. The TGA results showed increase in dopant 
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concentration lead to an increase in the number of vacancies. 

 

 

Figure 4.2: Results of TGA analysis of the hydrated samples of BaZr1−xYxO3−x/2  (x= 

0.1, 0.15, 0.2, 0.3, 0.4 and 0.5).  The vertical scale is in % and horizontal in 
0
C. 

4.3    Powder x-ray diffraction 

To study the average structure of the synthesized samples, a powder x-ray diffraction 

technique was used. Figure 4.3 shows the x-ray diffraction pattern for 

BaZr1−xYxO3−x/2  (x= 0.1, 0.15,0.2, 0.3, 0.4, 0.5 and 0.6). The pattern is that of a 

cubic structure (ICDD database) with the main perovskite peaks being at 21.4˚ (100), 

30˚  (110), 37˚ (111), 43˚ (200), 48.5˚ (210) and 53˚ (211).  This is after a final 

sintering temperature of 1400 ˚C for 5 h. 
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Figure 4.3: XRD pattern for BaZr1−xYxO3−x/2  (x= 0.1, 0.15, 0.2, 0.3, 0.4, 0.5 and 0.6) 

after a final heating temperature of 1400˚ C for 8 h. The patterns have been 

vertically offset for clarity and arranged in increasing Y-concentration. 

The results were in agreement with those reported by Fabbri et al. (2010), D'Epifanio 

et. al. (2007) and Bi et al (2011) using the sol gel synthesis method. The ICDD 

database was used to confirm the average structure of the perovskite. The expected 

peaks for a cubic barium zirconate structure were observed at the expected 

diffraction angles. The response intensity decreased at 2θ = 21.4˚, 37˚ and 48.5˚ with 

increasing dopant concentration. For the x=0.3, x=0.4, x=0.5, x=0.6 patterns, the 

48.5˚ peak is not observed.  The 30˚, 43˚ and 53˚ perovskite peaks were observed in 

all the samples, however, as the doping was increased, the perovskite peaks 

broadened and shifted towards the lower 2θ. This was attributed to an increase in unit 

cell parameters due to the larger ionic radius of the dopant (Y
3+

-0.093nm) compared 

to that of the B site atom (Zr
4+

- 0.079nm). Calcium zirconate, strontium zirconate 

and barium zirconate doped with 2.5% yttrium were also synthesized using the sol 

gel technique. The strontium zirconate and calcium zirconate were found to have an 

orthorhombic structure while the barium zirconate had a cubic structure (Figure 4.4).  

From the XRD patterns, it was observed that the 110, 210 and 211 lattice parameters 
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were shifted towards higher 2θ with the decrease in size of the A site atom.  

 

 

Figure 4.4: XRD patterns for AZr1−xYxO3−x/2  (x=2.5 and A=Ba, Sr or Ca) after a 

final heating temperature of 1400 ◦C for 8 h. The patterns have been vertically offset 

for clarity and cut off at approximately half the peak height. 

 

XRD analysis has the ability to show the long-range average structure of the 

perovskites while IR and luminescence spectroscopy are able to help identify the 

short range structure as a function of dopant concentration and hydration. 

4.4 Infrared spectroscopy 

4.4.1 Low frequency IR region 

Figure 4.5 shows the spectra of the dry samples of BaZr1−xYxO3−x/2 measured in a 

transmission setup over the frequency region of 50-1000 cm
−1

. BaZr1−xYxO3−x/2   

samples revealed strong bands at 140 cm
−1

 and 280 cm
−1

 for x= 0, 0.1, 0.15. The x = 

0.2 spectrum had strong bands at 140 cm
−1

, 280 cm
−1

 and weak shoulders at 200 

cm
−1

 and 330 cm
−1

. The x = 0.3, 0.4 and 0.5 had strong bands at 140 cm
−1

 and 330 

cm
−1

.  With increasing dopant concentration, the 140 cm
−1

 bands tended to shift 

towards the lower frequency region as indicated by the lines and the broader peak at 
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280 cm
−1

 towards higher frequency. Yttrium has a higher ionic radius than 

zirconium, thus increasing in yttrium concentration leads to a change in the Ba- 

[ZrO6] cation stretch leading to the position of the peak shifting towards a lower 

wavenumber.   A strong band was observed at 550 cm
−1

 and weak shoulders at 580 

cm
−1 

for x = 0, 0.1, 0.15 and 0.2. 

 

Figure 4.5: FIR and MIR spectra for the BaZr1−xYxO3−x/2  samples with absorption 

bands observed at 140 cm
-1

, 280 cm
-1

, 330 cm
-1  and 550 cm

-1
. The spectra have been 

vertically offset for clarity 

The 140 cm
-1

 band lay in the expected region for the Ba- [ZrO6] cation stretch, 280 

cm
-1

 and 330 cm
-1

 in the O-Zr-O bending range while the 550 cm
-1

 was in the Zr-O 

stretch vibrations (Last, 1957; Nakagawa, 1967).  In the MIR region, the shape of the 

550 cm
−1

   band changed in shape with increasing Y-doped concentration. Figure. 4.5 

shows the undoped sample had a single peak at 550 cm
−1

 while the 50% Y-doped 

sample had a broadened peak in the same band. The presence of yttrium can be 
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attributed to the change from a peak to a band in the O-Zr-O bending range at 550 

cm
-1

 Increasing the dopant concentration led to an increase in the average distortion 

of the structure (Figure 4.5). The 280 cm
−1

 peak for the x = 0.2 sample had strong 

shoulders at 200 cm
−1

 and 300 cm
−1

. This could be due to a possible ordering of the 

Y dopants in the O-Zr-O/ O-Y-O for the x=0.2 sample. The x = 0.3 and x = 0.5 

samples had strong shoulders at 300 cm
−1

 wave numbers. The structural distortion 

was therefore attributed to the different ordering of the B site atoms in the structure.  

There were three possible ordering in the structure that ultimately affected the 

structure of the perovskite and they are Zr-O-Zr, Zr-O-Y and Y-O-Y. The Zr-O-Zr 

and Y-O-Y are symmetrical while the Zr-O-Y is asymmetrical thus leading to a tilt in 

the octahedral. (Karlsson, 2007; Nakagawa, 1967) The different ordering 

arrangements present different vacancies and charge concentrations.  

In order to investigate the effect of the size of the A site atom, further IR 

investigations were done for different A (Ba, Sr or Ca) atoms which gave rise to 

different vibrational spectra. In the near infrared region, a comparison of the spectra 

of 2.5 % yttrium doped AZrO3 with different A atoms is presented in figure 4.6 

 

Figure 4.6: Far infrared spectra for dry (continuous) and hydrated (dotted) AZrO3  

(A=Ba, Sr or Ca) with 2.5% Y doped samples. a) in the calcium zirconate spectra 

with 10 main peaks b) is the strontium zirconate spectra with 6 main peaks and c) 

is the barium zirconate spectra with 2 main peaks. 
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 It was observed that the 2.5% Y doped calcium zirconate, strontium zirconate and 

barium zirconate had 10, 6 and 2 peaks respectively (Figure 4.6). The A- [ZrO6] 

cation stretches are found in this region of radiation spectrum and the observed 

differences in absorption peaks were attributed to the sizes of the A site atoms. The 

size of Ca
2+

 is 0.099 nm, Sr
2+

 is 0.113 nm and Ba
2+

 is 0.135 nm. The differences 

were also attributed to the average structure of the perovskite (Figure 4.5) where 

calcium zirconate and strontium zirconate crystals are orthorhombic while the 

barium zirconate is cubic. 

 

Figure 4.7: Mid infrared region for dry (continuous) and hydrated (dotted) AZrO3 

(A=Ba, Sr or Ca) of 2.5% Y doped samples. ( a) calcium zirconate (b) strontium 

zirconate and (c) barium zirconate. A main peak is observed at the 550 cm
−1

. 

In figure 4.7 are the spectra of the mid IR region where we have the Zr-O stretch 

vibrations. The three samples had a main peak at 550cm
−1

. Since there were no clear 

differences between the spectra, it was assumed that the A site atom had no effect on 

the Zr-O stretch vibrations. However, with no base point to defend these results, 

further studies and investigation of the effect of the A site atom on the Zr-O stretch 

vibrations would need to be carried out. In the lower frequency region, it was 

observed the peaks from the dry samples were sharper than those from the hydrated 

(4.6 and 4.7). It was therefore easier to resolve the different peaks in figures 4.6 a) 

and b) for the dry samples than the hydrated samples. This led to a conclusion that 
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the presence of protons have an effect on the vibrations of the A site ion. 

4.4.2 O-H stretch region 

The vibrational dynamics of protons in hydrated perovskites are precursors to proton 

transfer between neighbouring oxygens, which is one of the mechanisms in the long-

range diffusion of protons. Understanding of these will hence help in the synthesis 

of new perovskites with higher proton conductivity and for this purpose IR spectra 

were measured and analysed for BaZr1−xYxO3−x/2 and AZr1−xYxO3−x/2  (x= 2.5, 

A=Ba, Sr or Ca). The results obtained were compared with observations by Karlsson 

et al. (2007) for Indium doped BaZrO3. 

The O-H stretch vibrations characterize protons in perovskites. They are manifested 

as a broad band typically in the range 2500-3600 cm
-1

. This may be compared to the 

O-H stretch mode of free water molecule at 3657 cm
-1 

(Kreuer, 1999; Omata, 2004; 

Karlsson et al., 2007). The O-H stretch vibrations in the perovskite structure have a 

lower frequency than that of a free water molecules that can be attributed to the 

hydrogen bonding with neighbouring oxygen atoms. (Glerup et al., 2002) The broad 

nature of the band results from a large variation in the hydrogen bond strength in the 

perovskite structure as compared to that of a free water molecule.  

Figure 4.8 shows evidence that hydration increases the intensity of the O-H stretch 

band around 3250 cm
-1

. The O-H stretch band for x = 0 was weak and it was 

attributed to the absence of protons in the undoped perovskite structure.  There was 

an O-H stretch band at 3250 cm
-1 

on the dry spectra, (figure 4.9) indicating it was not 

possible to remove the protons completely from the doped samples (Karlsson et al., 

2005). Of note though was the absence of the vibrational band at 4250 cm
-1

 in the 

dry sample. There was a clear change in shape in the O-H stretch absorption region 

with increasing dopant concentration. 
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Figure 4.8: Spectra of BaZr1−xYxO3−x/2  samples in the O-H absorption region.  

The spectra have been vertically offset for clarity. 

 

Figure 4.9: Spectra of dry BaZr1−xYxO3−x/2  samples in the O-H absorption 

region.  The spectra have been vertically offset for clarity. 
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In the O-H absorption region, the hydrated BaZr1−xYxO3−x/2  samples had a strong 

band around 2250 cm
-1

 and 3250 cm
-1

. The dry spectra had a weak band in the same 

region (Figure 4.9). The bands at 2000 cm
-1

 and 2500 cm
-1 increase in intensity with 

increasing dopant concentration. The 2500 cm
−1

 O-H stretch increases in intensity 

with increasing dopant concentration. The increase in intensity was in agreement 

with indium doped BaZrO3 spectra observed by Karlsson et al. (2005) The 2250 cm
-1

 

and 3850 cm
-1

 bands broaden with increasing dopant concentration. This implied an 

increase in the number of oxygen vacancies as the number of dopants increased.  

With a larger number of oxygen vacancies, there should be more protons 

incorporated in the structure. There was also a combination stretch and bend band 

observed at 4250 cm
−1

 (Kreuer, 1999; Glerup et al., 2002).  

4.4.2.1 Peak fit analysis of the O-H stretch region 

A peak fit analysis of the O-H stretch band was carried out in order to extract more 

details for investigations of the difference between the six hydrated samples. The 

peak fit of the   10% Y doped sample is shown in fig. 4.10 c as an example.  The 

deconvolution of the O-H stretch region indicated the preferred sites for the protons. 

The 2250 cm
−1

 and 3850 cm
−1

 region was resolved into four different bands. During 

the fitting process, the x position on the Gaussian was fixed for different samples so 

as to compare their intensities.  This enabled the comparison of intensities of the 

individual bands for the different samples (Fig 4.11 b). 

4.4.2.1.1 Spectrum analysis from the O-H region 

The spectrum had a region of linear background as shown in figure 4.10 (a). A line 

was drawn using the equation y= -mx+c joining the lowest position on the curve. 

(Figure 4.10 (b)). Thereafter, the intensities (y) described by the linear equation were 

subtracted from the spectrum. The resultant spectrum is shown in figure 4.10 (c) as 

well as the fitting of the four Gaussian bands. The spectrum was fitted with the 

customized Gaussian equation: 
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                                                  4.1 

where ai  is the amplitude of the band, xi  is the position of the centre of the peak and 

bi  is the width of the band. The fitted spectra are in the appendix after subtraction of 

the linear background as seen in figure 4.11 

 

 

Figure 4.10: Spectrum analysis showing (a) absorbance raw data (b) linearly 

subtracted background and the background region and (c) peak fitted spectra fitted 

with four Gaussian bands. The horizontal scale in all spectra is in wave number (cm
-

1
) 

Subtraction of the background allows ease of spectrum analysis and comparison of 

intensities for the different dopant concentrations. A stepwise background 

subtraction and peak fit analysis is shown in figure 4.10. Appendix figure 4 shows 

the fitted spectrum for the broad O-H peak observed between 2250 cm
−1

 and 3850 

cm
−1

. The region was fitted with four Gaussian bands. It was observed that the band 

around 4250 cm
−1

 decreased in intensity with increasing dopant concentration. This 

is likely a combination of the O-H stretch and O-H wags. The four Gaussian bands 
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fitted well with the experimental spectrum. It may also be attributed to an unrealistic 

increase in force constant of more than 40 % and a very short distance compared to 

the ‘free’ O-H. (Glerup et al., 2002)  

 

Figure 4.11: Spectra analysis showing the O-H region fitted with four Gaussian 

bands for BaZr1−xYxO3−x/2  samples. The horizontal scale in all spectra is in wave 

number (cm
-1

) 

 

The total area of the O-H region, relative to that of the x = 0.1 sample, increased 

with increasing dopant concentration except fo r  the x = 0.2   whose area was less 
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than that for x = 0.1 despite having a higher dopant concentration. 

 

Figure 4.12: Graphs showing a) The total area of the samples relative to that of the x= 

0.1 sample and b) The relative area of each of the four Gaussian bands. X is the %age 

yttrium concentration in the BaZr1−xYxO3−x/2  samples.   

Comparing the relative intensities for individual bands from different samples, it was 

observed that the total area increased with increasing dopant concentration (figure 

4.12 b). For the relative integrated area, band 1 is increased with increasing dopant 

concentration from absorption wavenumber 2700 cm
-1

. Band 2 and 3 decreased with 

increasing dopant concentration from 3100 cm
−1

 and 3400 cm
−1

 respectively, while 

band 4 did not change significantly with changes in dopant concentration from 3600 

cm
−1

. The frequencies of the four Gaussian fitted peaks (1 to 4) were assessed as 

follows: bands 3 and 4 they are associated to protons in locally symmetric 

environments while band 1 and 2 were associated to protons in mixed environments 

and/or close to an oxygen vacancy. More protons are found in strongly hydrogen-

bonded locations and Karlsson et al. (2005) observed this phenomenon in 

BaZr1−xInxO3−x/2 crystals. Protons have a preference for the lower wavenumber site 

(2400 cm
−1

).  Ideally the undoped sample has no oxygen vacancies in the structure 

and therefore no O H stretch band. The IR measurements revealed the details on the 



 

38 

 

local structure of the perovskite. Luminescence spectroscopy was used to study the 

behaviour of the dopant in the perovskite. It was also used to show the preferred 

proton sites in the structure. 

4.5   Luminescence spectroscopy 

Luminescence spectroscopy was done to compliment the results obtained from the 

IR spectroscopy. The XRD pattern for BaZr0.9Y0.999 Eu0.001O3-∂.  is shown below. The 

red line show that the obtained pattern was in correspondence with the acceptable 

standard in the database.  

 

Figure 4.13: X-ray diffraction pattern for BaZr0.9Y0.999 Eu0.001O3-∂. The red lines are 

from the database for a BaZr0.9Y0.1O3-∂ sample.  

  

Figure 4.14 shows the spectra of both samples (hydrated and dry) measured under 

excitation by a 473 nm laser excitation at room temperature. There were some 

differences between them (Figure 4.13), where the normalised intensities are 

presented. In particular, the 0-0 transitions (
5

D0 → 
7

F0, located between 570 and 580 

nm) counts the number of sites occupied by Eu
3+

. It is apparent from Figure 4.13(b) 

that there were two Eu
3+ sites in the dry sample and only one in the hydrated 
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sample. Alarcon et al. (1992) observed two different sites for Eu
3+ in BaZrO3 co-

doped with La
3+

. This was interpreted as possible occupation by Eu
3+

 on the Ba site 

and on the Zr site in the structure. The other difference between the two samples is 

the so-called asymmetry ratio R, defined as the ratio of the integrated intensities of 

the 
5
D0→ 

7
F2 and 

5
D0→

7
F1 transitions. The values of R were 7.8 (dry) and 5.5 

(hydrated), indicating that on average the geometry of the site(s) accommodating 

Eu
3+

 is more distorted in the case of the dry sample. The dry sample had two Eu 

sites, near a vacancy and near lattice oxygen and the hydrated sample there was one 

Eu site, near lattice oxygen and the proton sits close to the dopant atom. 

 

Figure 4.14: Figure (a) showing the electronic transitions (b) Expanded view of the 

0-0 transitions upon a 473nm laser excitation at room temperature and  (c) 

Exponential decays for the dry and hydrated sample. The hydrated sample decays 

faster. 

The decay times of the luminescence from 
5
D0 were measured at room temperature 

upon pulsed excitation at 532 nm (Figure 4.13(c). The decay curves are almost 

perfectly exponential. The two samples had a similar decay time, slightly faster in 

the case of the hydrated sample with the same exponential behaviour. The O H groups 

are very good quenchers of the luminescence, giving rise to non-radiative relaxation 

of the emitting level and drastically shortening the decay time. In this case, hydration 

only weakly shortens the decay time from 470 to 420 µs. 
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Chapter 5 

Conclusions 

This work focused on studying AZrO3  (A=Ba, Sr or Ca) at varied doping 

concentration of yttrium. The study involved synthesis of the perovskite using a sol 

gel technique, and characterisation using XRD, IR spectroscopy and luminescence 

spectroscopy techniques.  

Synthesis of the single-phase yttrium doped barium zirconate samples was possible 

up to 50%. At higher doping concentrations, splitting of the perovskite peaks was 

observed. Syntheses of 2.5% Y doped single-phase strontium and calcium zirconate 

samples were performed successfully. 

Y doped BaZrO3 samples were found to be cubic however increase of the Y 

concentration led to broadening of the peaks and shifting towards the lower 2θ angle. 

The 2.5% Y doped calcium zirconate and strontium zirconate systems were found to 

be orthorhombic structured. 

The structure of the barium zirconate system became more and more distorted with 

increasing dopant concentration. There was a correlation between the Y dopant 

concentration and the local distortion of the perovskite structure.  Doped samples 

with 20% yttrium deviated from the expected trends. These could be due to a 

possible transition from the cubic structure to a tetragonal as reported by Kreuer 

(2001) or ordering of the dopants in the perovskite structure. Changing the size of the 

A site atom had no effect on the Zr-O stretch of the perovskite. 

From the studies of the dry and hydrated samples in the far infrared and mid infrared 

regions, the spectra for the hydrated and dry samples were similar indicating the 

presence of protons in the perovskite structure does not affect the vibrations of the A 

and B site ions. Luminescence spectroscopy identified an Eu site near lattice oxygen 

and a proton close to the dopant atom. This indicated both dopant atom-oxygen 

vacancy, and dopant atom proton-proton association effects in the material. 
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Outlook 

Study in more detail the effect of the A site atom on the local structure of the 

perovskite and conductivity. This can be done by studying the vibrational behaviour 

using Raman and luminescence spectroscopy or changing the yttrium dopant 

concentration. 

Study the symmetry around the dopant atom as a function of dopant concentration 

using luminescence spectroscopy.  The luminescence spectroscopy was carried out 

only on 10% Yttrium doped samples. A study can be done for varying Yttrium 

concentrations in order to investigate the symmetry around the dopant atom with 

increasing concentration as well as any structural ordering in the 20% yttrium doped 

sample. This will help to understand the observed anomaly in the XRD and IR 

spectra during this study. Neutron diffraction could further be used to elucidate the 

structure of the 20% yttrium doped BaZrO3 
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Appendix A 

Infrared  

The figure below shows the spectra for the hydrated BaZr
1−x

Y
x
O

3−x/2  samples in the 

far infrared (FIR) and mid infrared (MIR) regions. Comparing these results with the 

dry spectra in the results, it can be observed that the peak positions remain 

unchanged for both the dry and hydrated spectra. They differ in the sharpness of the 

peaks. The dry spectra were more defined than those of the hydrated samples.  

 

Figure: A-1 FIR spectra for the hydrated BaZr1−xYxO3−x/2  samples with absorption 

bands observed at 140 cm 
-1

, 280 cm
-1 and 330 cm

-1
. The spectra have been vertically 

offset for clarity  
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Figure A-2: MIR spectra for the hydrated BaZr1−xYxO3−x/2  samples with absorption 

bands observed at 550 cm
-1

 and 570 cm
-1

. The spectra have been vertically offset for 

clarity 

 

The figure below shows the spectra for the dry sample in the O-H stretch region. A 

weak band (compared to that of the hydrated sample) is observed. This is due to the 

fact that it is difficult to remove all protons from the sample. (Karlsson et al., 2005). 

Of note though is the absence of the vibrational band observed at 4250 cm
-1

 in the 

hydrated sample. 
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Fit parameters for the spectra in the O-H region and the fitted 

spectra 

Table A-1: Table showing the fit parameters for the four Gaussian bands according to 

equation 4.1 for BaZr1−xYxO3−x/2  samples. i=1,2, 3,4 
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Appendix B 

How a fuel cell works: Theoretical background 

The purpose of a fuel cell is to produce an electrical current that can be directed 

outside the cell to do work, such as powering an electric motor or illuminating a light 

bulb or a city. Because of the way electricity behaves, this current returns to the fuel 

cell, completing an electrical circuit. Hydrogen atoms enter a fuel cell at the anode 

where a chemical reaction strips them of their electrons. The hydrogen atoms are now 

ionized, and carry a positive electrical charge. The negatively charged electrons 

provide the current through wires to do work.  If alternating current (AC) is needed, 

the DC output of the fuel cell must be routed through a conversion device called an 

inverter. Oxygen enters the fuel cell at the cathode; it therefore combines with 

electrons returning from the electrical circuit and hydrogen ions that have travelled 

through the electrolyte from the anode. (Garrison, 2011) 

 

Figure B-1: (SOFC). The SOFC is simpler, more efficient than any other fuel cell 

variant (Steele, 2001). 

The electrolyte plays a key role. It must permit only the appropriate ions to pass 
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between the anode and cathode. If free electrons or other substances could travel 

through the electrolyte, they would disrupt the chemical reaction. Oxygen and 

hydrogen combine to form water As long as a fuel cell is supplied with hydrogen and 

oxygen, it will generate electricity. 

Types of fuel cells 

A range of different fuel cells exists. Examples include Alkaline Fuel Cell (AFC), 

Polymeric- Electrolyte Membrane Fuel Cell (PEMFC), Phosphoric Acid Fuel Cell 

(PAFC), Molten Carbonate Fuel Cell (MCFC) and the Solid Oxide Fuel Cells. The 

fuel cells may be divided into different categories depending on the nature of the 

electrolyte, which is the heart of a fuel cell. A good electrolyte material has a 

sufficiently high ionic conductivity, negligible electronic conductivity, stable in both 

reducing and oxidising atmospheres, chemical stability and mechanical strength. 

(Garrison, 2011) 

 

Polymer Electrolyte Fuel Cell (PEFC) 

The electrolyte in this fuel cell is an ion exchange membrane (fluorinated sulfonic acid 

polymer or other similar polymer) that is an excellent proton conductor. The only 

liquid in this fuel cell is water; thus, corrosion problems are minimal. Typically, 

carbon electrodes with platinum electro- catalyst are used for both anode and cathode, 

and with either carbon or metal interconnects. Water management in the membrane 

is critical for efficient performance; the fuel cell must operate under conditions 

where the by-product water does not evaporate faster than it is produced because the 

membrane must be hydrated. Because of the limitation on the operating temperature 

imposed by the polymer, usually less than 100 ˚C, but more typically around 60 to 80 

˚C, and because of problems with water balance, a H2-rich gas with minimal or no 

CO (a poison at low temperature) is used. Higher catalyst loading (Pt in most cases) 

than that used in PAFCs is required for both the anode and cathode. Extensive fuel 

processing is required with other fuels, as even trace levels of CO, sulphur species, 

and halogens easily poison the anode. (Garrison, 2011) 
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Alkaline Fuel Cell (AFC) 

The electrolyte in this fuel cell is concentrated (85 wt per cent) KO-H in fuel cells 

operated at high temperature (250 ˚C), or less concentrated (35 to 50 wt per cent) KO-

H for lower temperature  (<120 ˚C) operation. The electrolyte is retained in a 

matrix (usually asbestos), and a wide range of electro-catalysts can be used (e.g., Ni, 

Ag, metal oxides, spinels, and noble metals). The fuel supply is limited to non-reactive 

constituents except for hydrogen. CO is a poison, and CO2 will react with the KO-H 

to form K2CO3, thus altering the electrolyte. Even the small amount of CO2 in air 

must be considered a potential poison for the alkaline cell. Generally, hydrogen is 

considered as the preferred fuel for AFC, although some direct carbon fuel cells use 

(different) alkaline electrolytes. (Garrison, 2011) 

Phosphoric Acid Fuel Cell (PAFC) 

 

Phosphoric acid, concentrated to 100%, is used as the electrolyte in this fuel cell, 

which typically operates at 150 to 220 ˚C. At lower temperatures, phosphoric acid is a 

poor ionic conductor, and CO poisoning of the Pt electro-catalyst in the anode 

becomes severe.  The relative stability of concentrated phosphoric acid is high 

compared to other common acids; consequently the PAFC is capable of operating at 

the high end of the acid temperature range (100 to 220 ˚C). In addition, the use of 

concentrated acid (100%) minimizes the water vapour pressure so water management 

in the cell is not difficult. The matrix most commonly used to retain the acid is 

silicon carbide (1), and the electro-catalyst in both the anode and cathode is Pt. 

(Garrison, 2011) 

Molten Carbonate Fuel Cell (MCFC) 

The electrolyte in this fuel cell is usually a combination of alkali carbonates, which is 

retained in a ceramic matrix of LiAlO2.  The fuel cell operates at 600 to 700 ◦C where 

the alkali carbonates form a highly conductive molten salt, with carbonate ions 
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providing ionic conduction. At the high operating temperatures in MCFCs, Ni 

(anode) and nickel oxide (cathode) are adequate to promote reaction. Noble metals are 

not required for operation, and many common hydrocarbon fuels can be reformed 

internally. (Garrison, 2011) 

 

Luminescence spectroscopy 

Luminescence is the emission of light by a substance. It occurs when an electron 

returns to the electronic ground state from an excited state and loses it’s excess 

energy as a photon.  At the lowest excited singlet state, the molecule may be 

completely deactivated by the solvent (quenching), may fluoresce. The observed 

fluorescence will show two important characteristics: 

1. Fluorescence may appear as an approximate mirror image of the absorption at 

a lower energy, and hence lower frequency (longer wavelength) than the 

absorption, the difference (in wavenumbers) between the two corresponding 

bands being known as the Stokes shift. 

2. Fluorescence emission may show vibrational structure, which can provide 

information about the force constants of the molecule in its ground state (the 

electronic structure provides information about the force constants in the 

excited state). Time of radiation = time of fluorescence. 

O-H has a vibrational frequency of about 3500
-1

 which can result in quenching of an 

excited sample. 


