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Abstract 

Perovskites with large polarizable cations and open structures often show high 

protonic conductivities at elevated temperatures. The work in this thesis is based on 

possible protonic transport in LaNb3O9. This ABO3–type perovskite is known to have 

large voids in the lattice due to many inherent A-site metal vacancies. Acceptor-

doping of this material may facilitate the transport of protons through the formation 

of oxygen vacancies. Strontium as an acceptor is tested in an attempt to substitute the 

A-site lanthanum. The product is nominally La1-xSrxNb3O9-α. Theoretical models of 

the resulting defect chemistry of doped metal oxides are presented and used in the 

interpretation of the results. 2.5 % and 5 % Sr-doped LaNb3O9 were synthesized by 

solid state reaction from the basic oxides. The products were characterized by SEM 

and XPS analysis. The electrical conductivity was measured as a function of 

temperature, pO2 (10-25 – 1 atm) and pH2O, using the 4-point van der Pauw method. 

pH2O dependencies of the conductivity indicated no protonic association or transport. 

pO2 dependencies of the conductivity showed that the material was independent of 

oxygen partial pressure at very low and high pO2. In the intermediate pO2 range 

(here: 10-12 – 10-4 atm) the slope of the dependency was found to be -1/4. This 

behavior is consistent with the model of a donor-doped material, presumably as a 

result of partially reduced niobium on lanthanum-sites. Several isotherms were tested 

(650 – 1100 °C), and the difference in conductivity was proportional with 

temperature. The conductivity arises from electronic defects, mainly p-type at high 

pO2 and n-type at low pO2. The measurements give reason to question the effectivity 

of strontium as acceptor in LaNb3O9. However, an increase in the total conductivity 

with doping may show a correlation between doping level and electronic 

contribution. Temperature dependencies of the conductivity were investigated (250 – 

1100 °C) in reducing and oxidizing atmospheres. A transition area is observed at 650 

°C in oxidizing atmospheres, suggesting a change in defect structure or electronic 

conductivity. Long equilibria times made measurements generally inconsistent below 

this temperature. 
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1. Introduction 

A driving force behind our civilization is the ongoing development of modern 

technology. In the last 50 years hardly any aspect of our society is left untouched by 

advances of technology. Wonderful sciences surround us, but its omnipresence can 

also make us blind to it. It is easy to start accepting technology as a matter of course, 

and with that its presence becomes invisible. But the existence of technology, the 

staggering amount of research and the brilliant minds behind the developments are 

facts that should not be forgotten. 

One of these developments, one that still waits to revolutionize the world, is the 

perfection of the fuel cell. A fuel cell is essentially a unit that directly transforms 

chemicals into electrical energy during an electrochemical reaction. There is no 

conversional combustion or mechanical force involved to generate the energy, and 

consequently it can perform with high efficiency. The essence of the fuel cell is to 

serve as an energy provider to all kind of receivers. And the world will certainly need 

a lot of energy in the near future. Soon we can expect to see massive changes in the 

policies concerning energy production in the world society. It is already clear that the 

existing energy economics of today can come to a screeching halt. All over we see 

the introduction of restrictions in fossil fuel production. However, the market 

demands increasingly more effective and cleaner energy. New challenges and 

problems must be approached as both industrial and developing societies are 

searching for alternative sources of energy.  

In 2005 the world’s total energy consumption was equivalent to 10532 million tons 

of oil [1]. This is a 2.7 % increase from the year before and more than 90 % of the 

energy was from non-renewable sources. It is obvious that we are not in imminent 

danger of exhausting our fossil fuel reserves, but this does not change the fact that it 

is found in a limited amount. Nations without significant energy resources and 

developing countries are the first to be affected by a major energy crisis. On the other 

hand, large countries with a heavy oil-based industry will probably be affected 
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hardest. Factors in the political environment suggest that Asia, EU and USA desire a 

common energy policy to avoid future crises. In this future it is clear that hydrogen 

energy will play an important role.  

The energy demand is already high enough to make alternative forms of energy 

exploitation a huge area of investment. In addition of being in a limited supply, fossil 

fuels are well known contributors to global warming through emissions of 

greenhouse gases when burned. New, worldwide legislations demand reduction of the 

greenhouse gases, and when national and international agreements come intro play, a 

hydrogen economy will become more profitable as emission expenses increase. 

1.1 Hydrogen 

Norway is a country in an almost unique situation. We are privileged with large 

amounts of oil and natural gas, and we have long traditions of energy production 

from renewable sources. Many of these traditions were established in the beginning 

of the 20th century with the founding of the company Norsk Hydro. The enterprise 

has had an important role in the history of Norwegian energy production, and it is 

still a central contributor of expertise in the refinement and production of gas, 

including hydrogen. The world’s total production of hydrogen is about 500 million 

cubic meters each year – a small fraction compared to the production of natural gas. 

Hydrogen gas has the highest electrochemical potential of all gases and does not exist 

in nature. The volatile nature of hydrogen poses several technical hindrances for a 

true hydrogen society. To harness the energy of hydrogen there is need of 

establishing safe and simple ways of production, storage, transportation and 

exploitation of the gas – an infrastructure has to be developed.  

The production of hydrogen is technically easy, but requires energy. Among the 

methods of production we find photochemical and thermochemical catalysis of 

hydrocarbons from fossil fuels. Natural gas, and mainly methane (CH4), is a 

promising source of hydrogen. The production is exemplified by the chemical 
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reaction: CH4(g) + H2O(g)  CO(g) + H2(g) + H2O(g)  CO2(g) + 2H2(g). A gas 

membrane can be employed to separate the products to circumvent CO2 emission. 

Many other hydrocarbons can provide hydrogen through similar reactions, for 

example oil, coal and alcohols. Production from hydrolysis is a second option, in 

which gas membranes also play an important role. This process involves 

electrochemical and catalytic splitting of water into oxygen and hydrogen. Regardless 

of the hydrogen source, it is crucial that renewable energy sources are applied in the 

production in order to achieve environmentally gain. 

1.2 Fuel Cells 

The most efficient way of exploiting the energy in hydrogen is making use of a 

highly effective fuel cell. In a fuel cell the electrochemical reaction of 2H2(g) + O2(g) 

 2H2O(g)  + energy takes place. Even if most of us remember this reaction from 

simple high-school exercises, it is a great challenge to develop commercially 

profitable fuel cells. Specialized equipment, extensive experimenting and highly 

knowledgeable people are necessary to characterize the needed materials. 

A fuel cell has no movable parts. A hydrogen fuel cell consists basically of a cathode, 

an anode and a proton conducting electrolyte (Fig. 1.1). The electrochemical process 

starts by the adsorption of H2 to the anode material. A catalytically cleaving of 

hydrogen to protons (H+) takes place, releasing electrons. Ideally both electrons and 

protons are highly mobile. The protons should be able to move through the 

electrolyte as the electrons move through a conductor towards the cathode side. The 

electronic potential can be used for electrical work, for example powering a motor or 

electronic equipment. A constant supply of H2 gas at the anode side is necessary, and 

the reaction will only keep going as long as the supply of gas is continuous. At the 

cathode side oxygen from the air is reduced to O2--ions by the incoming electrons and 

they immediately react with protons as they arrive. The total reaction can be 

expressed as 2H+ + O2-  H2O, and pure water is the product. 
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Figure 1.1: Schematic illustration of a proton conducting fuel cell.   

The chemical potential from the oxidation of hydrogen and reduction of oxygen are 

the driving force that provides the cell voltage over the fuel cell. The principle of a 

fuel cell is in many respects similar to a battery, but with hydrogen acting as the 

energy carrier. An energy carrier is the species providing the energy in an 

electrochemical cell. And as carrier hydrogen is extremely effective, but it is a known 

fact that the gas is difficult to handle safely. Subsequently alternative energy carriers 

for fuel cells are in development. Any gas that effectively donates protons can in 

principle be used as energy carrier; some candidates are NH3 and CH3OH. It should 

also be noted that some materials are good conductors of ionic oxygen O2-. An 

efficient oxygen conductor carrying the charged species O2- instead of H+ can 

function as a fuel cell electrolyte. The transport of oxygen ions would be reverse of 

that of protons, but the chemical potential would be equivalent. 

1.3 Electrolytes and electrodes 

A fuel cell is characterized after its type of electrolyte and is named thereafter. The 

most common types are Alkaline Fuel Cells (AFC), Phosphoric Acid Fuel Cells 

(PAFC), Polymer Electrolyte Membranes (PEM), Molten Carbonate Fuel Cells 

(MCFC) and Solid Oxide Fuel Cells (SOFC). These have all different advantages and 

working temperatures.  
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One of the most promising of these classes is the Solid Oxide Fuel Cell. SOFCs use 

solid oxide, ceramic membranes as electrolyte materials which operate in 

temperatures around 400 - 1100 °C. In the electrolyte ionic transport takes place and 

it determines much of the fuel cell’s effectivity. SOFC-electrolytes are metal-oxide 

ceramics, and they are often corrosion resistant and can withstand highly reducing 

and oxidizing environments. The chemical stability of metal-oxides gives the fuel 

cells in principle long lifetimes and fast equilibria. 

Good compability between the electrodes and electrolyte is important. To achieve 

this anode and cathode materials are required to have similar properties as the 

electrolyte. Electrodes should have high electronic conductivities, but also be gas 

permeable and ionic conductors. To prevent loss of contact area they should have the 

same thermal expansion and possibly structural similarity to the electrolyte. Suitable 

electrodes are decisive for the SOFC’s performance, and materials that meet these 

demands are somewhat hard to find. Several classes of metal-oxides are promising. 

Many anode-materials for proton conducting, high temperature fuel cells have been 

extensively studied, for example by R. Kikuchi et al. [2] . 

1.4 Other applications 

There are many additional uses for metal oxide ionic conductors. As mentioned they 

can be applied as gas separation membranes used in varying industrial processes or as 

catalyst membranes for the production of hydrogen through steam electrolysis or 

hydrogenation of fossil fuels. Many perovskites have ionic transport capabilities and 

can be employed as electrode materials in solid state batteries and solid oxide fuel 

cells. Materials that are stable in a wide range of oxygen partial pressures and 

respond with voltage changes in varying gas atmospheres are candidates as pressure 

and gas sensors. Also, ceramic membranes, similar to those used in fuel cells, can be 

employed as hydrogen pumps. These are using electrochemical transport reactions as 

a method for compression of hydrogen into the liquid state. 
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1.5 LaNb3O9 

In ancient times ceramics were admired for beauty, diversity, mechanical hardness 

and practical appliances. It the modern area scientists have recognized the electronic 

abilities of these materials, both as fantastic insulators, semiconductors and even 

superconductors. Since the early 80s detailed investigations of ceramics consisting of 

rare earth metal oxides have been of great interest in the search of materials suitable 

in SOFCs. The rare earth metals are the naturally occurring elements of scandium, 

yttrium and the lanthanides (excluding promethium). Many metal oxides of these 

elements have been investigated over a wide range of temperatures and in changing 

gas atmospheres. The purpose of this is to characterize their electronic and ionic 

conductivities, chemical stabilities and structural properties and their potential 

usefulness in electrochemical cells. 

The metal-oxide LaNb3O9 (also written as La1/3NbO3) belongs to a series of niobium 

bronzoids with the general formula of RxNbO3 (R = La – Yb). In a bronzoid the 

amount of x is between 0 and 0.33. These materials all have the perovskite structure 

[3], a class known for its structural stability and electronic diversity. In 1967 P.N. 

Iyer and A.J. Smith [4] did the first detailed investigation of LaNb3O9, also known as 

lanthanum metaniobate. Later measurements by A.M. George and A.N. Virkar [5] 

showed that the material had interesting electronic behavior, and in the last few years 

the material has been reviewed as a candidate for anode material in solid state 

batteries. But details about its conductive properties are still largely unknown and few 

papers are published on the matter. 

1.6 Objective of the thesis 

The conductivities of metal oxides can be changed by doping. Doping is the 

substitution of an element in the crystal lattice with a foreign element. The effect of 

doping is reviewed in the theory part of the thesis. Few attempts have been made to 

dope LaNb3O9. In this thesis LaNb3O9 is doped with strontium (Sr) for the 
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substitution of lanthanum (La). The primary goal is to determinate the nature of the 

electronic and ionic conductivity of Sr-doped LaNb3O9. Lanthanum is substituted by 

dissolving a fraction of strontium among the reactants in the synthesis of LaNb3O9 

and maintaining the stoichiometric relationship. The product will nominally be La1-

xSrxNb3O9-α, (where α is the amount of oxygen vacancies) and strontium will be 

tested as a source of oxygen vacancies. 

Strontium has one valence electron less than lanthanum and its atoms can 

consequently accept electrons from the valance band of the material. Ideally La1-

xSrxNb3O9-α becomes a p-type conductor and is called an acceptor-doped material. 

Acceptor-doping can contribute to the formation of oxygen vacancies. The reaction 

can be visualized as: 

)(22 22
1/ gOSrvSrO LaO

X
La

X
O ++=+ •• .      (1.1) 

Oxygen vacancies might have great impact on the ionic conductivity. A possible 

mechanism of protonic transport by oxygen vacancies is: 

••• =++ O
X
OO OHOvgOH 2)(2        (1.2) 

Here the protons dissolve into the structure, associate with oxygen atoms and create 

hydroxide groups, . This thesis will focus on the defect structure and the nature 

of the conductivity in Sr

•
OOH

xLa1-xNb3O9-α. As well as the electronic properties, the 

transport of protons and oxygen ions is central. The conductivity behavior of Sr-

doped LaNb3O9 and its dependencies will therefore be investigated in a wide range of 

temperatures and gas atmospheres. A detailed derivation of the theoretical defect 

chemistry combined with presentation and interpretation of measurements will 

hopefully shed light over some of the properties of this material, its charge carriers 

and their contribution to the total conductivity. The thesis will clarify the impact of 

the Sr-doping of LaNb3O9 and how this may affect the sample and contribute to 

conductivity. Empirical data will be contemplated together with the theoretical 

approach and models. 
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2. Theory 

The theory of ionic transport is based on concepts in defect chemistry and its 

notation, thermodynamics, diffusion and electrochemical transport. Protonic transport 

of hydrogen is highly dependent of defect situation and structure of the material. 

Formation mechanisms of such defects and how they contribute to the conductivity of 

the material can be understood through a defect-chemical approach. The theory in 

this chapter is based on the textbook Defects and Transport in Crystalline Solids by 

Per Kofstad and Truls Norby [6].  

2.1 Defect chemistry 

2.1.1 Defects in crystalline materials 

The material presented in this thesis is polycrystalline. Reactions will mainly occur at 

about 400 – 1000 °C. The theoretical approach is based on materials of crystalline 

nature. A perfect crystal is only theoretically possibly at a temperature of 0 K. At 

higher temperatures, defects will eventually be forming. This can be explained 

through structure and thermodynamics. Since defects influence both the ionic and the 

electronic transport, it is important to consider the theoretical background of the 

defect chemistry. Calculated concentrations of defects and ionic transport show 

variations with changing chemical atmospheres, temperatures and partial pressures of 

oxygen. In reality the concentration of defects rarely correspond accurately with the 

calculated values, but models are helpful when studying the mechanisms and trends 

in a material.  

Generally defects are classified as either stoichiometric or non-stoichiometric. 

Stoichiometric defects exist in crystals with constant composition of atoms. Non-

stoichiometric defects are the result of a change in the composition of the crystal. If 

the defect is confined to a single structural or lattice space it is called a point defect. 
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Point defects have zero dimensions and can be a vacancy, an interstitial atom or a 

substitutional atom in the lattice. Further, several ordered point defects can compose 

line defects and shear defects. These are one-dimensional defects and can result in a 

plane of defects crossing the entire crystal. All the defects mentioned may 

simultaneously exist in a crystal component, depending on its chemical composition.  

2.1.2 Kröger-Vink notation 

The properties of inorganic crystalline materials are dependent of the type and 

concentration of defects that may occur. Different environments may lead to changed 

states in the structure. Today the notation devised by Kröger and Vink is convention 

and it is useful when describing charged defects relative to the perfect crystal.  

Vacancies, electrons, holes and interstitial and substitutional atoms are all common 

defects present in all crystals above 0 K. The Kröger-Vink notation is denoted as . 

In metal oxides the E is a metal (M), an oxygen (O) or  a vacancy (V) sitting on a 

lattice site specified as L. Depending on the defect, L may be a metal site (M), 

oxygen site (O) or interstitial site (i). Z is the charge. When working with point 

defects the charge is always related to the effective charge; the defect charge is 

relative to the charge of the perfect crystal. Negative charge is denoted with a line (/) 

and positive charge with a dot (•). An effective neutral charge is denoted with an X. 

Z
LE

Defect Kröger-Vink notation 
Lanthanum on lanthanum site x

LaLa  
Defect electron /e  
Electron hole •h  
Oxygen vacancy ••

Ov  
Interstitial oxygen //

iO  
Strontium on lanthanum site /

LaSr  
Hydroxide on oxygen site •

OOH  
Table 2.1: Kröger-Vink notation for some possible point defects. 

Point defects exist in the crystal matrix as a result of introduced impurities or defects 

inherent to the crystal lattice. They are dependent of the chemical ambience of the 
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crystal and the chemical species surrounding the crystal (gaseous atmospheres). The 

most important principles of defect reactions can be summarized as following: 

Conservation of mass: The defect reaction has to be balanced in agreement to the 

mass. I.e. the number of atoms involved in the reaction will have to be the same 

before and after the formation of new defects. Vacancies and electronic defects are 

considered to have no mass and do not contribute to the mass balance. 

Electroneutrality: The composition must remain electrically neutral (the sums of the 

effective charges are always zero). The total effective charge has to be the same 

before and after the formation of defects, relative to the perfect crystal. 

Ratios of regular lattice sites: The ratios of regular cation and anion lattice sites in a 

crystalline material are constant. E.g. if three anionic sites in the theoretical oxide 

M2O3 are removed or added, two cation sites has to be removed or added to maintain 

the ratio. Ions on interstitional sites are not considered as lattice sites and no sites are 

created in the formation of electronic defects. 

2.1.3 Defect reactions and equilibria 

Defect reactions follow the basic rules of chemical reactions. Point defects are 

considered as a solid solution in equilibrium with the chemical composition of the 

host crystal. Defects are thermodynamically treated the same way as chemical 

reactions in solutions and the law of mass action can be applied. A reaction has the 

general formula of: 

aA + bB = cC + dD        (2.1) 

By applying the law of mass action the equilibrium constant (K) can be formulated: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= b

B
a
A

d
D

c
C

mequilibriu aa
aaK         (2.2) 
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The chemical potential in a reaction is explained through the change in Gibbs free 

energy, ΔG. Gibbs free energy for a reaction is given by the energy of the products 

subtracted the energy of the reactants: 

 

)( BADC badcG μμμμ +−+=Δ       (2.3) 

The electrochemical potential of one mole of the constituent “i” in a mixture is: 

         (2.4) iii aRT ln0 += μμ

ai is the activity of the constituent “i” and μi
0 is the chemical potential of “i” at a 

predefined standard state of activity. In an ideal system, concentrations can be used 

instead of activities and by inserting equation (2.2) and (2.3) into (2.4). The Gibbs 

free energy is then expressed by the following equation: 

KRTGG ln0 +Δ=Δ         (2.5) 

ΔG0 is free energy in standard state, e.g. the difference in potential between the 

product and reactants under standard conditions. At equilibrium (ΔG = 0): 

000 ln STHKRTG Δ−Δ=−=Δ       (2.6) 

K is the equilibrium constant as expressed in equation (2.2). Equation (2.6) can now 

be rewritten as. 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ−
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ Δ
−=

RT
H

R
S

RT
GK

000

expexpexp     (2.7) 

The equilibrium constant is now expressed thermodynamically. This is essential in 

the theory of defect chemistry and defect thermodynamics. The expression applies for 

systems in equilibrium under the assumption of ideal conditions. K relates the activity 

of the products and reactants when equilibrium is reached at a certain temperature.  

2.1.4 Thermodynamics of defects 

The thermodynamics of defects are closely related to the thermodynamic of basic 

chemical reactions and can be explained through Gibbs free energy equation as given 

in equation (2.6): 
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STHG Δ−Δ=Δ         (2.8) 

The existence of defects of a specific concentration will result in an increase of 

enthalpy and a reduction of Gibbs free energy. Consequently the entropy and the 

enthalpy changes of defect formation are always positive. It is assumed that ΔG = 0 

at equilibrium. In a perfect crystal there are a certain number of positions (N) which 

represent the lattice spaces accessible for vacancy formation. When atoms diffuse to 

the surface, nv vacancies are formed. As a result, the lattice consists of N+ nv spaces 

after the formation. This number of positions is called configural entropy (ΔSconf) and 

is given by Boltzmann’s formula: 

( )
!!

lnln
v

v
conf nN

nN
kWkS

+
==Δ       (2.9) 

k is the Boltzmann’s constant, and W is the number of possible configurations of nv 

vacancies over N+ nv lattice spaces. Another entropy effect of the formation of 

defects is vibrational entropy change, ΔSvib. This is the entropy change from 

vibrations arising from the vacancies. The change in Gibbs free energy can now be 

expressed: 

( ) confvibv STSTHnG Δ−Δ−Δ=Δ       (2.10) 

Figure 2.2 illustrates the change of Gibbs free energy for a system. At equilibrium ΔG 

will be the minimum and the derivate is dG/dnv = 0. In crystals the numbers N and nv 

are very large and Stirling’s approximation (ln x! = x ln x – x for x >> 1) can be 

applied. Equation (2.9) is then rewritten as:  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +
+

+
=Δ

v

v
v

v
conf n

nN
n

N
nN

NkS lnln      (2.11) 

Combining equations (2.10) and (2.11), assuming ΔG is at equilibrium and finding 

the derivative, the resulting expression for the concentration of vacancies is: 

( ) 0ln =
+

+Δ−Δ=
Δ

v

v
vibv

v nN
n

kTSTH
n
G      (2.12) 
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the expression 
v

v

nN
n
+

 is here both the equilibrium constant (Kv) and the fraction of 

vacancies in the lattice. By rearranging equation (2.12) we get the equation: 

[ ] ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ
−⎟

⎠
⎞

⎜
⎝
⎛ Δ

==
+

=
kT
H

k
S

V
nN

n
K fvibr

E
v

v
v expexp     (2.13) 

[VE] is the concentration of vacancies as function of the enthalpy change and the 

vibrational entropy and temperature. 

      

E
ne
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y

0

0
Defects [ ], n

ΔG

-TΔSconf

nΔH

-nTΔSvib

 
Figure 2.2: The illustration demonstrates changes in enthalpy (nΔH), vibrational (-nTΔSvib) and configurational 

(-TΔSconf) entropy and Gibbs free energy (ΔG) versus the concentration of vacancies (n) in a solid. 

2.1.5 Electronic defects 

In order to understand the behavior of a material over a wide range of temperatures it 

will be important to take the intrinsic ionization of electrons into account. Many 

materials behave as insulators by room temperature, as semiconductors at 

intermediate temperatures (300 – 600 °C) and as metals at higher temperatures. 

Intrinsic ionization of oxides and the electronic contribution to the total conductivity 

can be explained by applying band theory. Electronic defects imply excitations of 

electrons from the valence band to the conduction band in a semiconductor. For 

stoichiometric oxides the energy required for the excitation is analogous to the band 
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gap. The energy of the band gap (Eg) varies with materials, but electrons never 

occupy energies inside the band gap. When an electron is excited from the valance 

band to the conduction band, the transaction is classified as an internal excitation. In 

the process an electron hole will form in the valence band. This can be expressed as: 

•+= he /0          (2.14)   

Delocalized electrons have the equilibrium constant (Ki) and is expressed as: 

[ ][ ] npheKi == •/         (2.15) 

n and p are short for negative (electrons) and positive (holes). The band gap (Eg) can 

be regarded as the ionization energy or the enthalpy of the intrinsic ionization. The 

Boltzmann approximation applies and the temperature dependence can be expressed 

thermodynamically as a product of the equilibrium constant given in equation (2.7): 

⎟
⎠
⎞

⎜
⎝
⎛ Δ−

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−==

RT
H

kT
E

KnpK ig
ii exp

2
exp,0      (2.16) 

It is assumed that no entropy change is involved in intrinsic ionization.  

Another situation applies for localized ionization of atoms in the lattice. Since the 

electrons are not delocalized they may be assigned to mixed valency in the lattice:  

•+= MM
X
M MMM /2         (2.17) 

As with delocalized electrons the equilibrium constant applies and the temperature 

dependence may be expressed thermodynamically. Since the species are ions only, it 

is important to note that entropy change (ΔSi) now can be taken into account. 

2.1.6 Acceptor- and donor-doping 

In material synthesis it is often a challenge to avoid contamination by unwanted 

foreign elements. In defect chemistry it is always desirable to avoid unnecessary 

defects and control the concentration of advantageous defects. When a foreign 

species intentionally is introduced to a host material during synthesis, it is called 

doping. The nature of the dopant can beneficially affect the conductive properties, for 
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example by contributing to the formation of wanted defects. When doping a material 

it is important to have the basic rules of solid solubility in mind – introduced dopants 

should have approximately the same ionic radius, valence and electronegativity as the 

lattice atoms. 

Substituting elements in a lattice (lanthanum) with atoms that have lower (strontium) 

or higher valence is respectively named acceptor- and donor-doping. Atoms of lower 

valence will readily accept electrons from the valence band and are called acceptors 

(A). The energy required for an acceptor to accept electrons is considerably less than 

the energy required for electrons to jump the whole band gap (Figure 2.1). Accepted 

electrons are localized and do not contribute to conductivity. It is the resulting 

creation of holes through the valence band that contributes to conductivity, and the 

oxide is called an n-type semiconductor. The defect reaction is expressed: 

•+= hAAx /          (2.18) 

When donor-doping, atoms of higher valence easily contribute their “extra” electron 

to the conduction band, and these elements are therefore called donors (D). The 

energy level (Figure 2.1) of the valence electrons is close to the conduction band of 

the material and little energy is required for them to contribute to conductivity. Such 

an oxide is an n-type semiconductor. The defect reaction is expressed: 

/eDD x += •          (2.19) 

When doping LaNb3O9 with strontium, the dopants are expected to substitute 

lanthanum on lanthanum-sites ( ). Since strontium has lower valence than 

lanthanum, the oxide is acceptor doped. Ideally the neutrality will be maintained by 

the formation of oxygen vacancies ( ). The vacancies can contribute to the 

diffusion of ions or protons. The dissolution of SrO in LaNb

/
LaSr

••
OV

3O9 is written: 

x
OO

x
NbLa OVNbSrsONbsSrO 2/172

13)(2
3)( /

52 +++=+ ••    (2.20) 

The equation (1.2) and (2.30) illustrates how oxygen vacancies can possibly facilitate 

formation of protonic defects. 
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Figure 2.3: Band model of an acceptor- and donor-doped semiconductor showing the formation of holes in the 

valance band and excitation electrons into the conduction band. 

2.1.7 Temperature dependence of defects 

The equilibrium constant for defect chemistry equations is dependent of temperature 

as expressed in equation (2.7). By assuming constant atmosphere, the change of the 

equilibrium constant can be written: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ
−=

RT
HKK

0

0 exp         (2.21) 

where K0 = exp(ΔS0/R). By reformulating equation (2.21) the equilibrium constant 

can be visualized as a function of inverse temperature: 

( ) R
H

Td
Kd Δ

−=
/1

ln         (2.22) 

This is Van’t Hoff’s equation, and when ln K is plotted against inverse temperature 

the incline (–ΔH/R) is obtained. By employing this principle changes in defect 

concentration can be shown as variations in temperature. By using the logarithm of 

the dominating defect concentration it can be expressed as a function of temperature 

by using the equilibrium equation (2.21) for the defect reaction: 
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[ ] ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ
−=∝

RT
H

KKdefects defectααα exp0      (2.23) 

α denotes the exponent of the equilibrium constant. defectHΔ is the defect formation 

enthalpy. 

2.2 Defect situation in LaNb3O9 

2.2.1 Stoichiometry in LaNb3O9 

Stoichiometric defects form without any reaction with the ambient environment and 

the composition of the crystal remains constant. However, to maintain neutral charge 

both negative and positive charged defects are normally formed. These defects are in 

equilibrium and will increase the entropy of the host lattice. The most common 

stoichiometric defects are the Schottky and Frenkel disorders. A Schottky defect pair 

is associated with the removal of cations and anions in the lattice. More accurately 

said, the vacancies are formed at external and internal surfaces or in dislocations and 

randomly diffuse into the crystal. In LaNb3O9 two cation vacancies and four anion-

vacancies are formed in the reaction:  

••++= ONbLa VVV 40 /5///         (2.24) 

Vacancies form on the surface and diffuse inside the sample until they are randomly 

distributed. This situation is not likely to spontaneously occur on a large scale in 

metal oxides and does not contribute to conductivity. Frenkel defects appear when an 

atom moves from a normal lattice position to an interstitial site: 

•••+= iLa
x
La LaVLa ///         (2.25) 

Perovskites have closely packed structures with highly charged and large ions. 

Naturally these types of disorders are very unlikely in these structures. When oxygen 

find interstitial positions ( ) and form oxygen vacancies, the situation an anion-

Frenkel disorder. This situation is more liable to occur in oxygen deficient oxides. 

//
iO
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2.2.2 Non-stoichiometry in LaNb3O9 

As variations in temperature, also variations in oxygen partial pressure can give rise 

to transitions of defect structures. This section reviews how acceptor doped LaNb3O9 

theoretically interacts with changing atmospheres. Concentrations of defects are 

calculated with respect to each other and their equilibria with changing oxygen partial 

pressures (pO2), water vapor partial pressures (pH2O) and temperatures. At low 

partial pressures of oxygen there will be a tendency of oxygen vacating their lattice 

sites and leaving oxygen vacancies behind. The reaction is written: 

)(
2
12 2

/ gOeVO O
X

O ++= ••        (2.26) 

Low oxygen pressure will increase the formation of vacancies by driving the reaction 

to the right. Then the equilibrium constant of the reaction is: 

[ ][ ] 2
1

21

2O
X

OOV
pnOVK

O

−••=••        (2.27) 

The concentration of the defects are indicated in the [], and the unit is mol per mol of 

composition. It should be noted that the concentration of neutral oxygen on oxygen 

sites always equals one ( [ ] ) since this is regarded as one of the solvents in the 

solid solution. Therefore the concentration of  are excluded in the rest of the 

calculations. 

1=X
OO

X
OO

High partial pressure of oxygen can result in the formation of metal vacancies as 

oxygen atoms are captured into oxygen lattice sites of the crystal: 

•+++= hOVVgO X
ONbLa 84)(2 /5///

2       (2.28) 

[ ][ ] 28///
2

−= O
V
NbLaV ppVVK

M
       (2.29) 

If this situation occurs, it is obvious that the concentration of electron holes will be 

increasing with increasing pO2. 
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When operating with water vapor pressure dependency, the dissolution of protons can 

come into play. Basic oxides often have affinity for protons and they are incorporated 

into the structures as hydroxide groups: 

)(
2
1222)( 2

/
2 gOeOHOgOH O

X
O ++=+ •      (2.30) 

Protons do not exist as individual species in the structure (see section (2.4.3). They 

associate with oxygen atoms and the defect is denoted as hydroxides on oxygen sites, 

. It should be noted that the expression is similar to the dissolution of hydrogen 

 when assuming that water and hydrogen are in 

equilibrium through the reaction

•
OOH

/
2 222)( eOHOgH O

x
O +=+ •

)()(21)( 222 gOHgOgH =+ . It proceeds that the 

formation of electronic and hydroxide defects have the corresponding equilibrium 

constants: 

[ ] 12
1

22

, 22
/

−•=• OHOOOHe
ppnOHK        (2.31) 

The expression reveals that the concentration of protons accordingly is dependent on 

both pO2 and pH2O.  

2.2.3 Electroneutrality 

The concentrations of ionic and electronic defects are dependent pO2, pH2O and 

temperature. In solid solutions, the principle of electroneutrality applies. After 

dissolution of defects the effective charge is kept neutral by oppositely charged 

defects. By considering the most likely defects presented in the previous sections, a 

set of defects and their concentrations can be arranged under the following 

electroneutrality conditions: 

[ ] [ ] [ ] nSrOHpV LaOO +=++ ••• /2       (2.32) 

Other defects may occur in the material, but they are assumed indefinitely small and 

not taken into account. When calculating the concentration in changing partial 

 



     20 

pressures it is assumed that a single pair of defects is totally dominating. The 

remaining defects are then removed from the electroneutrality condition.  

2.2.4 Defect equilibria 

As shown in section 2.2.3, electrons and oxygen vacancies can be assumed to be the 

dominating defects. The electroneutrality condition is presented as . Since 

oxygen vacancies will most likely form when the oxygen partial pressure is low, the 

insertion of the condition  into expression (2.27) will display the 

dependency of the defect concentration of n: 

[ ] nVO =••2

[ ] nVO =••2

2
1

3
22

1
OV pnK

O
=••         (2.33) 

By rewriting expression (2.33) the concentrations are of the majority defects n and 

 found: [ ••
OV ]

[ ] 6
1

3
1

3
1

2
22

−••
••== OVO pKVn

O
       (2.34) 

It is now clear that if the concentration of n is plotted versus pO2, the slope of the 

curve is -1/6 and thus denoting the partial oxygen pressure dependency of electrons at 

low pO2. When expression (2.32) is neutral, in equilibrium and  is the 

dominating defect pair,  or p are the minority defects. By inserting the 

concentration of electrons as given in expression (2.34) into the equilibrium equation 

(2.15) for the formation of electronic defects, the concentration of holes is: 

[ ] nVO =••2

•
OOH

6
1

3
1

3
1

2
2 OVi pKKp

O

−−

••=         (2.35) 

It should be noted that the concentration of holes has no water vapor dependency and 

no dissolution of water or hydrogen is involved. When calculating water vapor partial 

pressure dependencies, the same operations are executed as when calculating pO2 

dependencies of concentrations. When inserting the expression (2.34) into the 
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hydroxide formation equilibrium equation (2.31) the concentration of  at the 

given equilibrium becomes: 

•
OOH

[ ] 2
1

12
1

6
1

2
1

6
1

22
2 OHOVOHO ppKKOH

OO

−−•
•••=       (2.36) 

The concentrations of defects at low pO2 can now be entered into their respective 

Brouwer diagram (see chapter 2.3, Figure 2.4). 

If oxygen vacancies compensate for doping and are independent of pO2, another 

situation arises. The electroneutrality is expressed: 

[ ] [ ]/2 LaO SrV =•• =constant       (2.37) 

The following minority defect concentrations are: 

[ ] 4
1

2
1

/2
1

2
1

2
2

−

••= OLaV
pSrKn

O
       (2.38) 

[ ] 4
1

2
1

/2
1

2
1

2
2 OLaVi pSrKKp

O

−−−

••=        (2.39) 

[ ] [ ] 2
1

2
1

/2
1

2
1

2
2 OHLaOHO pSrKOH

O
•

−• =       (2.40) 

As shown in the defect situation (2.40) the concentration of  is dependent of 

pH

•
OOH

2O. In the following set of calculations, the defect concentrations are in 

equilibrium with pH2O. For simplicity the pO2 is assumed constant with increasing 

pH2O. The dissolution of water at low pO2 is presented in equation (2.30). The 

dissolvent of protons in oxygen deficient materials can also be expressed as a 

consummation of oxygen vacancies. This can be shown by combining equation 

(2.30) and (2.26): 

••• =++ O
X
OO OHOVgOH 2)(2       (2.41) 

Then the corresponding equilibrium constant is: 

[ ] [ ] 112

2

−−•••=• OHOOOH pVOHK
O

       (2.42) 
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•
OOHK  is the equilibrium constant of the hydratization reaction. The electroneutrality 

condition of defect concentration concerning increasing pH2O is still given by 

equation (2.32). But now the dominating defect pair and the electroneutrality are 

assumed to be: 

[ ] [ ]/
LaO SrOH =• =constant       (2.43) 

Here hydroxide ions compensate for the doping. By inserting using this assumption 

the concentrations is inserting into the respective equilibrium expressions for 

electrons and holes, and formation of oxygen vacancies and hydroxides, the 

following minority defect concentrations are found to be: 

[ ] [ ] 2
1

4
1

12
1

2
1

2
1

4
1

1/2
1

2
1

2222 OHOOVOHOHOLaVOH
ppOHKKppSrKKn

OOOO

−−•−−
•••••• ==   (2.44) 

[ ] 2
1

4
1

/2
1

2
1

22

−−−

•••= OHOLaVOHi
i ppSrKKK

n
K

p
OO

      (2.45) 

[ ] [ ] [ ] 12112/1
22

−•−−−••
•• == OHOOHOHLaOHO pOHKpSrKV
OO

    (2.46) 

According to equation (2.32) another electroneutrality condition is possible:  

[ ]/
LaSrp = =constant        (2.47) 

Here electron holes compensate for the doping. The following minority defect 

concentrations are: 

[ ] 1/ −
= Lai SrKn          (2.48) 

[ ] [ ] 2
1

2/2
2

−−••
••= OLaViO pSrKKV

O
       (2.49) 

[ ] [ ] 2
1

4
1

/2
1

2
1

1
22 OHOLaVOHiO ppSrKKKOH

OO

−−•
•••=      (2.50) 

The concentrations of defects as functions of pO2 and pH2O may now be illustrated 

by Brouwer diagrams (Figure 2.4 and Figure 2.5).  
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2.2.5 Donor-doping of LaNb3O9 

The effect of donor-doping is shown in equation (2.19). In donor-doped metal oxides, 

atoms of higher valence substitute those of lower valence and contribute with 

electrons to the conduction band. Donors may substitute lanthanum on lanthanum-

sites ( ), and the following electroneutrality condition can be visualized: •
LaD

[ ] [ ] [ ]••• ++=+ LaOLa DVpnV 23 ///        (2.51) 

The dominating defects and neutrality condition [ ] nDLa =•  can be assumed as 

electrons compensate for donors. At low pO2 oxygen vacancies may form, and by 

inserting the neutrality into expression (2.27), the concentration of oxygen vacancies 

is found: 

[ ] 2
1

2
2OVO pnKV

O

−••
••=         (2.52) 

The formation of metal vacancies is expressed as:  

•++= hOVgO X
OLa 2

3
2)(

2
1 ///

2        (2.53) 

This gives the equilibrium constant and concentration of [ ]///
LaV  : 

[ ] 2
1

23
2

///
2

///

−
= OLaV ppVK

La
        (2.54) 

[ ] 4
3

32
3

///
2

/// OVLa ppKV
La

−=         (2.55) 

At higher pO2 the dissolution of donors may be compensated by point defects. The 

neutrality [ ] [ ]•= LaLa DV ///3  is valid and the concentration of oxygen vacancies is 

independent of pO2. The reaction of the dissolution can be written: 

X
OLaLa OVDsDO 63)(3 ///

2 ++= •       (2.56) 

It follows that the concentrations of electrons and holes are dependent on the oxygen 

activity as shown in equations (2.54) and (2.55) and the concentrations are 
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proportional to respectively 4
1

2

−

Op  and 4
1

2Op . The defect concentrations can now be 

described as a function of pO2 in a Brouwer diagram (Figure 2.7). 

2.3 Brouwer diagrams 

When graphically describing the defect situation, the concentrations of defects are 

plotted against a predefined condition. In this case conditions are the partial pressures 

of oxygen and water vapor and the temperature. The resulting representations are 

called Brouwer diagrams. The plots do not show absolute values of concentrations. 

Some slopes may be exaggerated for clarity. Ideally the conductivity is proportional 

with the concentration of charge carriers and their mobility. By comparing measured 

values with the slopes of the dependencies, it is possible to estimate the defects which 

currently dominate in a sample. The logarithm of the defect concentration is plotted 

as a function of the logarithm of pO2 (Figure 2.4). The pH2O and temperature are 

assumed constant. The areas shown are at low pO2, when oxygen vacancies 

compensate for doping, and at higher pO2. 
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Figure 2.4: Brouwer diagram showing the oxygen partial pressure dependency of the defect concentration in 

acceptor-doped LaNb3O9. 
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The concentration of defects as a function of pH2O is shown in Figure 2.5. The partial 

pressures of oxygen and temperature are assumed constant. The areas are showing 

when the oxygen vacancies compensating for the doping and when hydroxide 

formation are compensating for the doping. 
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Figure 2.5: Brouwer diagram showing the water vapor partial pressure dependency of the defect concentration 

in acceptor-doped LaNb3O9. 

Expression (2.23) shows the general temperature dependence of defect formation. At 

constant partial pressure of gases, the defect concentration is a function of 

temperature by inserting the respective equilibrium constant.  

The dissolution of protons is considered an exothermal reaction. This results in 

increasing proton concentration at decreasing temperatures until the reaction is 

restricted by the doping level. At low temperatures the electroneutrality (2.43) is 

valid. In equation (2.46) the equilibrium constant for pH2O dependency of 

hydroxides is given. By rewriting the expression with respect to the equilibrium 

constant it is found to be 2
1

•
OOH

K . By inserting 2
1

•
OOH

K into expression (2.23) the 

dependency is: 
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The formation of oxygen vacancies is endothermic reactions. At high temperatures it 

is assumed that oxygen vacancies compensate for doping and the electroneutrality 

(2.37) is valid. At low temperature the equilibrium (2.41) is strongly displaced to the 

right and oxygen vacancies are consumed when equilibrium with water vapor is 

reached. The respective equilibrium constant is given in equation (2.42) as . By 

inserting into expression (2.23) the oxygen vacancy dependency is: 

1−
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OOHK
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•
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The temperature dependencies are plotted as a Brouwer diagram (Figure 2.6).  

The temperature dependence of electronic defects is closely related to the band gap of 

the acceptor. Electrons and holes are considered to be localized at lattice ions and are 

called polarons. At high temperatures intrinsic to intrinsic ionization may occur as 

shown in equation (2.15). If  the equilibrium constants are pn = 2
1

iKpn == . When 

the Boltzmann approximation (2.16) applies, the intrinsic ionization is expressed: 
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      (2.59) 

  

The dependency is ½. ΔHi is the formation enthalpy n or p (the ionization energy in 

the band gap). Simultaneous formation of point defects can annihilate electronic 

defects. Intrinsic formation of oxygen vacancies is temperature dependent and 

influences the concentration of electronic defects. In case of metal oxides this often 

depends of oxygen activity. Enthalpies controlling temperature dependence of 

electronic defects and formation of oxygen vacancies are unknown. The expression 

(2.15) of intrinsic ionization of electrons can be entered into the expression (2.26) for 

formation of oxygen vacancies: 
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Inserting the expressions into equation (2.16) show how the electronic defects are 

governed by the enthalpy of oxygen vacancy formation. Then the temperature 

dependency of n and p is: 
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     (2.63) 

It is not possible to describe partly filled acceptor levels through Boltzmann statistics. 

If electrons and holes are assumed to follow the case of intrinsic ionization and the 

electronic contributions from dopants are constant, the expression (2.59) indicates the 

temperature dependencies. 
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Figure 2.6: Dependency of the concentration of ionic and electronic defects as a function of reciprocal 
temperature. 

The case of donor-doping is described in section 2.2.5. This situation can be 

illustrated in the following Brouwer diagram (Figure 2.7). 
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Figure 2.7: Brouwer diagram showing the oxygen partial pressure dependency of the defect concentration in 
LaNb3O9 donor-doped with a cation of higher valence. 

2.4 Diffusion 

Without defects there is no diffusion in crystalline materials. The existence of point 

defects gives rise to diffusion mechanisms which allow movement of defects. The 

forces behind steady-state diffusion in a gradient and diffusion mechanisms in a solid 

is explained by Fick’s laws. 

2.4.1 Fick’s laws 

Fick’s first law of diffusion describes a flux as proportional with a concentration 

gradient in a plane. The flux is a measure for the speed of diffusion and is expressed: 

dx
dcDj particles −=         (2.64) 

jparticles is the flux density (mol m-2 s-1), dc/dx is the concentration gradient of the 

particles and D (m2 s-1) is the diffusion coefficient. The negative sign reflects particle 

flow from high to low concentration and shows how concentration is the driving 

force behind the diffusion (Figure 2.8). 
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Figure 2.8: Schematic illustration of Fick’s first law. 

By assuming ideal conditions, the concentration difference is the driving force behind 

the diffusion and thus effectively replaces the activity of the species. In reality it is 

difficult to have a constant concentration gradient through a sample. 

The diffusion coefficient of a species in a crystalline material is related to the 

frequency the species jump from one lattice space to another. Fick’s first law is 

derived by regarding the system as two separate planes with a distance (s), each with 

a concentration of particles of c1 and c2. The jump frequency of a particle from one 

plane to another is denoted Γ. Since the number of particles jumping (ni) can be 

expressed as the product of volume concentration of particles and the distance of the 

planes, the flux density can be written as: 

( ) Γ−= sccj particle 212
1        (2.65) 

If the distance is small, dc/dx can be assumed to be linear, and the relation of 

concentration can be expressed by the concentration gradient normal to the plane: 

dx
dcscc −= 21         (2.66) 

if c1 < c2 the total flux can be written: 

dx
dcsj particle Γ−= 2

2
1         (2.67) 

where the diffusion constant is Γ= 2

2
1 sDparticle . It should be noted that this expression 

is only valid for diffusion of particles in one dimension. Fick’s first law assumes ideal 
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conditions, neutral particles and that the concentration gradient is the exclusive 

driving force. Fick’s second law is used when the concentration and concentration 

gradient are changing with respect to time. Since the change over time is proportional 

with the gradient of flux at the same position:  

dx
dj

dt
dc

−=          (2.68) 

At any given time and position Fick’s first law is valid, and so: 

⎟
⎠
⎞

⎜
⎝
⎛=−=

dx
dcD

dx
d

dx
dj

dt
dc        (2.69) 

Assuming the diffusion coefficient to be constant (independent of concentration) the 

equation (2.69) can be rewritten: 

2

2

dx
cdD

dx
dc

dx
dD

dx
dcD

dx
d

dx
dj

dt
dc

==⎟
⎠
⎞

⎜
⎝
⎛=−=      (2.70) 

This is called Fick’s second law. 

2.4.2 Diffusion mechanisms 

An atomic description of the mechanisms of lattice diffusion can be explained by 

examining the nature of the defects. Different defects give rise to varying diffusion 

mechanisms; The vacancy mechanism takes place when the nearest atom makes a 

jump to a vacant site and therefore creates a new vacancy at its original site. The 

interstitial mechanism is occurring when an interstitial atom jumps to the nearest 

other interstitial position. This requires a significant deformation of the lattice and 

will mostly occur for small interstitial atoms. The interstitially mechanism occurs 

when an interstitial atom occupies a normal lattice space by pushing a lattice atom 

into an interstitial position.  
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2.4.3 Diffusion of protons 

Proton conductivity plays a key role in the production of power in a fuel cell. It is 

clear that several mechanisms govern the movement of protons in materials. In an 

extensive review K.D. Kreuer [7] presents detailed explanations of theoretical 

mechanisms of proton conductors. 

In metal oxides temperature dependent protonic diffusion is a widespread 

phenomenon. The formation of a protonic defect can arise as shown in reaction (1.2). 

Protons dissolved in oxides associate with oxygen ions (O2-) and form hydroxide ions 

(OH-). Protons contain no electrons and are attracted to the free electron pair at the 

oxygen. Rapidly rotating around the oxygen, the proton reaches equilibrium as the 

electrostatic repulsions of the nuclei come into play. The resulting activated complex 

has presumably a low activation barrier. The energy required to disassociate and to 

reform a bond with neighboring oxygen is strongly dependent upon the proximity of 

the oxygen, bond strength with the present oxygen and polarizability of the 

surrounding cations. Transport mechanisms for protons in metal oxides following this 

mechanism are referred to as the Grotthuss mechanism (free-proton mechanism). The 

dynamics of the coupling are localized abound the two nearest oxygen atoms. The 

process can be described in two steps: reorientation and transfer. Reorientation is the 

movement of the proton to an advantageous position. Stretching and bending of the 

oxygen bonds can eventually result in the diffusion of a proton between oxygen 

atoms. Transfer is the formation of an equilibrium site for a proton between two 

neighboring oxygen atoms – the proton then bonds fully with the next oxygen. 

Earlier it was thought that direct diffusion of OH--ions was the dominating transport 

mechanism. Later evidence supports the Grotthuss mechanism. The crystal structure 

in a metal oxide is generally a rigid lattice, strongly bond by the ionic and covalent 

interactions. With closely packed oxygen, hydroxide-ions are not susceptible for 

diffusion. And it is shown that the diffusion of hydroxides migrating via vacancies or 

interstitially will contribute considerably less to the protonic flux than measured 

values [7]. 
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2.5 Electrical and ionic conductivity 

2.5.1 Diffusion in an electrical potential gradient  

Most metal oxides are semiconductors and some have mixed conductivities. 

Electrical conductivity arises due to movement of electrons and ions in the solid 

oxide. The charge carriers are either cations or anions inherent to the material or a 

result of doping and external influences. For particles moving in a solid under an 

electric potential gradient, Fick’s first law applies: The flux of a particle in a solid is 

given in equation (2.64), and in this case the driving force is the negative potential 

gradient: 

dx
dDj ii
φ

−=          (2.71) 

For a species in a potential gradient: 

ji = civi = ciBiF         (2.72) 

The flux is the product of the concentration and speed or the product of the 

concentration, mobility (B) and force (F). A particle “i”, exposed to a force F, in an 

electrical field can then be described: 

eEz
dx
dezF ii =−=
φ         (2.73) 

where the electrical potential Ф is the driving force of the charges and E is the 

electrical field. zie is the charge. Inserting this equation in (2.72), the flux is written: 

ji = ciBiF = zieciBiE        (2.74) 

Using Ohm’s law the current density (Ii) of the particle can be expressed as the 

product of flux and charge: 

Ii = ji(zie) = (zie)2ciBiE       (2.75) 

The product of the mobility and charge of the particle is the charge carrier mobility 

ui: 
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ui = zieB         (2.76) 

By replacing the mobility in the expression (2.75) the current is written in terms of 

the conductivity: 

Ii = zieciuiE = σiE        (2.77) 

where σi = zieciui is the conductivity or the reciprocal resistance (S cm-1). 

2.5.2 Charge carrier contribution 

It follows that a material’s electronic abilities depend on the mobilities of electrons, 

holes and ions. Electronic defects have naturally higher mobility than ionic defects, 

and electronic contribution to the total conductivity can be significant. It can be 

assumed that the total conductivity is the sum of all conductivities: 

σtotal = Σiσi         (2.78) 

When differencing between charge carriers the contribution from individual 

components is: 

σtotal = (σc + σa) + (σn + σp) = σion + σel     (2.79) 

σc, σa denotes cation and anionic conductivities. Together they represent the ionic 

conductivity contribution, σion. σn and σp denotes electrons and holes and summed 

together they are the electronic contribution, σel. The transport number of the species 

is defined as the ratio of the partial conductivity and the total conductivity: 

total

i
it σ

σ
=          (2.80) 

The total conductivity can now be expressed as the product of the transport numbers 

and the individual conductivities: 

σtotal = σtotal (tc + ta + tn + tp)            (2.81) 

tc + ta + tn + tp = 1        (2.82) 
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2.5.3 Nernst-Einstein relation 

The Nernst-Einstein relation shows the connection between the equations of diffusion 

coefficient (2.64), mobility (2.76) and current density (2.77): 

22ezc
kT

ez
kTukTBD

ii
i

i
iii σ===       (2.83) 

A prerequisite is random diffusion and it is generally valid for diffusion of atoms and 

ions. It is assumed total independence of electronic and ionic defects. The equation 

can apply for electrons if the process is an activated hopping process as described in 

section (2.4.3). 

2.5.4 Temperature dependence of the conductivity 

Equation (2.77) shows that the temperature dependence of the conductivity is decided 

by the temperature dependence of the mobility and charge carrier concentration. The 

mobility of a particle will have a temperature dependence related by the Nernst-

Einstein equation (2.83) and the expression for change in Gibbs free energy (ΔGm). 

The diffusion constant of a species jumping to another site in a crystal lattice is 

expressed as: 
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Z is the number of available neighboring sites. Diffusion is in a single direction (Z=1) 

and with a constant jump distance (s). pt is a transmission coefficient. ΔSm and ΔHm 

are the change of entropy and enthalpy of an activated species, e.g. the difference 

between equilibrium position and potential barrier for movement. By inserting the 

expression (2.84) into the Nernst-Einstein relation (2.83) the result expresses the 

temperature dependence of the conductivity: 
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The resulting equation can be simplified by defining the constants and the entropy 

parts as a preexponential factor A. This is now an Arrhenius-type expression:  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
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⎠
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A

RT
HH

T
A iactivationifim

i
,,, expexpσ    (2.86) 

A contains the mobility entropy, and Eactivation, i is the activation energy of the 

mobility. The total conductivities can be obtained by summing all partial 

conductivities for all species. 
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3. Literature 

Proton conducting metal oxides are of great interest and numerous papers have been 

published on the matter. In a recent review, T. Norby et al. [8] resolves the diffusion 

mechanisms and the thermodynamic conditions behind protonic transport in oxides.  

The class of structures known as perovskites has shown great potential as ionic 

conductors. The ideal oxide perovskite has the general formula of ABO3, cubic 

( mPm3 ) structure and cubic close packing of atoms. They consist of B-site cations 

octahedrally coordinated by oxygen surrounded by cornering A-site cations. The 

bonding is basically ionic. The structure is diverse and prone to distortions. 

Distortions often originate from rotation/tilting of the BO6 octrahedra, Jahn-Teller 

effects, covalency and substitutional cations. Distortion often leads to ordering of the 

structures, whereas the double perovskite is the most common [3]. This is the case of 

LaNb3O9 (Figure 3.1) which has A-site La-vacancy distortion and belongs to the 

subclass called bronzoids. P. Hagenmuller et al. [9] explain that inherent cation 

vacancies as seen in LaNb3O9 are easily created due to high coordination numbers 

(CN 12). In LaNb3O9 lanthanum atoms randomly occupy one of two alternating A-

site planes. P. Hagenmuller et al. suggest this phenomenon is due to absence or 

delocalization of d-electrons on B-site cations. Non-stoichiometry in perovskites is 

common and usually a result of inherent oxygen 

vacancies. Such vacancies either cluster or form corner-

sharing tetrahedras (from BO6 octahedras) which normally 

order in planes. B-site vacancies are rare because B-B 

repulsion is strongly attenuated in the corner sharing 

octrahedra. According to P. Hagenmuller et al., anion 

excess-non-stoichiometry is difficult to introduce into the 

compact structure, but still possible with a very high donor 

concentration or through modifications of the structure.  
Figure 3.1: Model depicting the tetragonal structure of LaNb3O9. The model is drawn by using experimental 
data from B.J Kennedy et al. [10]. 
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3.1 Properties of LaNb3O9 

Several structural characterizations of LaNb3O9 have been attempted. Some data are 

presented in table 3.1. Few attempts have been done to dope the material and execute 

conductivity measurements in controlled atmospheres. 

LaNb3O9 Physical parameters Ref. 
Space group (RT, T) Cmmm (25 °C), P4/mmm (>360 °C) [10] 
Cell parameters (RT): a, b, c 7.8562(2), 7.8361(2), 7.9298(2) Å [10] 
Cell parameters (T): a, b, c 3.92446(5), 3.92446(5), 7.9461(1) Å [10] 
Coordination: La3+ CN 12, cubo-octrahedral site [3] 
Coordination: Nb5+ CN 6, octrahedral site [3] 
Ionic radius: La3+ 1.36 Å [11] 
Ionic radius: Nb5+ 0.65 Å [11] 
Tolerance factor, t 0.959 [12] 
Density 5.01 g cm-3 [13] 
Formation enthalpy -47±2 kJ mol-1 [12] 
Melting temperature 1430 ± 20 °C [14] 
Table 3.1: Data for LaNb3O9. The structural parameters apply for orthorhombic LaNb3O9 at room temperature 
(RT), except the tetragonal (T) parameters. 

3.1.1 Structure 

In 1967 the scientists P.N. Iyer and A.J. Smith undertook one of the first documented 

studies of the transition metal oxide LaNb3O9 [4]. At the time, series of studies of 

ceramics were executed to better understand how f-electrons interact in chemical 

bonding. The rare earth metal oxide, also known as lanthanum metaniobate, was 

characterized using X-ray techniques on a single crystal of LaNb3O9. The resulting 

patterns showed A-site lanthanum ions and oxygen octahedras coordinated around B-

site niobium – the ABO3-pattern typical for perovskites. The researchers also 

discovered that the A-sites alternated between partly La-occupied (67 %) layers 

(0,0,0) and completely La-vacant layers (0,0,1/2).  

Later, several groups have examined the structural properties of LaNb3O9. The focus 

has been on the material’s capacity to accommodate lithium ions in the lattice and its 

noteworthy ability of maintaining an almost identical structure before and after 

insertion. Lithium insertion in non-stoichiometric transition metal oxides is of 
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particular interest as materials for lithium-ion batteries and in basic studies of solid 

state electrochemical reactions. LaNb3O9 is characterized as a highly A-site deficient 

perovskite. The inherent La-vacancies can possibly facilitate Li-insertion and 

movement of the Li+-ions through the lattice as a charge carrier. LaNb3O9 has 

recently been under investigation mostly due to this property and several papers have 

been published on the matter [15-19]. In 2003 C.J. Howard and Z. Zhang published a 

paper characterizing La2Ti3O9 [20] as almost completely isostructural to LaNb3O9. In 

2004 C.J. Howard and Z. Zhang, and then B.J. Kennedy et al. published structural 

studies of the pure material LaNb3O9 [10, 21].  

As found by Iyer and Smith, La-ions exist in ordered and alternating planes (001) of 

layered lanthanum ions and lanthanum vacancies. Their results indicated lattice 

dimensions which corresponded to the tetragonal P4/mmm space group. In terms of 

unit cells, this can be denoted as a 1x1x2 cell (compared with the parent cubic mPm3  

aristotype 1x1x1 cell). LaNb3O9 consists of corner sharing NbO6 octahedras 

surrounded by lanthanum. Such octahedras are ruled by strict bonding requirements. 

The most common distortion is the displacement of oxygen anions originating from 

octrahedral tilting [22]. A combination of cation vacancy disorder and octahedral 

tilting can easily give rise to the orthorhombic structure [21]. 

  
Figure 3.2 (left): Orthorhombic structure of LaNb3O9. Illustration taken from [15].  
Figure 3.3 (right): Schematic images showing tilting of NbO6 octahedras. Above: (200) projection of 
perovskite structure. Below: 3D-description. There is no consideration of periodicity for crystal symmetry. 
Illustration taken from [18]. 
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L. Carrillo et al. [13] verified the expected X-ray diffraction reflections indicating 

layered ordering of cations/vacancies at the A-sites. The group characterized 

LaNb3O9 as orthorhombic Cmmm structure (Figure 3.3) and found evidence of a 

superstructure. Tilting of NbO6 octrahedra was first suggested by M. Nakamaya et al. 

[18].  

B.J. Kennedy et al. [10] detected weak r-point reflections and peak splitting from out-

of-phase tilting of the NbO6 octrahedra (Figure 3.3) which accounted for the 

orthorhombic structure. Due to dominating heavy metal peaks the possible peak 

splitting resulting from tilt angles are notoriously difficult to observe. However, the 

octahedral tilting was estimated to be ~4.7° and the space group was found to be 

Cmmm orthorhombic. Glazer’s notation describes the tilt-situation as a -

system. This denotes out-of-phase tilting along the a-axis of the octrahedra [21]. 

Consequently the resulting lattice has 2x2x2 dimensions (Figure 3.2). B.J. Kennedy 

et al. [10] did temperature dependence measurements of lattice parameters. The 

results showed a phase transition from the orthorhombic unit cell to the tetragonal 

P4/mmm structure at elevated temperatures. This was a result of decreased 

orthorhombic strain (e

00cba −

ortho) and was followed by a decrease of octrahedral tilting. The 

strain was linearly dependent of temperature and the transition from orthorhombic at 

room temperature to tetragonal at is continuous. The structure is fully tetragonal at 

~360 °C.  

B.J. Kennedy et al. [10] explain the layering of atoms and vacancies as a result of 

BVS (Bond Valence Sum) on the individual lattice sites. At the 4g-site (0,0,0) BVS is 

2.51 and at the 4h-site (0,0,1/2) BVS is 2.04. A BVS of 2.04 will lead to severe 

underbonding of La3+ and consequently it bonds to 4g-sites and leaves 4h-sites 

vacant. This results in a disordered La-occupancy of every second A-site layer. The 

occupancies of the layers by La-atoms are 0 % and 67 %. The resulting vacancies are 

100 % and 33 %. The trend is not temperature dependent [10, 23]. 

R.A. Dilanian et al. [24] first expressed isostructure between La2Ti3O9 and LaNb3O9. 

H. Yoshioka and S. Kikkawa [25] refined the La2Ti3O9 structure and affirmed 

alternating layers of vacancies, octrahedral tilting conditions (~4.7°) and 
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orthorhombic cell structure. Later C.J. Howard and Z. Zhang [21] detected 

orthorhombic (Cmmm) distortion from to tilting of the octahedras. In La2Ti3O9 the 

vacancy percentages are interchanged with those of LaNb3O9 [10].  

3.1.2 Stability 

A.M. George and A.N. Virkar [26] investigated the thermal properties of LaNb3O9. In 

studies based on crystallographic data they established the thermal expansion of 

LaNb3O9 using high temperature XRD (25 – 1227 °C). They observed a small 

volume increase of less than 2 %. The thermal expansion shows a change of slope in 

volume versus temperature at 612 °C. This is in good agreement with their suggested 

defect structure [5] which involves formation oxygen vacancies at temperatures 

above 577 °C. Thermal expansion arises due to anharmonicity of lattice vibrations 

(independent atomic vibrations), but vacancies can act as sinks to dampen the 

vibrations. The bulk disorder from native La-vacancies ( ) and oxygen vacancies 

( ) diminish the periodicity of the sublattice and consequently reduce thermal 

vibrations. They therefore conclude that the anomaly at 612 °C is a result of oxygen 

vacancy formation, followed by an increase of crystal entropy. By measuring unit cell 

volume and comparing calculated thermal expansion coefficients of the cell constants 

(α

X
LaV

••
OV

a and αc) the authors find that are formed in the equatorial planes (004) of the 

NbO

••
OV

6 octahedras, and the strongly bonded O-Nb-O axial chains (001) remain 

unaffected.  

S. Raghavan [27] determined the Gibbs energies of formation of LaNb3O9. Galvanic 

cell technique at high temperature with a CaF solid electrolyte was utilized. The 

formation energy (ΔG0
f ) from the component oxides (La2O3 + 3Nb2O5  2LaNb3O9) 

was found to be -65.5±5 kJ/mol.  

L.A. Reznitskii [12] calculated and measured formation enthalpies of LaNb3O9 from 

constituent oxides (Table 3.2). The researcher calculated the enthalpies by using the 

formula: 

ΔHox = -31.1 + 0.84∑δH, kJ/mol      (3.1) 
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∑δH is the sum of enthalpies of changes in cation coordination number upon 

formation from constituent oxides. He also used the formula: 

ΔHox = 1.333[-60+500(1-t)], kJ/mol     (3.2) 

where t is the tolerance factor.  

 CN change t ∑δH ΔHox 
(3.1) 

ΔHox 
(3.2) 

ΔHox  
(measured) 

LaNb3O9 LaO7 LaO12 0.959 -11 -40 -53 -47±2 
Table 3.2: Calculated and measured values of formation enthalpies of LaNb3O9 [12]. 

The tolerance factor (t) is a widely used index for geometric relationship of atomic 

positions in perovskite structures [28]. The tolerance factor is defined by: 

[ ])()(2
)()(
OrBr

OrArt
+

+
=         (3.3) 

The reaction enthalpy of the formation in perovskite oxides shows a dependency of 

the tolerance factor t. r(A), r(O) and r(B) are the radii of the elements. The tolerance 

factor describes the magnitude of distortion in the perovskite from the ideal cubic 

structure as a result of relationship between A-O and B-O bond length. A tolerance 

factor close to unity (0.9 – 1.05) may indicate high stability [3]. 

A.M Abakumov et al. [23] investigated low temperature properties of lanthanum 

metaniobate. The group La-doped several samples up a maximum of La1.15Nb3O9 and 

found that the homogeneity range of solid solutions in LaNb3O9 was 0.15. By 

combining crystallographic data with evaluations based on Madelung’s constants and 

doping levels they could conclude that all La3+ cations exclusively occupy the (0,0,0) 

positions in the crystal. Occupancy in the vacant (0 % La-occupancy) plane (0,0,1/2) 

would drastically reduce stability. The already vacant plane is consequently left 

unoccupied, and the partly occupied (67 % La-occupancy) plane (0,0,1/2) is further 

populated by La-cations. S. Ebisu et al. [29] later found a maximum homogeneity 

range of 0.10. Both groups suggested a partial reduction of niobium cations between 

Nb5+ and Nb4+. 

 



     42 

3.1.3 Conductivity 

A.M. George and A.N. Virkar [5] attempted to characterize the electronic and ionic 

properties of pure LaNb3O9. They suspected that the large amount of native La3+ 

vacancies and large voids (2.75 Å) could contribute to ionic conductivity. Based on 

previous work [26] the authors claimed that both structural and thermodynamic 

criteria of high ionic conductivities were present in the material. Figures 3.4 – 3.7 

show experimental data from [5]. 

 
Figure 3.4 (left): a) Temperature dependence of a.c. conductivity in LaNb3O9. (b) Calculated La3+-diffusion 
coefficients at changing temperatures. 
Figure 3.5 (right): Variation of the ionic transport numbers with temperature in LaNb3O9. 

 
Figure 3.6 (left): Temperature dependencies in oxygen partial pressures of 100 kN/m2 (1.0 atm), 20 kN/m2 
(0.2 atm) and 0.3 kN/m2 (0.003 atm). 
Figure 3.7 (right): Oxygen partial pressure dependencies at 1100 K, 1000 K, 910 K and 833 K. 
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A.M. George and A.N. Virkar conducted the following experiments: 

• d.c. resistances measured versus time at changing temperatures. Polarization 
was found high at low temperatures and low at high temperatures. This 
indicated a transition of conduction mechanisms. 

• a.c. resistances were measured using impedance techniques. The temperature 
dependence of the conductivity was taken between 227 -1000 °C (Figure 3.4). 
At low temperatures the conductivity was fairly low and increased linearly 
with temperature. The contribution was assumed to be mostly ionic. Activation 
energies calculated at ionic region were 0.19 eV. The authors suggest a small 
electronic component due to trapped or newly formed oxygen vacancies. After 
the phase transition at 577 °C the conductivity increased drastically. The 
conductivity became mainly electronic due to electronic contribution from 
oxygen vacancies, and the ionic conductivity was expected to decrease. 
Activation energies calculated at electronic region were 1.58 eV. 

• Microthermogravmetric analysis in air (577 – 727 °C). The analysis showed a 
continuous loss of oxygen above 577 °C. The process was completely 
reversible. 

• Galvanic cell measurements (pO2– LaNb3O9 – pO2) at 1 atm and 0.003 atm. 
E.M.F. measurements were only possible above 527 °C due to slow 
equilibrium. The transport numbers were plotted vs. temperature (Figure 3.5).   

• Temperature dependencies in oxygen partial pressures of 1 atm, 0.2 atm and 
0.003 atm, showing decreasing conductivity at increasing pO2 (Figure 3.6). 

• Oxygen partial pressure dependencies at constant temperatures. pO2 was set at 
1 atm, 0.2 atm and 0.003 atm and the conductivity showed pO2 dependency of 
-1/6 (Figure 3.7). 

• Solid state electrolysis. By using SEM analysis after electrolysis, La-
movement in the sample was verified. 

• Diffusion coefficients were calculated by using Nernst-Einstein relation 
(Equation 2.83) for all d.c. and a.c. measurements. The activation energy of 
0.20 eV corresponded with ionic conditions at low temperatures.  

A.M. George and A.N. Virkar concluded that the ionic conductivity at lower 

temperatures is a result of the disordered La-sublattices of unoccupied and partly 

occupied planes. They believed the vacancies create interconnected 3-dimensional 

channels and described this phenomenon as a liquid-like behavior which enables 

ionic motion: i.e. the large numbers of vacancies enable the labile La3+-ions to jump 
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to new sites. This involves no formation of new vacancies and consequently the 

jumps have low activation energy (0.19 eV). The low conductivity contribution from 

the La3+-ions was explained as a result of impediment of mobility due to the La3+-

ions high charge and size. The high electronic conductivity at higher temperatures 

was due to the contribution of electrons from the reversible formation of oxygen 

vacancies. The defect reaction is shown in equation (2.26). The conductivity is 

consequently pO2 dependent and the slope has a 61
2

−
Op  dependency. Later 

investigations by S. Ebisu et al. [29] agree with the activation energies found by 

A.M. George and A.N. Virkar and concluded that the conductivity is a result of the 

formation and transport of ionic La3+.  

E. Orgaz and A. Huanosta [30, 31] continued the investigations of LaNb3O9. They 

examined bulk behavior of several niobium oxides by using impedance spectroscopy. 

The compounds were RNb3O9 perovskites (R=La, Ce, Pr, Nd). The authors wanted to 

characterize the behavior of electronic and ionic conduction as a result of the vacant 

A-sites in these materials. The conductivity of LaNb3O9 sample was an order of 

magnitude higher than found by A.M. George and A.N. Virkar. The activation 

energies were similar. For LaNb3O9 the activation was 0.38 eV between 200 – 440 

°C. At higher temperatures, after the phase transition, the energy was 1.25 eV. The 

authors determined the d.c. (electronic) component from a.c. data by using impedance 

techniques at 25 - 730 °C (Figure 3.8 – 3.10).  The room temperature values were 

found by extrapolating a.c. values from higher temperatures.  

 
Figure 3.8 (left): Log σ of LaNb3O9 plotted temperature. The graph shows the temperature dependence of 
conductivities in air as found by E. Orgaz and A. Huanosta [31]. 
Figure 3.9 (right): Bulk and d.c. conductivity in air for RNb3O9 (R=La, Ce, Pr, Nd) [30]. 
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Figure 3.10 (left): Plot showing the ion-hopping rates ω0 and the d.c. conductivities of RNb3O9 (R=La, Ce, Pr, 
Nd). The upper symbols represent the hopping rate data and the lower are d.c. conductivities [30]. 
Figure 3.11 (right): Plot showing the activation energy Ea (eV) against the cell volume V (Å3). There is an 
increase of the activation energy when the cell volume diminishes. The solid line is for guidance [31]. 

TGA in air showed loss of oxygen at 445 °C. The electric conduction evidently 

showed dependence of the phase transitions. By study differences in the RNb3O9 

compounds a correlation between activation energies and unit cell volume (Figure 

3.11) was found. At decreasing cell volumes, a small increase of the potential energy 

barrier required for ionic transport could be seen. They calculated dielectric 

relaxation times as a function of temperature to classify the nature of ionic La3+-

jumps in the structures. They suspected that the ions were either confined inside their 

parent planes or could jump from one occupied plane to another. The results were not 

conclusive. By examining ionic hopping rate characteristics (below 327 °C) they 

found that the concentration of ions was dependent of temperature. In an attempt to 

classify the concentrations of mobile charge carriers they calculated the ion hopping 

rates (Figure 3.10). The results were not conclusive. In terms of conductivity, 

CeNb3O9 stood apart. The conductivity contribution in CeNb3O9 was presumed to be 

solely electronic and that an alternative conduction process dominates the material. 

They speculated that the difference could originate from the ionic size/charge and 

polarization attributes in the materials. In the case of LaNb3O9 they expressed that 

ionic conductivity was a result of cooperating interactions between mobile ions and 

ions on the rigid crystal lattice. 
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A. P. Pivovarova et al. [32, 33] offer an alternative explanation for the electronic and 

ionic conductivity contributions. The group studied conductivities in samples of 

stoichiometric LaNb3O9 and oxygen deficient, non-stoichiometric LaNb3O9-α in air. 

The conductivities are plotted as log σ versus reciprocal temperature (Figure 3.12) for 

both samples. The temperature range is 100 – 1100 °C. 

                                 
Figure 3.12: Temperature dependence of the a.c. conductivity (curve 1 and 2) and the d.c. conductivity (curve 
3 and 4) of lanthanum metaniobate. Curve 1 and 4 are respectively a.c. and d.c. measurements of 
stoichiometric LaNb3O9. Curve 2 and 3 are respectively a.c. and d.c. measurements of non-stoichiometric 
LaNb3O9-α [33]. 

A. P. Pivovarova et al. worked under the assumption that the samples always were 

partially reduced and anion deficient at high temperatures. d.c. and a.c measurements 

were used in an attempt to resolve ionic and electronic components (see equation 

2.73). The d.c. technique (polarization technique) was employed to find electronic 

component (σd.c. = σelectronic). Activation energy was found to be 1.40 eV. At lower 

temperatures a.c. measurements were used to find the ionic conductivity which 

supposedly dominates below ~470 °C (σtotal = σa.c). Activation energy was found to 

be 0.65 eV. 
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• Curve 1 (a.c.) of LaNb3O9 corresponds with that of A.M. George and A.N. 
Virkar (Figure 3.4).  

• Curve 2 (a.c.) of LaNb3O9-α stands apart by showing a drastically increase of 
overall conductivity. This was explained as a result of additional electrons and 
oxygen vacancies provided in the non-stoichiometric sample.  

• Curve 3 (d.c.) of LaNb3O9-α shows the electronic contribution. Below 500 °C 
the electronic contribution has an activation energy of 1.0 eV and was 
estimated to account for 0.5 – 1.0 % of total conductivity. The authors claim 
that the similarity of curve 2 and curve 3 in the electronic region is proof of 
consistency of the measurements. 

• Curve 4 (d.c.) LaNb3O9 shows mainly electronic contribution above the 
transition temperature. 

The temperature dependence of LaNb3O9-α is considered. The inflictions seen in the 

curves at ~470 °C are due to the phase transition in the material. The authors stressed 

that the electronic conductivity in LaNb3O9-α is not a result of intrinsic ionization, but 

due to the partial reduction of Nb5+ to Nb4+. Oxygen vacancies are the reducing 

species. The resulting Nb4+ possesses a weakly bonded electron easily contributed to 

the electronic conduction. La3+ is not susceptible to reduction. The situation was 

described as the formation of vacancies with localized electrons in both 

stoichiometric and non-stoichiometric samples: 
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The electrons are attracted to Nb5+. The total defect reaction is: 
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Using the law of mass action, the pO2 dependency of electrons is found to be: 
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This shows that the reduction of niobium has 4
1

2

−

Op  dependency of oxygen. The total 

chemical reaction produces reduced niobium and oxygen vacancies, and x is the 

degree of non-stoichiometry: 
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The authors concluded that oxygen vacancies contribute both to electronic and ionic 

conduction. The ionic conductivity contribution in LaNb3O9-α is dominated by ionic 

oxygen (O2-) jumping by oxygen vacancies. The activation energy of O2--conduction 

was calculated from curve 2 and was 0.65 eV. Anionic conductivity prevails by 98 % 

over cationic (La3+). The phase transition results in the disappearance of oxygen 

vacancies and anionic conduction. This implies purely vacancy assisted diffusion of 

anionic conductivity below ~470 °C. In stoichiometric LaNb3O9, migration of La3+-

ions play the role as dominating charge carrier, but the total ionic contribution is 

several magnitudes less than that in the non-stoichiometric material. 

A. P. Pivovarova et al. also had a band theoretical approach to the activation 

energies: The activation energy of electrons (ΔEa) should equal the formation 

enthalpy (ΔHf) of Nb4+. Using thermodynamic data from Nb2O5, ΔH0(298 K) is found 

to be 300 kJ/mol (3.1 eV). This is in agreement with activation energies (ΔE = 2E*, 

E*=1.50 eV for each mol niobium) found in the electronic regions. 

C.C. Torardi et al. [34] did luminescence characterization of niobium containing 

compounds. LaNb3O9 was synthesized using hydrothermal methods. A low 

temperature phase named α-LaNb3O9 was found. It consists of a monoclinic structure 

and it is irreversibly converted to β-LaNb3O9 if tempered in air at ~1200 °C. In 

literature the high temperature form of lanthanum metaniobate is often referred to as 

β-LaNb3O9. In this thesis the β-designation is disregarded. 
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4. Experimental 

In the thesis a series of measurements of the conductivity of 5 % and 2.5 % Sr-doped 

samples of LaNb3O9 are carried out. The samples are characterized before and after 

synthesis and experiments with X-ray powder diffraction (XRD) and scanning 

electron microscopy (SEM). SEM characterization is fully presented in chapter 5. 

The conductivity measurements were executed in a NorECs ProboStat measurement 

cell using a Schlumbergers Solarotron 1260 Impedance Analyzer. A 2-point 

conductivity measurement setup was initially tested. At intermediate temperatures 

and higher, the 2-point measurements exhibited increasing noise levels, possibly due 

to high conductivities out of range of the instrumental setup. Impedance sweeps at 

room temperature and at 400 °C in reducing atmosphere showed only noise, 

assumingly a result of inductance from high resistances in the sample. Resultingly the 

van der Pauw 4-point measurement method was applied at all conductivity 

measurements. 

4.1 Material synthesis of LaNb3O9 

4.1.1 Solid state reaction 

Conventional solid state reaction, also called the ceramic method or calcination, was 

chosen as method of synthesis of Sr-doped LaNb3O9. The method is widely used in 

inorganic chemistry and its simplicity makes it a powerful synthesis route. A 

diffusion controlled reaction between the oxide powders of the reactants takes place 

at elevated temperatures. As the product phase grows, the diffusion distance 

increases, and eventually restricts the reaction. A prerequisite for solid state diffusion 

is high surface contacts and small grain sizes are necessary to ensure homogenous 

products. 



     50 

Dense samples are often advantageous. After synthesis, the product powder is 

sintered close to the melting point. The driving force behind the process is reduction 

of the Gibbs free energy of the surface. The result is a considerable densification of 

the polycrystalline material. The mechanisms behind the mass transport are bulk- and 

surface diffusion. The process starts as a neck growth between the grains and 

followed by contraction. Pores close and are transported to the surface or trapped 

inside the sample. The resulting increase in density is accompanied by a decrease in 

volume. 

4.1.2 Sample preparation 

La0.95Sr0.05Nb3O9-α was produced from the powders of lanthanum oxide, niobium 

oxide and strontium carbonate (Table 4.1).  

Table 4.1: The reactant materials used for the synthesis of LaNb3O9. 

Compound Formula Company Purity Analysis no. 
Lanthanum (III) La2O3 Molycorp 99.99 % LOT 1012 = 
Niobium (V) oxide Nb2O5 Alfa Aesar 99.90 % LOT F26H31 
Strontium carbonate SrCO3 Alfa Aesar 99.00 % LOT X25510-3 

La2O3 and Nb2O5 were tempered for 4 hours at 600 °C for removal of adsorbed 

water. The reactants were mixed in stoichiometric amounts and ball milled with 

isopropanol in an automated agate mortar for 25 minutes. The mixture was dried in 

an oven at 140 °C for removal of isopropanol. After the evaporation the powder was 

recrushed manually in an agate mortar. A polymeric binder dissolved in ethylacetat 

was added before pressing. The powder was cold-pressed to insure maximum contact 

between the grains. The press operated at 5 tons of pressure and compacted the 

powder (greenbody) to a thin circular disk of 20 mm diameter. To avoid 

contamination and to ensure homogenous heating in the oven, the greenbody was 

placed between platinum foils under an alumina covering. The calcination reaction 

was carried out at 900 °C three separate times each for 15 hours in air. At about 800 

°C SrCO3(s) decomposes and leaves SrO: 

  
SrCO3(s)  SrO(s) + CO2(g)      (4.1) 
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Recrushing and pressing were repeated between the calcinations. After each 

treatment, powder of the sample was sent to XRD analysis. The diffractograms 

revealed polymorphous phases. The milling and cold-pressing were repeated two 

additional times, but the temperature was increased to 1000 °C and 1100 °C. The 

XRD analysis (Figure 4.4) now showed that the materials had reacted and the product 

was polycrystalline La0.95Sr0.05Nb3O9. The following reaction had taken place: 

0.1SrO(s) + 0.95La2O3(s) + 3Nb2O5(s)   2La0.95Sr0.05Nb3O9-α (s) (4.2) 

The La2O3 – Nb2O5 phase diagram shows a 

congruent melting temperature at about 

1430±20 °C (Figure 4.1). Due to uncertainty of 

the melting point and a metastable phase [34] 

close to the eutectic point, a dilatometric 

analysis was carried out (Figure 4.2) using a 

Netzsch DIL 402C, Germany. Powder of the 

calcined product was cold-pressed to a 5 mm 

diameter, circular bar. 
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Figure 4.1: The La2O3 – Nb2O5 phase diagram. Illustration modified from [14]. 

    
Figure 4.2: Dilatometric analysis in air showing the sample contraction as a function of time. The volume 

change is stable when cooling and this indicates successful sintering. The isotherm is 1300 °C. 
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The greenbody was placed in the dilatometer and temperature ramps with isotherms 

were cycled until the sample sintered. The melting point was found to be 1350 °C and 

the ideal sintering temperature was found to be 1300 °C. This lowering of expected 

melting point may originate from the introduction of dopants or the metastable phase. 

A 20 mm diameter greenbody was cold-pressed before sintering. The sample was 

placed between two sheets of platinum foil and then two disks of alumina. The 

sample was sintered in the oven at 1300 °C for 20 hours. The synthesis process 

described above was repeated with 2.5 % Sr-doped sample. The shrinkage of the 

greenbodies was considerable. After sintering and polishing (Figure 4.3) their 

thickness was respectively 1.62 and 1.04 mm. 

Relative density was 98-100 % of theoretical 

density. 
Figure 4.3: The finished samples were light brown in color. The 5 

% Sr-doped sample (left) after measurements and the 2.5 % Sr-

doped sample (right) before measurements. 

4.2 Characterization 

4.2.1 XRD 

After each calcination the products were delivered to X-ray powder diffraction 

analysis. A batch of powder was suspended in isopropanol and finely dispersed on a 

quartz substrate. Then the powders were dried before the sample holders were 

inserted into the diffractometer. A Siemens D5000 recorded the specters (Figure 4.4) 

using monochromatic Cu-Kα1 radiation. The calcination reaction was proven 

successful when the peaks in the spectra corresponded with the calculated 2θ values 

of LaNb3O9. The calculated 2θ values were found using the computer software EVA 

[35] . No foreign phases or strontium-dopant were detected. The instrument has a 

detection limit of ~3 %.  
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Figure 4.4: X-ray diffractogram of La0.95Sr0.05Nb3O9. All analyses were executed with following parameters: 
PSD fast-scan. Start 10.000° - end 90.015° - step 0.016° - step time 1 s – temperature 25 °C. Diffractograms 
from the top: 5 % Sr doped LaNb3O9 powder, 2.5 % Sr doped LaNb3O9 powder and 5 % Sr doped LaNb3O9 
after conductivity measurements. The peas at the bottom are calculated 2θ values from EVA [35]. 

4.2.2 SEM 

Scanning electron microscope (SEM) was utilized to characterize the surface of the 

samples after sintering and measurements. The SEM unit was a FEG-SEM Quanta 

200F, manufactured by FEI, US. A preliminary survey before measurements was 

executed to make sure the samples were successfully sintered and dense (Figure 4.5). 

All studies were done in high vacuum (10-5 Pa). A more detailed survey of the sample 

surface is presented in chapter 5. All variables, such as detector type, magnification, 

acceleration voltage (HV), spot size and working distance (WD) are denoted in the 

bottom of each SEM-picture. The SEM is equipped with an energy dispersive X-ray 

spectrometer (EDS). The EDS analysis reveals the relative percentage of the elements 

from a chosen bulk surface area. A typical EDS spectrum of the bulk surface is 

shown in Figure 4.6. Minute traces of foreign phases and contamination of the 

surface were detected in negligible amounts. Grain sizes are between 5 – 15 μm. 
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Figure 4.5: SEM-picture of unpolished surface of the 2.5 % Sr-doped LaNb3O9 sample showing the 
topography after sintering and before measurements. The grains may seem loosely packed, but further studies 
(Chapter 5) show that this is not the case. The sample proved to be quite dense and with few pores.  

 
Figure 4.6: EDS analysis of the bulk surface after sintering and before measurements showed the expected 
ratios of the elements in the bulk surface. The areas under the peaks are calculated, and the ratio of lanthanum 
and niobium is about 1:3. EDS is not an accurate method of determining oxygen.  
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4.3 Measurement cell 

The measurement cell (Probostat, NorECs, Norway) used for conductivity 

measurements is shown in Figure 4.7. An inner alumina tube supports the sample at 

the upper part of the measurement cell (hot zone). A spring loaded alumina assembly 

keeps electrodes and sample in place on the support tube (see section 4.5). There are 

two alumina gas supply tubes: One outer tube and one inside the inner support tube. 

Both tubes are placed as close to the sample as possible. This placing ensures equal 

gas composition and pressures on either side of the sample. For accurate temperature 

readings a platina/platina-10 %-rhodium thermocouple was mounted in sample-

height. All wires are alumina insulated. The assembly was covered with an outer 

quartz enclosing tube. The hot zone was centered in the heating element in an oven to 

ascertain homogenous temperatures. 

The base of the measurement cell (cold zone) is a stainless steel octagon containing a 

brass tube which supports the hot zone and gas outlets. The wires running down the 

base of the tube are collected and further feedthrough is by coaxial cables. The base is 

water-cooled and rubber rings ensure gas tightness. 
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Figure 4.7: Principle drawing of the sample in the hot zone of the measurement cell and photograph of the 

complete ProboStat unit.  
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4.4 Gas Mixer 

Figure 4.8 shows an illustration of the gas mixer unit used in the experiments. The 

gas mixer controls the different atmospheres during conductivity measurements.  

 
Figure 4.8: Illustration of the gas mixer unit used for the conductivity measurements. 

There are four flowmeter pairs, all connected in series. To achieve different partial 

pressures of oxygen, gases are diluted with argon before entering the measurement 

cell. 

Two gases are introduced into the gas mixer by flowmeter G1 and G2. The resulting 

mix of gases (MIX1) can be further diluted with G2 in the second (MIX2) and third 

flowmeter pair (MIX3). Each pair of flowmeters can dilute the gas in a ratio of about 

1:50. Each pair of flowmeters is connected to bubble columns (BC1 - 4) filled with 

dibutylphtalate. Dibutylphtalate has a low vapor pressure and has approximately the 

same density as water. Excess gas bubbles out of the columns. This way the total 

pressure of the gas mixes is constantly held at 1 atm. The bubble columns also 

function as emergency outlets if gas stops flowing through. The last pair of 

flowmeters, MIX3 and DM/G2, controls the amount of water vapor contents of the 

gases. By exclusively using MIX3 only wet gas passes through. The wetting column 

contains a solution of distilled water saturated with potassium bromide (KBr). This 

solution keeps the water vapor content at a constant ~0.023 atm. The DM/G2 
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flowmeter was used for drying purposes. The gas passes through a column filled with 

phosphorus pentoxide (P2O5) which has a great affinity for water. The exiting gas 

will ideally have water vapor content less than 1 ppm.  

Hydrogen, oxygen and argon were used to control the partial pressures of oxygen 

(pO2). The same gas mixtures were applied to both sides of the sample. As indicated, 

other gases were available, but not used. The height of the balls in the flowmeters 

shows the ratios of gases through the gasmixer. Using this ratios, the partial pressures 

of oxygen and water vapor can be calculated with the computer program Gasmix 

[36]. 

4.4.1 pO2 and pH2O control 

The conductivity was measured at different pO2-intervals at selected temperatures. 

The pO2 is varied from 1 atm to 10-22 atm. The pO2 is controlled by changing the 

ratios of the gases O2 + Ar + H2O and H2 + Ar + H2O. Pure O2, H2 and Ar were also 

used. The amount of water vapor partial pressures in these mixtures were held 

constant at each measurement. When the mixture contains water vapor it is denoted 

as “wet”, consequently a mixture lacking water is denoted as “dry”. Several 

measurements in dry oxygen were executed. 

The dependence of water vapor is measured by varying the partial pressure of water 

vapor (pH2O) in the measurement cell. As described above, the water vapor can be 

switched on and off. Intermediate pH2O could then be varied by using both the 

wetting- and the drying column simultaneously. 

4.5 Conducitivity measurements 

4.5.1 van der Pauw method 

van der Pauw method is based on a theorem derived by J.L. van der Pauw in 1958 

[37]. van der Pauw found that the specific resistivity (ρ) of a sample could be 
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determined by using a 4-point electrode set up. The technique is based around the 

Hall-effect, but no magnetic field is applied over the sample. The method is known to 

be very effective for characterizing the conductivity of semiconducting materials. In 

this thesis the setup is executed as described in the ProboStat manual [38]. A flat 

sample of uniform thickness and of circular shape with four ohmic point-contacts at 

the edges is assembled to the sample holder (Figure 4.9). The sample is fastened with 

two spring-force alumina tubes. A bridge tube connects two tubes, each with a pair of 

contact leads. 

Pt wires making 
point contacts on
sample edge

Interconnected
alumina tubes

Alumina 
support tube

Spring-loaded
alumina rods

Pt leads with
alumina insulation

   

Figure 4.9: Left: Illustration of the experimental assembly for using van der Pauw method for conductivity 

measurements. Right: Photography of actual assembly showing the four electrode contacts. 

The four electrodes are defined as the points A, B, C and D and each are classified as 

following: High current (HC,) high voltage (HV), low voltage (LV) and low current 

(LC). They were respectively placed in a clockwise manner. The wires ran down the 

assembly and eventually connected to four inputs at the multiplexer (see section 4.6). 

The symmetry of the contacts are not very important, but it is essential that the order 

HC-HV-LV-LC, or alternatively A-B-C-D, is in the same direction.  

After assigning the contacts, a.c. current IAB is injected through the sample by the A 

contact and taken out of the B contact. Ideally the current flows along the edge of the 

sample and is measured in amperes (A). The potential difference (a.c. voltage) 
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between the opposite contacts C and D, VD-VC, are measured in volts (V). Using 

Ohm’s law the resistance (Ω) of the sample can be calculated: 

AB

CD
CDAB I

VV
R

−
=,  and consequently 

BC

DA
DABC I

VVR −
=,   (4.3) 

where R is the resistance. The two measured resistances, the sample thickness d and 

the specific resistivity ρ are all related through the van der Pauw equation: 
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The thickness of the sample is a known value, but must be accurately measured. The 

resistances RAB,CD and RBC,DA are measured and the only unknown is the specific 

resistivity ρ. Since ρ=1/σ the formula easily can be rewritten in terms of conductivity: 

( ) ( ) 1expexp ,, =−+− DABCCDAB RR σπσπ      (4.5) 

The van der Pauw equation can not be rearranged to give the specific resistivity. It is 

thus impossible to express σ in terms of known functions. Iterative method is used to 

solve equation (4.5) numerically by computer software [39]. Nevertheless, the 

solution can be written on the form: 

( )DABCCDAB RRdf ,,

2ln2
+

=
π

σ        (4.6) 

where f is a factor dependent on a function of the ratio RAB,CD / RBC, DA. It is possible to 

simplify the equation by applying the reciprocity theorem [37]. When the sample has 

a line of symmetry, it can be proven that: 

DABCCDAB RR ,, =         (4.7) 

when the points A and C are positioned along a line of symmetry, and B and D are 

positioned equidistant and perpendicular to the AC line. It is then assumed that the 

resistances between each line are equal. Then the equation (4.6) can then be written 

as: 
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One single measurement is then sufficient to calculate the conductivity. The 

prerequisite is sample symmetry. 

4.5.2 Electrodes 

van der Pauw measurements do not require chemically bonded electrodes. The 

electrodes are defined as points and should be as small as possible. The electrodes are 

of platinum (Pt) wires. Contacts and leads are not of the same batch of wire, but are 

mechanically twisted together. A small drop of Pt-paint is dropped at each contact 

area before placing the electrodes at the material surface. When heated the paint will 

cure and create a finite contact spot. This will decrease the impedance of the contact, 

and hence the error. The electrode setup is shown in Figure 4.9. Two electrodes apply 

the current, and two electrodes measure the voltage. The contacts applying the 

current and measuring voltage drop are alternately switched (see section 4.6) so both 

RAB,CD and RBC,DA are found. These iterations are automatically executed by the 

computer software. 

The van der Pauw method is very vulnerable to highly resistive materials. Negative 

values are a consequence of high resistances or out-of-contact electrodes.  Loss of 

contact at reduced temperatures is common. An applied voltage was set to 2 V for 

avoiding blocking of the contacts due to mixed ionic and electronic conduction. The 

voltage can overcome an eventual activation potential of the electrode reaction. The 

initial measurements appeared consistent and no calibration against a material with 

known resistivity was executed. 

Loss of contact is a common problem when executing van der Pauw measurements. 

Thermal expansion of the alumina and sample material often leads to a displacement 

of the point contacts. This results in noise or loss of conductivity at lower 

temperatures. After setting up the measurement cell, the electrode contacts were 

tested. At 400 °C the electrical resistance between all electrodes was too high to be 
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measured through the coaxial cables. At 1100 °C the resistances between the contacts 

were ~1.10 kΩ. The equality of resistances indicates electrode contact. The ratio of 

RAB,CD/RBC,DA is be used as an indication of unwanted features in the measurement, for 

example poor electrode contacts and surface conductivity. The setup has to be 

adjusted until the ratio is ~1. 

4.5.3 van der Pauw with a.c.-instrumentation 

In his papers van der Pauw assumes d.c. measurements and the theory of the method 

is valid for d.c. resistances. In this thesis a.c.-instrumentation is used. This is possible 

as long as the applied frequency is low enough to make the imaginary part of the 

impedance negligible. Therefore the frequency is set at 1592 Hz, which is the lowest 

setting of the instrument. A.c.-instrumentation was preferred of following reasons: 

• The instruments are designed and effective for a.c.-measurements. This 
enables easy control of conductivity-dependency of frequency and/or voltage. 

• When executing measurements at very low or high temperatures, noise due to 
high capacitances over the electrodes is avoided. 

• By regulating voltage, noise from inductance in the sample is reduced. 

• The short circuiting of the contacts decreases their effective resistance. 

• The above mentioned points collectively reduce the electrodes to point 
contacts. 

4.6 Instrument control 

van der Pauw method requires coordinated and highly sensitive instruments. The 

instrument control consists of four units: the impedance analyzer, the high 

performance voltmeter, a switching and control bus and a connection matrix 

receiving the feedthroughs (Figure 4.10). 

The connection matrix, also called a multiplexer, serves as a power supply, a unit task 

manager and a relay to the computer. The multiplexer is linked to the measurement 
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cells through 10 arms. Each arm is in contact with 8 leads from each measurement 

cell: One pair of current- and voltage collectors and their shields. The setup enables 

several measurement cells to utilize the two measuring devices. The switching unit is 

also capable of controlling pairs of arms at the same time and hence alternating the 

measurements in one single cell (high and low current/voltage). This setup enables 

fully automated van der Pauw measurements managed by the computer and 

multiplexer unit. 

Temp. control Impedance
analyzer

Voltmeter

Multiplexer
interface

BUS

Arm 10

Arm 10

Arm 1

Switching relay  
Figure 4.10: Schematic illustration of the control units and connections. 

4.7 Sources of errors 

There are several significant error sources which should be considered when 

executing conductivity measurements using the van der Pauw method. In order to 

reduce errors in the calculations there are some precautions to consider [40]: 

• The sample thickness must be considerably less than its width and length. 

• Holes and large pores must be avoided. 

• Reciprocal measurements (see equation 4.3) require a symmetrical sample. 

• The electrodes should be placed symmetrically of the periphery of the sample. 

• The contacts and leads should be of the same batch of wire to avoid 
thermoelectric effects. Of similar reasons the contacts should be of the same 
material [38].  

• Electrodes are defined as points and must be as small as possible. Errors given 
by non-zero size will be in the order of D/L, where D is the average diameter 
of the contacts, and L is the distance between them. 
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The magnitude of error can be minimized by reducing the thickness of the sample. A 

sample thickness of 1.0 mm is recommended. The computer software will try to 

compensate for sample thickness. Consequently it is important to measure the 

thickness as accurately as possible. 

The accuracy of how the thickness of the sample was measured is probably a 

significant error source. A manual micrometer was used for this purpose, and the 

average thickness was calculated. The accuracy is estimated to be ±5 μm. This can 

create bias in the readings. However, this is a systematic error and the relative 

conductivities are maintained. Iterations of errors in the numerical analysis of the van 

der Pauw measurements are existent, but insignificant. 

In a second paper [40] J.L van der Pauw treated three error sources of the method 

(Figure 4.11) that arise from non-ideal electrodes. The following assumptions are true 

for ideal, circular disks of diameter D where the contacts are placed at 90° to each 

other. The three cases considered are: 

a) One electrode has an extension l along the edge 

of the sample. 

b) One electrode has an extension l perpendicular to 

the edge. 

c) One electrode, although a point contact and 

infinitely small, is placed at a distance l away from, 

and perpendicular to the edge. 

Figure 4.11: The relative errors of the resistivity for a circular disk of diameter D, when one of the contacts (P) 
is non-ideal. The situation resulting in the smallest error is case a). Figure taken from [40]. 

For practical purposes none of the electrodes can be considered to be truly ideal. To a 

first approximation the total error can be estimated equal to the sum of the errors of 

each contact.  
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There is considerably uncertainty of errors sources occurring in the gas mixer and 

measurement cells in different gas atmospheres: 

• The gas flows in copper wires of the gas mixer and measurement cell are 
naturally subject to leakages. This is tried compensated by the parameter 
settings in the software [36]. 

• The uncertainty of the precision of the flowmeters readings (ball height) is 
fairly large. At higher gas flows this is expected to be ±5 %. At very low gas 
flow the uncertainty is calculated to be 20±10 % [41]. 

• The dryness of the atmospheres is in reality limited by the permeability of the 
alumina and quartz tube of the measurement cell. At full drying the water 
content is assumed to be around 30 ppm (~10-5 atm) [36, 42]. 

• The error in temperature readings from displacement of the thermocouple (not 
perfectly centered in the heater) is estimated to ±5 °C. 

The gas flow is assumed constant and all related errors are assumed to be systematic. 

The accuracy may change inside an order of magnitude and/or give rise to bias of the 

readings. The expected precision is nevertheless high and does not affect the general 

results concerning trends or properties of a material. 

Contaminants, internal stresses and foreign phases can give rise to unwanted 

contribution to the conductivity. Table 4.1 shows that the purity of strontium 

carbonate were 99 %. Analysis data of impurities in the strontium carbonate was not 

available. It is assumed that contaminating elements will reach equilibrium within the 

sample at high temperatures. All temperature dependencies of conductivities are 

therefore recorded as a function of decreasing temperature (cooling ramps). 
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5. Results 

In this chapter the temperature, pO2 and pH2O dependencies of the conductivity will 

be presented. General trends and properties of the material relating to different 

conditions are considered. Sample characterizations of Sr-doped LaNb3O9 were 

executed with XRD- and SEM-analysis (section 4.1) and are discussed in the 

following sections. 

5.1 Sample characterization 

5.1.1 XRD 

Details concerning the XRD-analysis are described in section 4.2.1. Diffractograms 

were taken of sample-powders after calcination (in air) and of samples right after 

sintering and measurements. According to the calculated 2θ values from EVA [35], 

all reflections indicated perovskite phase of LaNb3O9. No strontium related peaks 

were seen in the diffractograms. This can be a result of the ~3 % detection limit of the 

instrument or a consequence of unsuccessful dissolution of strontium. No general 

decomposition or phase changes in the sample were observed, neither were residue 

carbonates from reactants or binder. 

5.1.2 SEM 

The following SEM-pictures (Picture 5.1– 5.8) illustrate central observations of the 

microstructure of the samples before and after the experiments. A reasonably low 

input-voltage was sufficient to achieve sharp pictures of good contrast. This indicates 

high electronic conductivity. Low electronic conductivity often results in charging of 

the sample as electrons are introduced. No sign of capacitance was observed. Most 

pictures were taken using an ETD-detector (Everhart Thornley Secondary Electron 

Detector) as this gave the best resolutions.  
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Picture 5.1 (left): ETD-picture representing the general topography of 5 % Sr-doped LaNb3O9 after sintering 
and before polishing and measurements. 
Picture 5.2 (right): EDT-picture representing the average grain shape and size of the grains of 5 % Sr-doped 
LaNb3O9 after sintering, but before measurements. 

  
Picture 5.3 (left): ETD of the polished surface of the 5 % doped sample after sintering, before measurements. 
Picture 5.4 (right): ETD showing a survey of the topography after measurements of the 5 % doped sample. 

  
Picture 5.5 (left): ETD of the 5 % doped sample showing the indentation from a point contact. 
Picture 5.6 (right): ETD of a structure in the electrode area of the 5 % doped sample after measurements. 
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Picture 5.7 (left): ETD surface of the 2.5 % doped LaNb3O9 after reducing conditions. 
Picture 5.8 (right): High magnification of a surface grain of the 2.5 % doped sample after measurements in 
reducing conditions. 

Picture 5.1 is a ETD-picture representing the general topography of 5 % Sr-doped 

LaNb3O9 after sintering, but before polishing and measurements. Tiny terraces on the 

individual grains can be seen. This is usually a result of grain growth during 

synthesis. Picture 5.2 is an ETD-image showing the average grain shape and size of 

the grains at 5 % Sr-doped LaNb3O9 after sintering, but before measurements. A 

small number of SrO-agglomerates were found on the surface (one seen near the 

center of the picture). The surface was well sintered and the relative grain sizes were 

about 1:5. Picture 5.3 show the polished 5 % doped sample after sintering, but before 

measurements. The image shows a dense sample of seemingly homogenously 

sintered material. No grain boundaries or structures could be seen after polishing – 

except few, but large (20 – 30 μm) pores. Picture 5.4 is a survey of the topography 

after measurements (up to 1100 °C) of the 5 % doped sample. EDS-analysis 

confirmed a general matrix of LaNb3O9. Strontium peaks were detected at varying 

surfaces. Isolated agglomerates of LaNbO4 and Nb2O5 were detected. Few impurities, 

cracks or large pores were seen, neither any significant grain growth nor melting 

phases. Picture 5.5 shows the indentation of a point contact on the surface of the 5 % 

doped sample. The platinum-paint is the light area around the electrode edges. All 

contact points had some degree of mixtures of LaNb3O9, LaNbO4 and Nb2O5 phases. 

This particular electrode had the highest degree of foreign phases. As the distance 

 



     68 

  

from the electrode area increased, the surroundings showed lesser amounts of the 

foreign phases. Picture 5.6 is showing the porous structure of the center of the 

electrode area of the 5 % doped sample. The phase is mainly LaNbO4. The 

phenomenon is probably a result of a catalytical reaction of LaNb3O9 induced by the 

presence of Pt-particles. This situation is not fully representative for the remaining 

electrodes areas which all contained LaNb3O9 and LaNbO4 phases, but considerably 

less LaNbO4. Picture 5.7 shows the surface of 2.5 % doped LaNb3O9 after reducing 

conditions and areas were LaNb3O9, LaNbO4 (porous) and Nb2O5 (porous) phases 

coexist. The relative concentration of the elements are similar to LaNb3O9, and the 

phases are not detected in EDS. The periphery of the picture shows sintered 

LaNb3O9. Picture 5.8 is a mixed detector image showing the surface of 2.5 % doped 

LaNb3O9 after reducing conditions at high magnification. The picture shows a single 

grain with “feather” pattern of LaNb3O9 surrounded by lumps of LaNbO4. The 

patterns may be a result of alignment of domains or shear-planes in the grain. The 

white dots were analyzed with spot-EDS and are LaNbO4 with residue of Pt-droplets. 

5.2 Conductivity measurements 

Conductivities were recorded as close to full equilibria as possible. Equilibria were 

slow, and the differences before and after equilibrium could stretch inside one order 

of magnitude and manifested itself as a slow increase of conductivity. The average 

time required for equilibrium varied with pO2 and temperature, and was usually 

between 5 and 10 days (800 – 1100 °C). The general trend seemed to be that a 

lowering of temperature led to increased equilibrium time. As a result the 

conductivity measurements became increasingly difficult at temperatures below 800 

°C. Very dense samples, electrode reactions or cationic charge carriers are often 

results in slow equilibria. Characterizing of the material show that all it is probable 

that all of these conditions affect the sample. Also, at lower temperatures the readings 

became subject to noise and negative values. The measurement assembly was 

repeatedly taken down in attempts to improve contact. These difficulties might be a 
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result of too high resistances for the van der Pauw set-up and/or poor electrode 

contacts.  

5.2.1 Temperature dependence of the conductivity 

The temperature dependencies of the conductivities were recorded in reducing 

(hydrogen) and oxidizing (oxygen) atmospheres at ~1 atm pressure. The results are 

plotted versus inverse temperatures (Figure 5.1). 
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Figure 5.1: Temperature dependencies of conductivities as a function of reciprocal temperature and in varying 
atmospheres of 5 % doped LaNb3O9. The solid lines are temperature ramp decreasing 6 °C / hour. The scatter 
plots are of conductivities (from Table 5.1 after) after several days of equilibrium in wet argon or hydrogen. 

In wet argon the pO2 is about 10-5 atm. For this sample, wet argon is considered 

reducing due to the equilibrium 2H2(g) + O2(g) = H2O(g). The elevated temperatures 

drive the exothermal reaction to the left. The temperature ramps covered 250-1100 

°C. Both dry and wet atmospheres were used in the oxygen ramps. At about 600 °C 

loss of contact occurred repeatedly in all atmospheres. Several attempts were made to 

correct these incidents. The cause was probably loss of electrode contact or 

restrictions in the van der Pauw method. Nevertheless, in oxidizing atmospheres the 
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full range of dependencies of the 5 % doped sample eventually was recorded. In 

reducing atmospheres the conductivity was quite high, and electrons are expected to 

dominate. Several series of the same measurements were done and all ramps were 

reproducible. As equilibria were slow, a set of conductivities at selected temperatures 

were recorded at seemingly full equilibrium (Table 5.1). 

Table 5.1: Conductivities at equilibria in varying temperatures and gases (pO2) of 5 % Sr-doped LaNb3O9. 

Total conductivity (σ (S cm-1)) and temperatures at equilibrium  
Gas 1100  oC 1000  oC 800  oC 650  oC 

Wet Ar 1,738e-1 1.754e-1 5,540e-3 2,503e-4 
Dry Ar  1.804e-1   
Wet H2 1.435e+1 3.684e+1 2.079e+0 9.944e-1 
Wet O2 1.895e-2 4.260e-3 1,938e-4 1,338e-4 
Dry O2 1.392e-2 4.710e-3 4.803e-4 1,171e-4 

Due to the slow equilibria, all temperature ramps were at least repeated three times to 

ascertain the consistency of the measurements. Very slow ramps (6 °C/ hour) were 

necessary for accurate results. No hysteresis-loops were observed in cycling of 

temperatures. 

A transition region can be observed in oxidizing atmospheres between 600 °C and 

700 °C. This usually indicates a change in phases, defect situation or charge carrier. 

At this point intrinsic defects are expected to decrease. As the temperature drops, the 

contribution from charge carriers can be seen as the change in the slope. This change 

is typical for many semiconductors with mixed conductivities, and by the authors in 

Table 5.1 referred to as the electronic (high temperature) and ionic (low temperature) 

areas. The temperature dependencies of the conductivities in oxidizing atmosphere 

vary from the literature values [5, 30, 33] which are of the undoped samples in air 

(~0.21 atm oxygen). The measured temperature dependencies ramps from literature 

generally show a higher total conductivity, also in ~0.21 atm oxygen which is equal 

to the pO2 in air. 

The temperature dependencies have linearity before and after the transition and 

follow Arrhenius behavior. By using the principles of Van’t Hoff’s equation (see 
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section 2.1.7) the activation energies were calculated with linear regression for the 

upper and lower regions and compared with literature values (Table 5.2). 

Reference High temp, Ea Low temp, Ea
5 % Sr-doped LaNb3O9 (This work) 1.47 eV (141.8 ± 5.0 kJ mol-1) 

(1100 – 700 °C)
0.16 eV (15.4 ± 0.05 kJ mol-1) 

(500 – 300 °C) 
A.M. George and A.N. Virkar [5] 
 

1.58 eV (152.4 kJ mol-1) 
(1000 – 500 °C)

0.14 eV (13.5 kJ mol-1) 
(400 – 200 °C) 

A. P. Pivovarova et al. [33] 
 

1.60 eV (154.4 kJ mol-1) 
(1100 – 600 °C)

0.65 eV (61.7 kJ mol-1) 
(400 – 130 °C) 

E. Orgaz and A. Huanosta [31] 
 

1.24 eV (119.6 kJ mol-1) 
(900 – 700 °C)

0.38 eV (36.7 kJ mol-1) 
(440 – 200 °C) 

Table 5.2: Experimental values of activation energy of the sample (in oxygen) compared with activation 
energies of samples (in air) of the listed authors. Note that the Ea of 0.65 eV by [33] are of a sample showing 
considerable oxygen non-stoichiometry. 

The listed authors characterized the low temperature regions as ionic. This can be 

ambiguous, as activation energies as low as these can also reflect electronic 

contributions. No significant difference between dry and wet oxygen was observed. 

This was unexpected, especially at lower temperatures where protonic conductivities 

could make a difference as the dissolution of protons contributes to conductivity 

(Figure 2.6). In acceptor-doped, proton conducting materials it is often possible to 

observe a reduction of the total conductivity at higher temperatures in wet oxygen, 

compared to dry oxygen. Here protonic conduction may exist at the expense of holes, 

and their lower mobility reduces the total conductivity. Neither situation is observed. 

Consequently the effectivity of the acceptor-dopant in the sample is uncertain. This 

will be discussed further in Chapter 6.  

The temperature dependency of the conductivities of the 5 % and the 2.5 % Sr-doped 

samples are compared in wet and dry oxygen (Figure 5.2). The conductivities of the 

2.5 % doped sample were only recorded in the high temperature region of the oxygen 

ramp. Nevertheless, the conductivities seem to change with the doping level. This 

indicates that the total conductivity is dependent of the concentration of doping.  
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Figure 5.2: Temperature dependencies of the total conductivity in oxygen as a function of reciprocal 
temperature. The graph shows the difference in conductivities of the 2.5 % and 5.0 % doped samples of 
LaNb3O9. 

5.2.2 pH2O dependence of the conductivity  

The water vapor pressure dependencies of the conductivity were examined in oxygen 

using 800 °C and 650 °C isotherms (Figure 5.3). At full drying the pH2O is ~10-5 

atm. At fully wet the pH2O is ~0.023 atm. As reported earlier, it was not possible to 

achieve stable readings below 650 °C. 
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Figure 5.3: pH2O dependence of the conductivity at 800 °C and 650 °C isotherms.  
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There were no clear pH2O dependencies at either 800 °C or 650 °C. The pO2 

dependencies indicated that the conductivity is mainly n-type, and the temperature 

ramps show little difference between wet and dry gas in oxygen. This was confirmed 

by the pH2O dependency measurements. It is now clear that protonic contribution is 

non-existent compared to total contribution. The isotherm at 800 °C was cycled from 

dry to wet and back to dry again. The conductivity was insignificantly lower when 

going from a wet to dry situation. 

5.2.3 pO2 dependence of the conductivity  

The oxygen partial pressure dependency of the total conductivity was measured 

(Figure 5.4). Oxygen and hydrogen were diluted by argon to achieve the desirable 

pO2. The isotherms were periodically lowered, but below 650 °C noise or slow 

equilibria made measurements difficult. 

                    

-1/4

-1/6

-28 -26 -24 -22 -20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0
-5,0

-4,5

-4,0

-3,5

-3,0

-2,5

-2,0

-1,5

-1,0

-0,5

0,0

0,5

1,0

1,5

2,0

  1100 oC
  1000 oC
  800 oC
  650 oC

 
lo

g 
σ 

(S
 c

m
-1
)

log pO2                   
Figure 5.4: pO2 dependencies of the conductivity for the 5 % Sr-doped sample. The isotherms are 1100 °C, 
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The logarithm of the total conductivity as a function of the logarithm of pO2 is 

plotted. Linear fittings of the total pO2 curves show that all the total slopes have -1/6 

dependency. This indicates n-type conductivity as illustrated in the pO2 Brouwer 

diagram (Figure 2.4). As expected the electronic contribution seems to dominate in 

reducing atmospheres at low pO2. However, two plateaus can clearly be seen at the 

high and low regions of pO2. Both upper and lower plateau have a very flat slope of 

about -1/10 or less. The regions between the plateaus have all steeper slopes, and 

linear fittings show that they approach a slope of -1/4. This is good accordance of the 

model of donor-doped oxides, shown in Brouwer diagram (Figure 2.7). The small 

deviations of slopes are assumed as a result of the long equilibria times. 
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6. Discussion 

In this chapter interpretations of the results are presented. Structural properties, the 

temperature and pO2 dependencies of the conductivity, stoichiometry and effects of 

dopants are discussed. Acceptor-doped compounds are often mixed conductors and 

can have protonic, ionic and electronic conductivities. The conductivity of the 5 % 

Sr-doped sample of LaNb3O9 was investigated as a function of pO2 and temperature. 

The measurements revealed behavior analogous to a donor-doped material. The 

expected effects of acceptor-doping by substitution of lanthanum with the lower 

valent cation strontium were not observed in the experiments. Possible explanations 

for this are suggested in this chapter. 

6.1 pO2 dependence of the conductivity 

As indicated in the Brouwer diagram of an acceptor-doped oxide (Figure 2.4) the 

negative slopes of the pO2 dependencies indicate n-type conductivity. In acceptor-

doped compounds, the onset of holes as dominating charge carriers can be seen when 

pO2 is increased and metal vacancies are in equilibrium with doping as shown in 

equations (2.37–2.40). However, in La0.95Sr0.05Nb3O9 the pO2 dependencies of the 

conductivity reveal a plateau at lowest partial pressures of oxygen (Figure 5.4). The 

independence of pO2 and is consistent with the dependencies in the Brouwer diagram 

of a donor doped metal oxide with metal and oxygen deficit. By assuming constant 

donor level higher than the level of intrinsic disorder, the situation can be described 

by regarding the Brouwer diagram of donor-doped metal oxides (Figure 2.7). Here 

the donor is described as ( ), a singly charged donor on a lanthanum site. The 

lowest and flat regions of the pO

•
LaD

2 dependency of the conductivity, corresponds with 

the area in the Brouwer diagram where donors compensate for electrons, and the 

electroneutrality [ ] nDLa =•  is valid.  
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In the intermediate pO2 range (here: about 10-12 – 10-4 atm of oxygen) the 

conductivity shows a dependence of the slopes of slightly above or below -1/4. It is 

consequently concluded that the conductivity has -1/4 dependency at this selected 

pO2 range. The slope can be related to the expression (2.54). At higher pO2 the slopes 

again flatten out and reach a minimum. If one assumes donor-doped conditions as 

shown in section 2.2.5, the minimum of slope seen at high pO2 indicates the start of 

the transition where electronic conductivity becomes dominated by holes. The 

electroneutrality [ ] [ ]•= LaLa DV ///3  is valid. The theory states that electrons and holes 

subsequently have -1/4 and 1/4 dependencies at this pO2 and when the concentrations 

of electrons and holes are equal, the curve flattens out. With increasing pO2, more 

holes contribute, and the conductivity might be expected to rise with a slope of 1/4. 

But after the minimum, no increases of the slopes are observed. An increase of the 

slope might require a pO2 much higher than 1 atm. In fact, the last points at 1 atm of 

oxygen deviate slightly and do not correspond to the suggested situation. It is 

assumed that this is a consequence of the long equilibria times or can possibly be 

contributed to inaccuracies in the gas mixer when full flow of oxygen is supplied. It 

is concluded that the material shows n-type conductivies at low and intermediate pO2, 

then start showing p-type conductivity at higher pO2.  

It can also be seen that after the plateaus in the lowest pO2, the conductivity have a 

slight increase in slope. It can be shown that at very low pO2, electrons will be 

compensated by oxygen vacancies as [ ] nVO =••  and has a dependency of 6
1

2

−

Op  . This 

slope is too vague to classify, but might indicate the start of a -1/6 dependency.  

The pO2 dependencies of the undoped compound were found by A.M. George and 

A.N. Virkar [5] (Figure 3.7). The measurements showed a slope of -1/6 which 

corresponds with the pO2 dependency of n-type conductivity of an undoped, oxygen 

deficient metal oxide. As suggested, oxygen vacancies might be present in the defect 

structure at low pO2. It has been proved [33] that a reversible, intrinsic loss of 

oxygen, followed by formation of oxygen vacancies and electrons can occur in the 

material at higher temperatures in air. This oxygen loss is confirmed by TGA 
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measurements [5]. The electronic content can arise from trapped oxygen vacancies or 

from freshly generated. Materials equilibrated with oxygen for a long time and the 

latter is more probable. At high pO2, the formation of oxygen vacancies as 

)(
2
12 2

/ gOeVO O
X

O ++= ••  are not happening and this does not contribute to conduction. 

Oxygen vacancies have normally very low mobilities and are assumed frozen-in at 

lower temperatures. 

6.2 Temperature dependence of the conductivity 

In proton conducting acceptor-doped oxides, a clear distinction between wet and dry 

oxygen is often observed in the temperature dependency of the conductivity: At 

higher temperatures, wet gas shows less total conductivity than dry gas, even if the 

degree of dissolved hydrogen is low. This is due to the existence of high 

concentration hydroxides with lower mobility than holes in the material (as shown 

the Nernst-Einstein relation (2.83) and illustrated in Figure 2.4). At lower 

temperatures, protonic conductivity may predominate and can show an increase in 

total conductivity compared to dry gas as hydroxides compensate for doping (Figure 

2.6). These differences are mostly interpreted as protonic conduction. 

La0.95Sr0.05Nb3O9 does not have any of these trends as there is no difference between 

dry and wet oxygen. However, the material shows significant temperature 

dependency of the total conductivity. Dependencies were measured in constant 

atmospheres of H2, Ar and O2. And the conductivity in reducing atmospheres is 

several decades higher than in oxidizing atmospheres. The pO2 results show that in 

reducing atmospheres, the conductivity is mainly n-type. In oxidizing atmospheres p-

type conductivity predominates. 

If assuming the electroneutrality [ ] [ ]•= LaLa DV ///3 , the electronic conductivity as a 

function of temperature can be found. If the oxygen vacancy concentration is 

constant, the concentrations of electrons and holes are given by equations (2.54) and 

(2.55). Their activation energies can be calculated with the equations (2.56) and 
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(2.57). The energy of intrinsic ionization (e.g. band gap) can be found by inserting 

equation (2.53) in equation (2.37).   

The temperature curves have a clear transition area in oxidizing atmospheres. The 

conductivity shows Arrhenius behavior at both sides of the transition point, and 

activation energies are calculated (Table 5.2). These are the same values as reported 

in literature [5, 31]. The low temperature region has an activation energy which 

correspond with values related to the formation of holes. The high temperature region 

has activation energies that can easily be associated with the existence of ionic 

defects, possibly Schottky-type point defects.   

As previously assumed, at low pO2 the electroneutrality is valid [ ] nDLa =•  and the 

conductivity is n-type. The isotherms of pO2 measurements support the assumption of 

n-type conduction in this region. The temperature dependence of the mobility of 

electrons as charge carriers are assumed much smaller that the enthalpy of formation 

associated with those of doubly charged oxygen vacancies. The transition point in the 

temperature dependency curve can indicate a change of dominating charge carriers, 

defect structure or ordering of electronic defects.  

6.3 pH2O dependence of the conductivity 

In acceptor-doped, proton conducting materials, the acceptors are expected to be 

compensated by hydroxides (Figure 2.5) as pH2O increases. Changes in the 

concentration of electronic defects may be observed with a higher concentration of 

protons. An increase of holes should be revealed as a change in conductivity in dry 

and wet oxygen as seen in the pH2O Brouwer diagram. The conductivity 

measurements in pH2O did not reveal any dependency in conductivity. There are 

observed no change in slopes as indicated in the model of acceptor-doped material. 

This is consistent with the assumption of dominating p-type conductivity at high pO2. 

This lack of pH2O dependency corresponds with the results of the temperature ramps 

in dry and wet oxygen. The increase in the total conductivity from 650 °C to 800 °C 

  



  79 

is inside one order of magnitude. This is in accordance with pO2 measurements. 

Transport number measurements for proton transport were not found necessary since 

no water vapor pressure dependency was detected. Consequently, contributions from 

possible ionic charge carriers were not differentiated. 

6.4 Discussion of doping-effects 

On the basis of the behavior shown in pO2 dependency measurements of conductivity 

and the model shown in Figure 2.7, it was concluded that the conductivities in the 

measured temperature- and pO2-range mainly are electronic. The sample has no 

dependency of pH2O, and the efficiency of the acceptor-dopant as a source to oxygen 

vacancies can be questioned. In addition the material shows pO2 dependencies 

correspond to donor-doping.  

Besides from external contaminants, a possible source of donor-dopants can come 

from substitution of A-site lanthanum by niobium (Nb). The normally B-site niobium 

has higher valence that lanthanum and will act as a donor, followed by the formation 

of metal vacancies or electrons as shown in section 2.1.6 and 2.2.5. Dissolution of 

niobium can be written: 

)(
2
1

3
162 2

///
324 gOVOLaNbOLaNbO La

X
O

X
LaLa ++++=+ • .  

It should be noted that niobium in this situation has a reduced state and a charge of 

4+, giving it one effective positive charge as a donor.  

Several factors are known to restrict doping reaction in perovskite structures. Some 

plausible causes are considered: 

• La0.95Sr0.05Nb3O9 was not correctly synthesized: The solid state reaction 
required temperatures (1100 °C) close to the melting point of SrO. SrO might 
have agglomerated in melting phases and precipitated. Evaporation of 
strontium can be described:  )(2 //// gSrOVVOSr LaO

X
OLa ++=+ ••

 



     80 

• Structural or electrostatic restriction may decrease the solubility of strontium 
in the crystal lattice of LaNb3O9. However, this suggestion is unlikely since 
the charge and ionic radii of strontium makes it an ideal substituent for 
lanthanum in ABO3-type perovskites [43]. 

• Electrostatic bond valence sums (BVS) show that La-ions have an effective 
charge of about 2.5+ [10]. The effectivity of Sr-dopant may be compromised 

as the electroneutrality condition (2.37) is changed to: [ ] [ ]/5.0

2
12 LaO SrV =•• . 

• A substitution of A-site La-vacancies instead of A-site lanthanum might have 
occurred. As shown by B.J. Kennedy et al. [10] the inherent vacancies at the 
(0,0,1/2) layer (described in section 3.1.1) have an electrostatic bond valence 
sum giving these vacancies an effective charge of about 2+. These sites are 
electrostatically “forbidden” for La-ions, but might be accessible for the Sr-
dopant. This might not change the overall effective charge of the lattice if the 
material compensates for the following lanthanum metal-vacancies by the 
precipitation of another phase due to the already high concentration of 
inherent, neutral metal vacancies of the structure. Precipitation of the phase 
LaNbO4 has been observed on the surface of the material.  

• The introduction of strontium, not functioning as an acceptor dopant, can still 
introduce additional energy levels in the band gap, possibly giving rise to 
increased n-type conductivity at high temperatures (e.g. intrinsic ionization).  

It is now clear that the unsuccessful attempt to Sr-dope LaNb3O9 might have been a 

direct cause of A-site niobium. Excess niobium might dissolve in the structure and 

give rise to charge compensation by metal vacancies. Slow equilibria are often seen 

in materials where cationic defects, possibly metal vacancies, are acting as charge 

carriers. The pO2 measurements have shown that the charge compensation of defects 

is dependent on the pO2 and Schottky-type point defects are suggested. 

Another possible source of n-type conductivity over a wide range of pO2 is the partial 

reduction of B-site cations in the lattice. This is a well documented feature for many 

metal oxides, and several mixed-valence systems in perovskites have  been 

investigated by J. Mizusaki [43]. The materials were Sr-doped Lax-1SrxBO3-type 

compounds (B=Mn, Fe, Co). The research shows that the amount of mixed valence 

states in perovskites drastically changes the conductivity properties as it allows 

electrons to enter conduction band by introducing additional energy levels in the band 

gap. They were all electronic conductors and the experimental data might indicate 
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that Lax-1SrxNb3O9 shares this property. pO2 dependencies of the conductivity show 

slopes of respectively -1/4 and 1/4, depending on the doping level, temperature and 

pO2. These results suggest n- and p-type conductivity. Disproportionation to the 4+ or 

3+ states may take place. The non-stoichiometry can be expressed as the average 

valence of the cations. 

Electronic conduction is often a thermally activated state for stoichiometric 

compounds with mixed valence. An increase of the conductivity with the dopant 

concentration was observed. 

For material with localized electrons, the electronic transport is assumed to consist of 

charge transfers of small polarons between sites in the structure. A.P. Pivovarova et 

al. [33] suggest this as a conduction mechanism for LaNb3O9. The reaction can be 

written: 

)(
2
122 2

/ gONbVNbO NbO
X
Nb

X
O ++=+ ••  

Niobium changes valence from 5+ to 4+ and possibly to 3+, and the extra electrons 

are located at niobium-sites. At low temperatures the localized electrons contribute 

little to conduction. This changes the electroneutrality (2.37) to: 

[ ] [ ] [ ] [ ]//2 NbLaNbO NbSrNbV +=+ •••  

As shown, several factors may affect the effect of doping. The simplest and most 

probable explanation in the situation in nominally La1-xSrxNb3O9 is the loss of 

strontium by precipitation. This gives rise to lanthanum vacancies that facilitates 

donor-doping and leading to Schottky-type point defects. 

 



     82 

7. Concluding remarks 

The results show that there is no proton conducting mechanisms present in the 5 % 

Sr-doped perovskite LaNb3O9. Measurements of the oxygen partial pressure 

dependence of the conductivities show n- and p-type conduction, respectively at low 

and high pO2. At low and intermediate pO2 (here: 10-12 – 10-4) the dependence of 

conductivities has a slope of -1/4. This indicates n-type conductivity, caused by 

Schottky-type point defects that follow the model of a donor-doped metal oxide. 

Thus, at low pO2 the electroneutrality is [ ] [ ]•= LaLa DV ///3 . At high pO2 the dependence of 

the conductivities changes and shows a minimum, which is also consistent with the 

suggested model. The electroneutrality is [ ] nDLa =•  and the model relates the 

minimum of the pO2 the dependence to p-type conductivity.  

The source of donors is presumably niobium, possibly in a reduced state, on 

lanthanum-sites. This might be a result of unsuccessful Sr-doping mechanism. Based 

on the conductivity measurements it can be concluded that the effect of the acceptor-

doping is nominally neglectable. pO2 dependencies of the conductivity are stable over 

a wide range of temperatures (650 – 1100 °C). The material has higher total 

conductivity than the pure compounds and the conductivity increases with doping 

level. This suggests that strontium may be involved in electronic conduction 

mechanisms. 

Slow equilibria in all atmospheres and a transition area of the temperature 

dependency indicate a secondary transport mechanism. This is probably mostly due 

to cationic defects arising from donor-doping. SEM-analysis show some signs of 

precipitation of other phases and electrode reactions, the general bulk of the material 

was proven highly stable. van der Pauw method proved a good method of 

conductivity measurement at higher temperatures only. Measurements at lower 

temperatures were subject to frequently loss of contact.  
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By measurements of non-stoichiometry and knowledge of defect structure the 

concentration of electronic charge carriers can be estimated. Seebeck coefficient 

measurement may also give a good estimate of the electronic content. If further 

investigations are to be executed, acceptor-doping of the B-site cation would 

probably yield more predictable results. Such dopants could be Sn4+, Ti4+ or Zr4+.
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