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Summary

Oxide ion conductors are interesting for the potential use in solid oxide fuel
cells, which are important in the transition toward a sustainable energy sys-
tem. Donor doped LaNbO4 with W has been proven to induce oxide ion
conductivity, and can thus be of interest as an electrolyte. The primary ob-
jective for the work in this thesis is to achieve a fuller understanding of the
defect chemistry in donor doped LaNbO4. Additionally, the incorporation of
hydride ions into the donor doped LaNbO4 will be studied.

LaNb0.95W0.05O4+δ (LNWMO) and LaNb0.95W0.025Mo0.025O4+δ (LNWMO)
were synthesised. First, structural and microstructural characterisations
were conducted, showing phase purity in both samples. High density was
achieved during sintering. Secondly, electrochemical characterisation was
conducted. The samples were exposed to varying atmospheres from strongly
oxidising to strongly reducing. Conductivity measurements were carried out
in these atmospheres at different temperatures in the range 200 - 1000 °C.
The highest total conductivity was measured to 7·10−3 S/cm for the LNWO
in dry air at 1000 °C, LNWMO showed similar value at the same conditions,
6.8·10−3 S/cm. Electrochemical impedance spectroscopy measurements were
carried out at different temperatures to delienate the bulk from the grain
boundary conductivitied. The latter was found to be the highest, which is
opposite the results of acceptor doped LaNbO4.

Both LNWO and LNWMO showed an independence of pO2 in oxidising at-
mospheres. LNWO had a continued independence into reducing conditions,
owing to the stability of the W-dopant. However, it shows a slight increase
in wet H2, possibly attributed to electron conductivity. LNWMO, on the
other hand, showed a clear decrease in the conductivity in reducing atmo-
sphere. This can possibly be attributed to a reduction of Mo, compensated by
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a decreasing number of mobile carriers. Electromotive force measurements
along with the pO2-measurements show that the electrical conductivity is
predominated by oxide ions, with the possible exception in strongly reducing
conditions for LNWO.

Furthermore, synthesis of a LaNbO4-based oxyhydride was attempted, and
the resulting powder was characterised to investigate whether the incorpo-
ration of the hydride ion was successful. Gas phase analysis shows a clear
presence of hydrogen in the sample. Thermogravimetric analysis displays a
mass increase in oxidising atmospheres at elevated temperatures. This may
indicate release of hydrogen with a subsequent uptake of oxygen into the
lattice. X-ray diffraction showed a slight shift in the cell parameter, possibly
attributed to a lattice expansion from the lower valent hydride ion, compared
to the divalent oxide ion. Density functional theory was applied to calcu-
late defect formation energies, indicating a substitutional hydride becoming
more stable under reducing conditions at elevated temperatures. These re-
sults points in a direction of a successful synthesis, although no definitive
conclusions can be made.
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AC Alternating Current
BLM Brick Layer Model
CBM Conduction Band Minimum
CPE Constant Phase Element
DC Direct Current
EDS Energy Dispersive Spectroscopy
EIS Electrochemical Impedance Spectroscopy
GB Grain Boundary
GGA Generalised Gradient Approximation
GPA Gas Phase Analysis
HArmix Mixture of 5% H2 and Ar
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Chapter 1

Introduction

1.1 Background and motivation

The world is in dire need of cleaner and more sustainable ways to produce,
store and utilise energy. As the population of the world keeps increasing, the
consumption of energy will only continue to grow larger, and continued use
of fossil energy is no longer an option if we are to keep within the targets laid
out in the Paris agreement. Fuel cells are one of the promising technologies
that can contribute to a more efficient and environmentally friendly energy
system.

The principle of a conventional fuel cell is to convert chemical energy in a
gas (such as hydrogen, but also other gases can in some cases be used) into
electricity, where the by-products are only heat and water, when hydrogen is
used as the fuel. In these reactions, occuring at the electrodes, the electrons
and ions involved move from one side of the fuel cell to the other. The ions
can pass through the electrolyte, sandwiched between the electrodes, while
the electrons are forced through an external circuit, generating an electric
current.

There are several different types of fuel cells, typically characterised by the
chemical nature of the electrolyte. Some of the most known types are the
proton-exchange membrane (PEM), with a proton conducting polymer mem-
brane as an electrolyte, or the alkaline fuel cell (AFC), that utilises a liquid
alkaline electrolyte such as KOH. A third type is the the solid oxide fuel
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cell (SOFC), which utilise a solid ceramic as the electrolyte, where yttria-
stabilised zirconia (YSZ) is the most commonly used material, due to high
availability and low cost [1]. With a solid electrolyte in a fuel cell, issues
such as material corrosion are eliminated [2], the stability increases, as well
as making the cell more manageable to fabricate, allowing more flexible de-
sign. SOFC’s are high temperature fuel cells, operating in the temperature
range of 600 - 1200 °C. The high temperature allows for usage of non-precious
metals as catalysers, reducing cost [3].

The SOFC electrolyte must be a material capable of conducting ions, either
protons (H+) or oxide ions (O2−). Simultaneously, the material should be
electronically insulating, blocking the electrons moving from the anode to the
cathode via the electrolyte, which would cause a short circuit. Instead, this
forces the electrons through an external circuit which can be utilised for use-
ful work. A well known proton conductor that potentially can be used in an
SOFC is the acceptor doped1 LaNbO4 [4, 5]. A different approach using the
same material is described in an article by Li et al.[6] They show the possibil-
ity of donor doping LaNbO4 with W, with results indicating the introduction
of excess interstital oxygen and increased total conductivity. This makes the
donor doped LaNbO4 a potential oxide ion conducting electrolyte.

Instead of substituting cations, as in the above examples, there has been in
recent years an increased focus in fundamental materials science on making
mixed-anion compounds. In these compounds, typically the oxide ion has
been substituted with another anion. One of the interesting classes of the
mixed-anion compounds are the oxyhydrides, where the anion sites in the
crystal lattice are shared by both hydride and oxide ions. These are of interest
due to their great hydride ion conductivity, and if realised, can potentially
enhance the properties of SOFCs. This is, however, a rather unexplored
kind of material, and the stability and electronic structure are not yet fully
understood, so practical applications are still far off.

1.2 Aim of thesis

The primary focus of this thesis is to create more complete picture of the
effect donor doping has on ionic conductivity in LaNbO4. Two compositions

1In an acceptor doped material, the dopant is lower valent than the host, and the
opposite is the case for donor doped.

2



will be synthesised, doping the Nb-site. One with 5 % W (LaNb0.95W0.05O4.025,
LNWO), and one sample doped with 2.5 % W-doping and 2.5 % Mo-doping
(LaNb0.95W0.025Mo0.025O4.025, LNWMO), both on the Nb-site, providing the
same total doping content as the former. These two samples will undergo
the same type of characterisations, such as conductivity measurements at
different temperatures and in oxidising and reducing conditions. In addition,
structural and morphological characterisation will be carried out for both
samples using XRD and SEM-imaging.

The second part of the work in this thesis is to synthesise an oxyhydride by
introducing hydride ions into the W doped LaNbO4-lattice. The hypothesis
is that the positive charge from the W-dopant might be able to stabilise the
negative hydride ions. Studies [6, 7] have shown that the W-doped LaNbO4

is a stable compound at high temperatures in oxidising atmospheres, and it
is of interest to see if it can maintain the stability in reducing conditions,
thus allowing the formation of an oxyhydride. Alongside the experimental
part with the synthesis of the oxyhydride, density functional theory (DFT) is
also utilised to study the thermodynamic stability and formation enthalpies
of interstital or substitutional hydride in LaNbO4.
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Chapter 2

Theory and literature review

The following chapter covers the theoretical background for the research in
this project, as well as some of the relevant literature the research is built
upon. The first section is a brief overview of fuel cell technology. The second
section focuses on the theory behind basic defect chemistry, such as point
defects and describing defect reactions. Transport of ions is treated in the
third section, while the fourth gives an overview of the LaNbO4-system.
Then follows a description of the principles behind electrochemical impedance
spectroscopy (EIS) and some of the models and assumptions related to this
project. Finally, the basics of density functional theory (DFT) is introduced
along with relevant thermodynamics.

2.1 Fuel cells

Fuel cells are one of the promising technologies that can contribute to a
more efficient and environmentally friendly energy system, displacing the
use of fossil fuels, such as coal and oil. The basic principle is to convert the
chemical energy in a fuel gas, commonly H2, but sometimes CH4 or NH3,
into electricity. The main parts of any fuel cell are the anode, cathode and
the electrolyte, and depending on the chemical nature of the electrolyte, the
fuel cells can be categorised into different types. Some of the most known
types are the proton-exchange membrane (PEM), with a proton conducting
polymer membrane as the electrolyte. Another type is the alkaline fuel cell
(AFC), that utilises a liquid alkaline electrolyte such as KOH. In the subse-
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quent text, a third type, the solid oxide fuel cell (SOFC), will be described.
In these cells the electrolyte is a solid ceramic capable of ion conduction. Due
to the electrolyte being in the solid state, issues such as material corrosion
are eliminated and the stability increases [2]. In addition, it allows for more
a flexible cell design compared to their liquid counterparts. The energy effi-
ciency of an SOFC is in the range of 45 - 60 %, but with heat recovery it can
be increased to up to 90% [1]. Fuel cells has to be run at a high temperature
to promote ionic conductivity in the electrolyte, making end-use less flexible,
but the elevated temperatures gives the additional benefit of allowing use of
low-cost catalysers. One possible application of the SOFC is as a stationary
power plant, potentially feeding sustainable electricity into the grid. Below,
the basic working principle is described, along with the requirements of the
electrolyte. The anode and the cathode are not further elaborated on, as the
topic of this thesis is restricted to materials possibly suitable for use as an
electrolyte.

2.1.1 Working principle of a fuel cell

As figure 2.1 indicates, the fuel cell is built up by the electrolyte (grey part)
being sandwiched between the electrodes (two black parts). Hydrogen gas,
working as the fuel, is fed onto the anode, while the oxygen, or air, is fed onto
the cathode. This will create an oxygen gradient across the electrolyte, co-
ercing the oxide ions in the electrolyte to move from the cathode to the anode
and oxidise the fuel. This in turn will release one electron per H2-molecule,
creating a current that due to the electronically insulating property of the
electrolyte, is forced through an external circuit between the two electrodes.
This will also avoid an accumulation of negative charges on the anode, while a
continued supply of O2-gas on the cathode will maintain the process. As the
H2-gas react with the oxide-ions, the only byproduct is water and heat.

Equation 2.1 shows the reaction at the anode, where the oxidation of the
fuel gas H2 occurs, while equation 2.2 shows the reaction on the cathode
side, where oxygen gas is reduced to form ions that in turn will be attracted
to the anode side due to the oxygen gradient.

H2 + O2–→ H2O + 2e– (2.1)
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Figure 2.1: Concept diagram of a planar SOFC [1].

O2 + 4e–→ 2O2– (2.2)

2.1.2 Electrolyte in a solid oxide fuel cell (SOFC)

The main requirements of an electrolyte in an SOFC are [2]:

• High density to prevent gas leaking and mixing

• Stability in oxidising and reducing environments

• High ionic conductivity and electronic insulation

• Similar thermal expansion coefficient with other components to avoid
cracking during cell operation

• High fabricability and low cost

The most common SOFC electrolyte is the yttrium-doped zirconia (YSZ),
due to high availability, low cost and good performance, with a reported ionic
conductivity of 8·10−3 S/cm at 700 °C [8]. Other known oxide based ceramic
electrolytes are scandia-stabilised zirconia (ScSZ) and cerium oxide doped
with gadolinium (GDC), with reported conductivities of 9.6·10−3 S/cm and
7.3 ·10−3 S/cm, respectively.
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2.2 Defect chemistry

The theory of defect chemistry and electrical conductivity used in this chapter
is mostly based on Defects and Transport in Crystalline Materials by Truls
Norby (2018), unless stated otherwise.

Imperfections in crystalline materials are often far more interesting than the
perfect crystal itself. The imperfections, or defects, induce certain properties
in the material, giving rise to important phenomena such as ionic conductiv-
ity and mass diffusion. There are a limited number of different types of point
defects, which in a crystalline solid are vacancies, interstitials and substitu-
tional ions. A vacancy is an empty site in the crystalline lattice, previously
occupied by a host ion, that has since been removed from its place in the lat-
tice. An interstitial defect is when a normally empty site is occupied, either
by an ion originating from the host, or by a foreign ion. Finally, a substi-
tutional defect indicates a foreign ion replacing a host ion, having either the
same, higher, or lower charge than the original ion.

2.2.1 Describing point defects and defect reactions

The Kröger-Vink (K-V) notation is used to describe point defects in a crys-
talline solid. ACS is the used notation, where A is the type of defect (v for
a vacancy, e for electrons, h for electron holes, while the chemical symbol is
used for the elements). S is the site the defect takes up (an interstital site is
described with i, and chemical symbol for a site in the host lattice). Finally,
C describes the effective charge of the defect: a positive defect detoned by
, a negative defect with / or a neutral defect with χ. Effective charge is the

difference between the charge of the defect and the original site. As an exam-
ple that is relevant during this thesis, doping with W(VI) on the Nb(V)-site
in LaNbO4 has an effective charge of +1, due to the more positively charged
dopant, which gives the notation WNb. All defects relevant for this thesis are
listed in table 2.1:

When seeking to understand defects appearing in crystals, it is important
to know how external factors, such as partial pressure of gases, affect their
concentration. To describe these relations, chemical defect reactions expected
to be relevant for the material is developed. To formulate these reactions,
three rules must be followed:
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Table 2.1: Relevant point defects

Substitutional W on Nb-site WNb

Substitutional Mo on Nb-site MoNb

Interstitial oxide O//
i

Interstitial hydride H/
i

Substitutional hydride on O-site HO

Oxygen vacancy vO

1. Conservation of mass - The amount and types of atoms on each
side of the equilibrium must be the same before and after the reaction.
Vacancies, electrons and electron holes are considered to not add to the
mass.

2. Conservation of charge - A solid, crystalline compound are charge
neutral, meaning the total charge before and after a reaction must be
equal, either neutral or charged.

3. Conservation of site ratio - The ratio of cations and anions in a com-
pound is constant, so the sites on each side of the defect reaction can
be different, as long as the ratio of the annihilated or formed structure
sites stay the same.

As an example, the formation of a anti-Frenkel defect in an oxide MO can be
considered. In this process, an anion is removed from its site in the crystal
lattice into an interstital site, vO and O//

i . This can be described with the
reaction:

Oχ
O + vχi = vO + O//

i (2.3)

Simultaneously, formation of an electron and a hole (ionisation) will also
occur, and these two reactions are the intrinsic defect formation reactions. A
pair of redox defect reactions describes the reduction and oxidation of MO,
respectively. These are summarised in table 2.2.

These reactions gives four mass-action terms, where only three are indepen-
dent. This introduces the need for a fourth independent equation, as there
are four unknown concentrations. This is found in the form of the elec-
troneutrality condition, and is shown in equation 2.4. The square brackets
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Table 2.2: Anti-Frenkel defect reactions in an MO-oxide.

Process Reaction Mass-action term

Anti-Frenkel Oχ
O+vχi =vO +O//

i KAF = [vO ][O//
i ]

Ionisation 0 = e/ + h KI = [e/][h ]

Oxidation O2(g) = 4h 2O//
i Kox = [O//

i ]2[h ]4 p−1
O2

Reduction 2Oχ
O = 2vO + 4e/ + O2(g) Kred = [vO ]2[e/]4 pO2

describe concentrations of the point defects. The electroneutrality condition
states how the defects compensate each other to maintain a charge neutral
compound. The coefficients before each defect concentrations corresponds to
the defect charge. This is because a lower concentration of higher charged
defects are required for charge compensation.

2[O//
i ] + [e/] = 2[vO ] + [h ] (2.4)

Using the mass-action terms derived from the reactions, it is now possible
to describe how the defect concentrations will behave under different atmo-
spheres, by making assumptions on the electroneutrality condition in the
different regions. In oxygen rich conditions, it is assumed that the concen-
tration oxygen vacancies are negligible, as well as electrons. This simplifies
the electroneutrality condition into

2[O//
i ] = [h ] (2.5)

and from this, along with the mass-action terms, describe the dependence of
these two defects of pO2 . Inserting the electroneutrality into the mass-action
term for oxidation in table 2.2 gives

Kox =

(
[h ]

2

)2

[h ]4p−1
O2

[h ]6 = 4KoxpO2

[h ] = (4Kox)
1/6 p

1/6
O2

(2.6)
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This shows a proportionality of hole concentration to p
1/6
O2

. Due to the elec-
troneutrality condition, this same dependence also applies to the oxide inter-
stials:

[O//
i ] = 22/3 (Kox)

1/6 p
1/6
O2

(2.7)

The same procedure is done to find the concentrations of the minority defects
by using the other mass-action terms:

[e/] = KI (4Kox)
−1/6 p

−1/6
O2

[vO ] = 2−2/3KAF (2Kox)
−1/6p

−1/6
O2

(2.8)

Similarly for an oxygen deficient atmosphere, oxygen vacancies are expected
to dominate along with electrons.

2[vO ] = [e/] (2.9)

The same procedures can be used to find the dependencies for the defects in
this region:

[e/] ∝ p
−1/6
O2

[vO ] ∝ p
−1/6
O2

[h ] ∝ p
1/6
O2

[O//
i ] ∝ p

1/6
O2

(2.10)

These pO2-dependencies are typically presented in a Brouwer diagram, seen
in figure 2.2. The middle region in the diagram shows the pO2-dependence
of defects for intermediate pO2-values. These can be calculated in the same
manner, with the electroneutrality condition depending on which defects are
dominating in stoichiometric composition (ie. the relative magnitude of the
mass-action terms). These will present itself as a plateau for the dominating
defects.
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Figure 2.2: Brouwer diagram of anti-Frenkel defects in an oxide (MO)
with oxygen rich atmosphere to the right, and oxygen poor to the left (in

both diagrams). Figure (a) shows the case of dominating electronic defects,
while (b) shows the case of dominating ionic defects.

2.2.2 Effects of doping

When introducing dopants into an oxide, they can be either of higher, lower
or same valence as the substituted ion. When it is of higher valence, it is
called a donor, and for lower valence, an acceptor. If a higher valent cation,
Mh, is substituted into the MO oxide, the excess charge provided by the
dopant needs to be charge compensated. This will change the electroneutral-
ity condition in equation 2.4 to:

2[O//
i ] + [e/] = 2[vO ] + [h ] + [MhM] (2.11)

The mass-action terms from table 2.2 stays the same. This results in a shift
in the Brouwer diagram, as in figure 2.3 where the higher valent dopant is
compensated by electrons in oxygen-poor atmospheres, and metal vacancies
in oxygen-rich atmoshperes, in this particular case.
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Figure 2.3: Brouwer diagram showing the effect of doping an oxide with a
higher valent cation.

2.3 Transport in oxides

2.3.1 Microscopic description of ionic transport

To understand transport in oxides, it can be useful to start with the mi-
croscopic picture. Ionic transport stems from movement of ions through a
lattice. For an ion to be able to move, it must have a vacant site to move
into. This could be a vacancy or an interstital site. One way to describe the
rate of progression of an ion, rp, is through the equation

rp = fcpdpapBν (2.12)

pa is the probability that an available site exists around the ion. For transport
via vacancies, this is dependent on vacancy concentration and number of
nearest neighbours. For transport via interstitials, the nearest neighbour
is almost always vacant. pd is the probability that the vacant site is in a
particular direction regarded as the positive direction of progression. ν is
the thermal vibration frequency of the ion and corresponds to the number
of attempts the ion makes at jumping to the vacant site. Since the ion is
located at a local energetic minimum, and that the vacant site is another
local minimum, it must overcome an energy barrier, ∆Gm, to be able to
successfully jump. The probability that the ion succeeds in making the jump,
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is expressed by the Boltzmann expression

pB = exp

(
−∆Gm

kT

)
(2.13)

k is the Boltzmann constant, while T is the temperature. fc is the correlation
factor, which describes the probability that the ion will not jump back.

At thermal equilibrium, the energy barrier is the same in all directions, and
provides no net movement. If an external driving force is applied, the en-
ergy barrier will be decreased in one direction and increased in the opposite
direction. This will modify equation 2.13 into

pB = exp

(
−∆Gm − Em

kT

)
(2.14)

for the jump in the preferred direction. Em is given by 1/2sF , where s is
the distance between the sites, and F is the applied force. For the opposite
direction, the barrier is increased by Em. By making a suitable Taylor ex-
pansion, and combining the rates of progression in the positive and negative
directions, the net progression rate is obtained

rnet = rpF
s

kT
(2.15)

By multiplying rnet by the jump distance s and the local volume concentra-
tion of the ions, c, the net flux, J , is obtained.

J = rnetF
s2c

kT
(2.16)

The external force, F , could be due to an electric field or a concentration
gradient. When looking at the electric field the driving force is given by

F = q

(
−dV

dx

)
(2.17)
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V is the electric potential and q is the charge of the moving ion. Inserting
this into equation 2.16, gives the particle flux, and by further multiplying
with the charge of the moving ion, gives the charge flux:

j = rnet
s2c

kT
q2
(
−dV

dx

)
= σiE (2.18)

where E equals -dV
dx

, and σi is the rest of the terms, describing the ionic
conductivity. Equation 2.18 is in the form of Ohm’s law.

When instead considering the concentration gradient as the driving force, it
is given by

F = −dµ
dx

(2.19)

where µ is the chemical potential which is defined as:

µ = µ0 + kT ln a (2.20)

Here a is the activity of the migrating species, which can also be expressed as
the volume concentration c. Since the change in the chemical potential can
be expressed in terms of the concentration gradient 1, the force is now

F =
kT

c

(
− dc

dx

)
(2.21)

Similar to the electric potential, equation 2.21 is inserted into equation
2.16:

J = rps
2

(
− dc

dx

)
= D

(
− dc

dx

)
(2.22)

which is the particle flux. In the same manner that the macroscopic quantity
was derived from the electric field, equation 2.22 describes Fick’s first law,
where the diffusion constant, D, equals to rps

2.

1 dµ
dx=

dµ
dc

dc
dx
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Since σi could be expressed as rnet
s2c
kT
q2 (equation 2.18), a relation between

the diffusion constant and the conductivity can be expressed. This gives the
Nernst-Einstein relation:

D

kT
=

σi
q2c

(2.23)

For an ion conductor, the chemical and electric potentials will work together,
and can be combined into the electrochemical potential, η:

η = µ+ qV (2.24)

The force associated with this potential is

F = −qdV

dx
− dµ

dx
(2.25)

Inserting this force into the equation 2.16, combining with equation 2.23 and
multiplying by the charge q, gives the current density:

j = −σi
q

(
q

dV

dx
+

dµ

dx

)
(2.26)

2.3.2 Macroscopic description of ionic transport

The previous section showed how the ionic transport can be described from
the bottom-up, linking the microscopic picture to some important macro-
scopic properties. These properties are what is measured during electro-
chemical characterisation. The total conductivity of an oxide (σtot) is an
additive function of the contributions of each charge carrier in the system
(Eq. 2.27). Here (σi) and (σe) are the partial ionic and electronic conductiv-
ity, respectively.

σtot = σi + σe (2.27)

The transport number, also called transference number, is the ratio of the
partial conductivity to the total conductivity. The transport number (ti) of
ionic conductivity in an oxide is expressed as:
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ti =
σi
σtot

(2.28)

In order to measure the transport number, electromotive force (EMF) mea-
surements can be conducted. Experimentally, this is done by subjecting the
sample to a pO2-gradient, i.e. different oxygen partial pressures on each side
of the sample. Due to the difference in pO2 , the charges will flow to the side
with less oxygen, which in turn will generate an EMF across the sample.
Equation 2.29 gives the expected value of the voltage generated.

EI−II = ti
kT

−q
ln

(
pIIO2

pIO2

)
(2.29)

This equation can be derived, starting from equation 2.26. The derivation is
somewhat involved, and is omitted here.

2.3.3 Space Charge Layer

Several ion conductors have shown a grain boundary resistance higher than
the bulk resistance [9, 10]. This has been attributed to a space charge layer,
which has been depleted of positively charged species going into the grain
boundary core (figure 2.4). For an ion conductor of e.g. protons or oxygen
vacancies, the accumulation of the positive charges in the core will increase
the potential felt by the ions, thus increasing the resistance across the bound-
ary.

2.4 Lanthanum niobate (LaNbO4)

This section is an introduction into the structure and relevant properties of
LanNbO4.

2.4.1 Structure of LaNbO4

LaNbO4 has two polymorphs, a low temperature monoclinic phase, and a
high temperature tetragonal phase. This phase transformation occurs over a
temperature range 490 - 525 °C [11, 12, 13, 14]. The low temperature phase
has the structure of fergusonite, which has the formula of (Y,RE)(Nb,Ta)O4
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Figure 2.4: Schematic of a space charge layer taken from Kjølseth et al.
[10]

(RE = Rare earth element) and space group I2/c, while the high temper-
ature phase has a distorted scheelite structure (CaWO4), with the space
group I41/a. Figure 2.5 presents the unit cell of the high temperature
LaNbO4.

The La-ions are coordinated by 8 oxide ions in a sort of distorted square an-
tiprism geometry, while the Nb-ions are tetrahedrally coordinated. There are
four formula units in the cell where all ions of each specie are located in sym-
metrically equivalent sites (Wyckoff sites 4b, 4a and 16f, respectively).

The structure is quite open in the a- and b-directions, as can be seen in figure
2.6. This allows easy acommodation for large anion interstitials, such as oxide
ions. It has been shown that donor doping introduces oxide interstitials in the
structure. These oxide excess structures are incommensurately modulated
[16, 17]. Figure 2.6 shows the supercell used in DFT-calculations.

2.4.2 Conductivity in doped LaNbO4

Acceptor doped LaNbO4 (e.g. with CaLa) has shown good proton conductiv-
ity, and has been studied extensively throughtout the years [5, 4]. However,
the amount of doping possible by alkaline earth elements, is limited to 0.25
mol%, and the excess doping provided no additional effect on the conductiv-
ity [18]. Studies conducted by Li et al. has illustrated that LaNbO4 can also
be donor doped, using W as a donor on the Nb-site, inducing oxide ion con-
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Figure 2.5: Unit cell of the high temperature scheelite phase of LaNbO4.
Green ions are La, the dark green are Nb, and the red ions are oxygen.

Unit cell visualised in VESTA [15].

ductivity [6]. Total conductivity was measured to be 3.0·10−3 S/cm, and has
been confirmed to be a pure oxide ion conductor. In addition, they claim the
oxide ion conduction occurs via an interstitalcy mechanism [17]. Subsequent
studies have shown the possibility of doping up to 16 % [7].

Mo-doping in LaNbO4 has shown an enhanced total conductivity at 900 °C
of 2.65·10−2 S/cm and 8.11·10−2 S/cm in air and 5 vol% H2-N2, respectively.
These high values are attributed to emergence of electric conductivity in
reducing atmosphere, due to reduction of Mo [19].

2.4.2.1 Dissolution reaction of donor doped LaNbO4

In this thesis, LaNbO4 will be doped with W and Mo. One composition will
be purely W-doped, and the other will be co-doped with both W and Mo. The
dissolution reactions for the doping is provided in equations below. In both
cases the dopants have an excess charge of +1, and are charge compensated
by oxide interstitals.

2WO3 = 2WNb + O//
i + 5Oχ

O (2.30)
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Figure 2.6: Supercell of the high temperature scheelite phase LaNbO4, (a)
along the a-direction, and (b) along the c-direction.

WO3 + MoO3 = WNb + MoNb + O//
i + 5Oχ

O (2.31)

2.4.3 Possible synthesis of an LaNbO4-based oxydride

In recent years, there has been an increased focus on synthesising mixed-
anion compounds. One interesting class of mixed-anion compounds are the
oxyhydrides, where the anion lattice is shared by the oxide and the hydride
ions. Today, only a handful of oxyhydrides has been reported [20]. They
are interesting as possible hydride ion conductors, for possible use as future
electrolytes, e.g. in fuel cells. To this date, there has been no reports of
LaNbO4-based oxyhydrides. However, the presence of the positively charged
W-dopants in LaNb1−xWxO4+δ, may be helpful in stabilising the hydride
ions. A possible synthesis route is described as:

LaNb0.95W0.05O4.025(s) + CaH2(s) =

LaNb0.95W0.05O4.025–xHx(s) + xCaO(s) +
x

2
H2(g)

(2.32)

2.5 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy is an important and powerful method
for analysing electrical properties in a material. It is a powerful tool for dis-
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tinguishing the relative contributions of the resistance and reactance to the
total impedance of an electrical circuit.

2.5.1 Impedance

When applying a direct current (DC) to a circuit, the circuits opposition to
the electric current is described by the resistance. However, when applying
an alternate current (AC) things get a bit more complicated. Now the voltage
and current will vary with time. The voltage is given by the amplitude, U0,
and the angular frequency, ω

U = U0 sin(ωt) (2.33)

The sine wave voltage generates a current that will have the same frequency
and wave pattern, with a different amplitude, I0

I = I0 sin(ωt+ θ) (2.34)

Due to the oscillating nature of the AC, capacitive and inductive elements
introduce a reactance, X, which causes the phase of the current to lag or
lead the applied voltage. Impedance is used to extend the resistance to also
include the phase changes caused by the reactance. Impedance consists of a
real and imaginary term, the real term is the resistance, and the imaginary
is the reactance. Impedance is therefore a more general term, and can be
applied to both DC and AC circuits, where the impedance in a DC circuit
have a phase angle of zero, thus only exhibiting tradtional resistance. The
impedance is written as below, where j is the imaginary number, and is
typically drawn in the complex plane.

Z∗ = R + jX (2.35)

For different elements in an electrical circuit, such as a resistor, capacitor or
inductor, the contributions to the impedance are distinct from each other. An
ideal resistor, R, only has pure resistance, thus only contributing to the real
impedance, and is thus independent of frequency. An ideal capacitor, C, will
only have an imaginary contribution. An ideal inductor, L, will also have a
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pure imaginary contribution, although in the opposite direction of the capac-
itor. These three elements in series will provide the total impedance:

Z∗ = R− j 1

ωC
+ jIL (2.36)

where the first term is the contribution from the resistor, the second is the
contribution from the capacitor, and the final term comes from the induc-
tor.

2.5.2 Basics of electrochemical impedance spectroscopy

In electrochemical impedance spectroscopy (EIS) the impedance of a sample
is measured as a function of a broad range of frequencies. This is done
by applying an AC voltage over the sample, and measuring the current.
This gives the frequency response of the system. The response in different
frequency regions correspond to different electrochemical processes in the
material. The response from the measurements are often displayed in a
Nyquist-plot, where the real and the imaginary parts of the impedance, is
plotted for each sample frequency. This often results in a semicircle. Ideally,
each process would show up as a single semicircle, however, the frequency
range of the responses overlap. This complicates the interpretation. For
ionic conductors, it is of interest to probe the ionic mobility in the material.
However, the conductivity is typically different in the bulk of the material and
in the grain boundaries, and these can show up as overlapping semicircles.
The signal must be deconvoluted to give useful data, and an equivalent circuit
is needed to model the electrochemical processes as circuit elements, to do
this deconvolution.

2.5.2.1 Deconvolution of a Nyquist plot

Equivalent circuits are an important tool for providing insight into the con-
tributions of the different elements in a system to the electrical response. It
is used as a theoretical model that describes the electrical response of the
real system. Some understanding of the processes are needed beforehand to
create a sensible equivalent circuit. One such example is shown in figure 2.7,
where two resistances are connected in series with a constant phase element
(CPE) in parallel for each.
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Figure 2.7: Equivalent circuit used for deconvolution in this thesis.

A CPE is an imperfect capacitor, meaning that it has both an imaginary and
a real contribution to the impedance, and the impedance from the CPE is
described as:

ZCPE =
1

Y (jω)n
(2.37)

where Y is the pseudocapacitance, and n is a number ranging from 0 to 1.
The CPE’s behaviour decides the value of n, if the element behaves more
like a resistor, the value of n gets closer to 0, and closer to 1 when behaving
more like a capacitor.

Equation 2.38 relates the capacitance to the pseudocapacitance, where R is
the corresponding resistance:

C = Y
1
nR

1
n
−1 (2.38)

The magnitude of the calculated capacitance can be used to distinguish which
transport phenomena it corresponds to [21]. Some of the relevant phenomena
are shown in table 2.3.

Table 2.3: Possible interpretations of different capacitance ranges,
reproduced from Irvine et al. [21]

Capacitance [F] Electrochemical process
10−12 Bulk
10−11 - 10−8 Grain boundary
10−7 - 10−5 Sample-electrode interface

From the geometry of the sample, the specific bulk conductivity is readily
calculated using
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σbulk =
1

Rbulk

L

A
(2.39)

where L is the thickness of the sample, and A is the cross section of the
electrode.

2.5.3 Brick Layer Model

While the bulk conductivity (σbulk) is known from the geometry of the sam-
ple, the conductivity from grain boundaries (σgb) is harder to define due
to varying grain sizes and grain boundary thicknesses. To approximate the
grain boundary geometry, the brick layer model (BLM) can be used. The
principle behind BLM [22, 23] is to assume that the grains in the material
are cubic, while the boundaries are flat layers between the grains (figure 2.8).
This allows for an analytical expression for the grain boundary conductivity.
This of course is a simplification of the true nature of the material.

Figure 2.8: Schematic representation of the brick layer model, with cubic
grain boundaries, figure taken from Haile et al. [24].

Grain boundary conductivity can be calculated using the deconvoluted values
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for the material, and the geometric dimensions of the sample. This is given
as:

σgb =
L

A

(
Cbulk
Cgb

)
1

Rgb

(2.40)

where L is the thickness of the sample, A is the area of the electrode.

2.6 Density Functional Theory (DFT)

Density Functional Theory (DFT) has been an invaluable tool for materials
scientists for several decades. Also for defect chemists it is commonly used
to calculate formation enthalpies of defects in a solid.

2.6.1 Principles behind DFT

In 1926, Erwin Schrödinger published the famous Schrödinger equation

ĤΨ = ÊΨ (2.41)

where Ĥ is the Hamiltonian operator, which describes the kinetic and poten-
tial energy terms of the system. Ê is the energy operator, and Ψ is the total
wavefunction. In principle, this equation could be used to describe any sys-
tem, given a suitable Hamiltonian. Unfortunately, it is for almost all systems
far too complex to allow a solution. For this reason, approximations must be
made. DFT is one method to use to approximate a solution, and is based on
two theorems proposed by Hohenberg and Kohn. The first theorem states
that the ground state energy is a unique functional of the electron density,
ρ(~r). This reduces the the 3N dimensions of the wavefunctions to the three
spatial dimensions of the electron density, significantly simplifying the prob-
lem. The second theorem states that the true electron density corresponding
to the solution of the Schrödinger equation also minimises the energy of the
overall functional. While these theorems prove that such a functional exist,
it is unknown. This must be approximated where all unknown effects are
lumped together in a so-called exchange-correlation term. This term can be
constructed in several ways, the simplest being the Local Density Approxi-
mation (LDA), which is based on the exact exchange-correlation term of a
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uniform electron gas. This approximation can be further developed, by also
considering the gradient of the electron density in the Generalised Gradient
Approximation (GGA).

The practical implementation of the Hohenberg-Kohn theorems were made
possible by the Kohn-Sham equations. These describe a system of non-
interacting particles that gives the same electron density as a real system
of interacting particles. Given an initial guess of the electron density, the
system can be solved self-consistently. Today, this is implemented in several
software packages, such as the Vienna abinitio Simulation Package (VASP),
available for use by materials scientists around the world.

2.6.2 Defect thermodynamics in DFT

An important application of DFT is to predict the thermodynamic stability
in solid materials. The defect formation energy, ∆Gf,i, of a single defect can
be expressed as:

∆Gf,i = ∆Gel
f,i + ∆Gvib

f,i (T ) + ∆Gat
f,i (T, p) + p∆fV (2.42)

∆Gel
f,i is obtained from DFT, and describes the change in total electronic

energy. ∆Gvib
f,i (T ) arises from the vibrational changes occuring during for-

mation of the defects. ∆Gat
f,i(T, p) is the partial pressure and temperature

dependency on the chemical potentials of the atomic species that are ex-
changed with the surroundings. The term p∆fV is from the expansion in
the volume during formation of the defect, but this is considered to be negli-
gible for small defect concentrations and not taken into account under these
circumstances.

For a charged defect, the formation energy at 0 K is given by:

∆Etot
def = Etot

def − Etot
perf −

i∑
1

∆niµi + q (εF + ∆ε) (2.43)

∆ni tells the difference in the number of atoms i between the perfect and
the defective cell, whereas µi is the chemical potential of said defect in the
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reaction. The Fermi level is denoted with εF . Etot
perf is the total energy of

the pristine cell, while Etot
def is the energy of a supercell with a defect present.

This defect has the charge q. The final term ∆ε is a correction term.

The chemical potential of hydrogen and water, µH2 and µH2O, is found
from

µ(p, T ) = E0 +Hθ(T )− TSθ(T ) +RT
p

p0
(2.44)

Hθ and Sθ are collected from tabulated values [25].
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Chapter 3

Experimental methods

In the following chapter, the experimental procedures used in this project are
described, including the synthesis routes and electrochemical measurements
and equipment. For the syntheses of the samples, a high temperature solid
state reaction route was used.

3.1 Synthesis and fabrication of LNWO and LNWMO
pellets

LaNb0.95W0.05O4+δ and LaNb0.95W0.025M0.025O4+δ were prepared by a solid
state reaction using the precursors listed in table 3.1. MoO3 was only used
for the latter sample. The two batches amounted to approximately 10 grams
each, and stoichiometric amounts of each precursor were calculated accord-
ingly. La2O3-powder was dried at 900 °C for 20 hours to remove any water
ad- and absorbed due to its hygroscopic nature. The powder was quenched
at 600 °C for weighing, and precursors for Nb, W and Mo were dried and
weighed in accordance with the amount of La-precursor. The correct amount
of powders were transferred to a zirconia container with zirconia-balls and
thoroughly mixed for 30 minutes in a ball mill with isopropanol. To vaporise
the isopropanol, the slurry was placed in a heating cabinet at 120 °C until
dry. To make reasonable sizes for the annealing reaction, the batches were
separated into five segments that were pressed into pellets with a 20 mm pel-
let die. The annealing reaction was conducted twice at 1000 °C for 20 hours,
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with a ramp rate of 150 °C/h. To finalise the pellet for use, roughly 2 grams
of powder was pressed, and sintered for 20 hours at 1500 °C. Before use, the
pellets were characterised with XRD and SEM subsequently electrochemical
measurements were conducted.

Table 3.1: Precursors for LNWO and LNWMO

Precursor Purity Supplier CAS-number
La2O3 ≥ 99.9 % Sigma-Aldrich 1312-81-8
Nb2O5 99.5 % Alfa Aesar 1313-96-8
WO3 99.5 % Sigma-Aldrich 1314-35-8
MoO3 99.5 % Alfa Aesar 1313-27-5

3.1.1 Preparation of electrodes

The samples were polished on a DAP-V round polishing machine using SiC
grinding paper with grit sizes #1200, #2400, #4000 (Struers ApS, Denmark)
to form a flat and smooth surface. Platinum paste (Metalor M-001511 Plat-
inum Ink, Metalor Technologies SA, Switzerland) was painted on both sides
of each pellet, creating electrodes of about 1 cm in diameter, see figure 3.1
(a). The pellet was put into a heating cabinet at 110 °C for 15-20 minutes
between each layer to vaporise the organic thinner. After application, pellet
was subjected to 1000 °C for two hours for the electrode to stick as well as
burning off the organic component in the paint. Pt-mesh with same area
as the on-painted Pt-electrode was pressed together with Pt-wire (figure 3.1
(b)), for a better connection in the cell.

The cell used for electrochemical measurements is a ProboStatTM (NorECs
AS, Norway), and can be used for measuring a multitude of electrochemi-
cal properties, such as conductivity, mass transport and many more under
controlled atmospheres up to 1600 °C. Figure 3.2 shows the assembled pellet
with the electrodes inside the ProbostatTM . Figure 3.3 shows the measure-
ment cell with connections for gas tubes, thermocouple and electrodes. A
gold gasket is placed between the pellet and the inner tube for sealing off the
two chambers, which was done by heating up the furnace to a temperature
close to the melting temperature of gold of 1064 °C.
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Figure 3.1: a) Painted Pt-electrode on pellet b) Pt-mesh connector

3.1.2 Electrical equipment and lab setup

The conducitivity and EMF-measurements were conducted on a ProboStatTM

measuring cell (NorECs AS, Norway), described above. The conductivity and
impedance measurements were run through a Solartron 1260 (Zurich Instru-
ments, Switzerland), while the generated EMF was measured with a 34401a
multimeter (Hewlett-Packard Company, United States).

The data was logged using bespoke software written by Prof. Truls Norby,
while the data analysis were done using Origin 2017 32Bit (OriginLab Cor-
poration, United States) as well as Microsoft Excel 2016 (Microsoft Corpo-
ration, United States). The ZView software (Scribner, United States) was
used for deconvolution of the impedance spectra.

3.1.2.1 Gas mixer

The gas mixer used for this thesis consists of 16 low flow glass tube flowmeters
(Brooks Instrument, United States) connected by copper tubes. This mixer
has the ability to provide different gas mixtures in each chamber of the mea-
surement cell. This is of importance to the EMF-measurements due to the
need of an oxygen gradient for measuring the transport number. The gas
flow inputs for the desired gas compositions were determined from software
ProGasMix v.0.7.
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Figure 3.2: Part of ProboStat where the pellet (light green) is assembled.
a) A - outer gastube. B - from top down: Pt-mesh/pellet/goldring C. -
thermocouple. D - outer electrode b) Top view of pellet with Pt-mesh.

Figure 3.3: The ProboStatTM measurement cell with descriptions of the
main components by NorECs AS.
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3.1.3 Structural characterisation of samples

3.1.3.1 SEM and EDS

To study the morphology, composition and microstructure of the materials
surface, the samples were analysed in a Quanta 200F SEM (FEI Company,
United States) with a field emission gun (FEG). The instrument was run in
low vaccum, using a Large Field Detector (LFD), due to the fact that the
surface of the sample is not electronically conducting, and will accumulate
charge in high vacuum. The acceleration voltage used was 20 kV. For surface
composition, energy-dispersive X-ray spectroscopy (EDS) was conducted, us-
ing an EDAX Pegasus 2200 EDS detector.

3.1.3.2 XRD

The samples’ phase composition and crystal structure were studied by XRD
on a Bruker D8 Discovery with CuKα,1, λ = 1.54060 Å and CuKα,2, λ =
1.54439 Å). Measurements were conducted in the 2θ-range of 10 to 70°, with
a step size of 0.02°.

3.2 Oxyhydride synthesis

The leftover powder from the LNWO-sample was prepared for the oxyhy-
dride synthesis by splitting it into two batches, from now on called sample
A and B. Sample A was heat-treated at 1200 °C for 20 hours, while B was
treated at 1000 °C to detect any difference in the amount of hydrogen in the
samples. From here on out, the samples were subjected to the same synthe-
sis.
The powders were mixed with CaH2 using a mortar and pestle in a 3:1
weight ratio, pelletised and transferred to four quartz-tubes sealed on one
end, splitting sample A and B into two batches. The ampoules were evac-
uated using a vacuum-pump simultaneously as the open ends were sealed
with a hydrogen-torch. For the synthesis reaction to occur, the ampoules
were heated overnight at 500 °C. For removal of CaO and any excess CaH2,
the powder was washed with 0.1 mol/L NH4Cl/methanol, then dried at 100
°C overnight.
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3.2.1 Characterisation of oxyhydride samples

LNWO was mixed with CaH2 to see whether hydride ions can be incorporated
into the structure, generating an oxyhydride. One sample (A) was heat
treated to 1200 °C before the synthesis, to see whether a higher temperature
could further remove secondary phases that could interfere in the oxyhydride
reaction, while the other sample (B) had a maximum heat treatment of
1000 °C, this for comparison. The samples had undergone the synthesis as
described in section 3.2, which was in evacuated ampoules at a temperature
of 500 °C.

In this thesis, several characterisation methods have been utilised to give a
more complete picture of whether or not the oxyhydride synthesis could be a
success. X-ray diffraction was used to display a change in the cell parameters
of the material, but due to the small size of the hydride, this is difficult to
detect. A high resolution with a reference powder is needed to notice any
change. Gas phase analysis is used to measure whether hydrogen is present
in the sample, while thermogravimetric analysis can give an indication of the
amount of hydrogen present in the sample. The following sections will give
a more detailed description of the procedures for each segment.

3.2.1.1 X-ray diffraction - XRD

The same instrument as in section 3.1.3.2 was used to detect the small shift
in the XRD pattern. The experiment was conducted in the same 2θ range,
but for this composition, a smaller step size than before, 0.01°, was used.
The powders were mixed with a silicon standard powder (NIST 640d) to be
able to move the diffractogram in the x-direction, correcting possible shifts
due to different sample heights, etc.

3.2.1.2 Gas phase analysis - GPA

GPA along with mass spectrometry was employed to study the presence of
hydrogen in the sample. The results from this analysis will not be unambigu-
ous, as hydrogen can be present in the sample in other forms, such as water
and protons. The sample was placed in a quartz boat and placed all the way
into a quartz-tube during operation. The air in the tube was evacuated and
replaced with 20 mbar of Ar, the pressure inside the tube was controlled by
Pfeiffer pressure gauge. The samples were heated to 600 °C with a ramp rate
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of 200 °C/h. The final pressure in the tube was noted when it had cooled
down to room temperature. To determine the amount of hydrogen in the
sample, the ideal gas law (Eq. 3.1) was used:

n =
PV

RT
(3.1)

where P is the change in pressure, V is the total volume of the quartz tube
and insides of the equipment, R is the gas constant (0.083145 bar·l/mol·K)
and T room temperature, where the pressures were checked. The total vol-
ume of the quartz tube and the insides of the GPA is estimated at ∼103
mL.

3.2.1.3 Thermogravimetric analysis - TGA

TGA was utilised to study the expected mass change of the oxyhydride sam-
ple at high temperature. The sample was heated to 900 °C in an atmosphere
of 10 ml/min O2 and 30 ml/min N2, with a protective gas of 10 ml/min N2.
The sample size was 0.4337 g, meaning noise from external sources may be
disturbing the results, due to the low mass. The experiment is therefore run
during the night to avoid this as much as possible.The instrument used for
this operation was an STA 449 F3 Jupiter (NETZSCH-Gerätebau GmbH,
Germany).

3.3 Computational methods

All calculations have been performed within plane-wave DFT, as imple-
mented in Vienna ab initio Simulation Package [26, 27, 28, 29], using the
PBE functional [30]. The energy cut-off was set to 550 eV. The projector
augmented-wave (PAW) [31, 32] was used to describe the electron core inter-
actions using the pseudopotentials La, Nbpv, O, H, Casv. For calculations
on LaNbO4, a 2 x 2 x 1 supercell (10.89x10.89x11.75 Å) was used with a
Γ-centered k-point mesh of 2 x 2 x 2. For the electronic loop, convergence
criterion was set to 10−6 eV. For the ionic loop, the ions were allowed to relax
until the forces acting upon the ions converged below 0.01 eV/Å.
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Firstly, the unit cell of LaNbO4 was relaxed, allowing ion positions, cell
volume and cell shape to change. The input geometry was based on the
structural data by David [13]. Because all oxygen occupy the same symmetry
equivalent site, substitutional defects were only introduced on one oxygen
site. Interstitial defects were placed within the open structure, and were
relaxed with only the ionic degree of freedom. The number of electron was
altered according to the nature of the defect.

Table 3.2: Defects used in calculations

Interstitial oxide O //
i

Interstitial hydride H /
i

Substitutional hydride on O-site H*
O

Proton OH*
O

Oxygen vacancy v **
O

Convergence-tests was used to decide on the cut-off energy and k-point mesh,
see Appendix B.
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Chapter 4

Results and discussion

In this chapter, all results from the experiments described in the previous
chapter are presented. Firstly, results from structural and morphological
characterisation with XRD and SEM of LNWO and LNWMO are presented,
followed by electrochemical characterisation. Thirdly, results from the oxy-
hydride synthesis are presented, including XRD, GPA and TGA. Finally,
results from DFT-calculations of formation enthalpies of hydride defects are
presented. The results of the donor doping will be discussed consecutively,
while the oxyhydride results will be discussed all together at the end.

4.1 Characterisation of LNWO and LNWMO

In the following sections, the two samples, when relevant, are presented side
by side for easier comparison. In these cases, the LNWO sample is on the
left and LNWMO to the right.

4.1.1 Microstructure, surface morphology and surface com-
position

Before the electrochemical measurements, the powder went through struc-
tural characterisation to make sure they were adequately synthesised. The
thickness, area and masses of the pellets were measured to compare the den-
sities to the theoretical value, calculated from structural data in [13]. These
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are presented in table 4.1. Both pellets had adequate densities for the elec-
trochemical measurements.

Table 4.1: Geometric properties of the two pellets.

LNWO LNWMO
Diameter 17.15 mm 16.6 mm
Thickness 2.04 mm 1.75 mm
Mass 2.2956 g 2.0328 g
Measured density 4.8717 g/cm3 5.368 g/cm3

Theoretical density 5.76 g/cm3 5.76 g/cm3

Relative density ∼84 % ∼93 %

Figures 4.1 and 4.2 display SEM images of the surface microstructure of
sintered LNWO and LNWMO, respectively. The surface is rather dense, in
agreement with table 4.1. The grain sizes range from 2 to 10 µm, with some
smaller grains covering the surface. The images showed no signs of secondary
phases.

Figure 4.1: (a) Surface (using an Everhart-Thornley Detector (ETD)) and
(b) grains of the as-sintered LNWO-sample (using a Large Field Detector

(LFD)).

EDS spectra of the two pellets show the presence of W in both samples
(figure 4.3 (a) and (b)), also presence of Mo in the LNWMO sample (figure
4.3 (b)). The elemental analysis of the surface showed reasonable values for
the LNWO sample.

38



Figure 4.2: (a) Surface and (b) grains of the as-sintered LNWMO-sample,
both using LFD.

4.1.2 Crystal structure, XRD

XRD characterisation was done to determine the phase purity of the samples.
After reaction annealing, but before sintering, both samples showed signs of
secondary phases, after sintering however, these phases were not present and
the materials were single phase (figure 4.4).

Figure 4.3: EDS spectra of LNWO (a) and (b) LNWMO.
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Figure 4.4: X-ray diffractogram of the two as-sintered pellets.

Figure 4.5: a) Surface and b) grains of the LNWO pellet after
electrochemical measurements, both images with LFD.

4.1.3 Post characterisation

After the electrochemical measurements, where the LNWO sample had been
subjected to temperatures up to 1063 °C and both reducing and oxidising
conditions, it was studied in the SEM again to determine if there had been
any change to the morphology of the surface. Figure 4.5 shows the surface of
the sample, displaying similar surface morphology as for the earlier images.
The grain boundaries are not as clearly defined as before, which might be an
indication that the grains have gone through a recrystallisation after having
been polished for conductivity characterisation.
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4.2 Electrochemical measurements of LNWO and
LNWMO

4.2.1 Temperature dependence of conductivity

Figure 4.6 shows the change in electrical conductivity of LNWO (a) and
LNWMO (b) in the temperature range of 200 - 1000 °C. The measurements
were done in dry and wet air for both compositions, as well as in wet argon for
LNWO. The results show no effect of partial water vapour pressure (pH2O).
Effects of the abscence of oxygen was not tested for the co-doped sample
in the isobaric temperature ramps (meaning in wet Ar). The conductivity
curves have similar shapes, with the maximum total conductivity for LNWO
at 1000 °C is 7·10−3 S/cm. The maximum total conductivity for LNWMO
is half the magnitude as for LNWO (3.5·10−3 S/cm), and this was later
discovered to be due to a poor electrode. This measurement was not recreated
after fixing the elctrode, but the conductivity was noticed to be the same
values later. This is also backed up by measurements presented in section
4.2.2, where both samples have a maximum total conductivity of 6.8·10−3

S/cm. There are, in general, no significant differences in the behaviour of
the two compositions in dry and wet air which indicates that the doping
with only W and the co-doping with W-Mo provides identical results when
the materials contain the same amount of doping under sufficiently oxidising
conditions.

4.2.2 Oxygen partial pressure dependence of conductiv-
ity

Figure 4.7 shows how the conductivity depends on the pO2 . For LNWO
(a), the conductivity is independent of pO2 in oxidising atmospheres, and
this behaviour continues into reducing conditions. The very last point in
wet hydrogen at 800 °C, however, has a slight increase in the conductivity
(from 1.5·10−3 to 1.8·10−3 S/cm). This may stem from the W being reduced,
although the behaviour of LNWMO indicates otherwise. This should be
investigated further to see if reproducibility is possible.

In the LNWMO-sample, the same behaviour and magnitude is observed un-
der oxidising conditions. Under reducing conditions, however, the conduc-
tivity decreases with decreasing pO2 (figure 4.7 (b)). There is a difference
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Figure 4.6: Arrhenius plot of (a) LNWO and (b) LNWMO. Both samples
show similar behaviour throughout the temperature range.
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in the relative conductivity change from oxidising to reducing conditions at
different temperatures (Table 4.2). The conductivity also seems level out
towards lower pO2-values. The difference gets smaller with decreasing tem-
perature, indicating that the effect of reducing atmosphere is greater at a
higher temperature. Be aware that this effect is not so clear in figure 4.7 (b)
as the y-axis is logarithmic.

Figure 4.7: Partial pressure dependency for (a) LNWO and (b) LNWMO,
where LNWMO shows a clear pO2-dependence in reducing atmosphere. The

red line in (b) depicts the dependence of 1/6.

The change in conductivity for the Mo-sample under reducing conditions can
be explained by equation 4.1, which shows the Mo-ions being reduced from
Mo(VI) to Mo(V). The ionic radius of Mo(V) would need to be much smaller
than for the Nb(V) to move out of the structure. The ionic radii are 0.46 Å
and 0.48 Å, for Mo(V) and Nb(V), respectively. This gives an indication that
Mo stays present in the structure during a possible reduction. Assuming all
Mo-ions are reduced, while the W-ions maintains their oxidation state, half of
the interstital oxide ions, compensating both dopants, will oxidise to O2 gas.
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Table 4.2: Difference in conductivity from O2 to H2.

Temperature Difference Change in percentage
1000 °C 5.414·10−3 S/cm 20.88 %
900 °C 3.317·10−3 S/cm 13.32 %
800 °C 2.022·10−3 S/cm 7.81 %

This decreases the amount of mobile charge carriers in the material. That
the conductivity levels out faster at a higher temperature indicates that the
Mo is reduced faster. The leveling out of the conductivity can be attributed
to the same behaviour from the LNWO sample as in figure 4.7 (a) (although
at a lower magnitude).

MoNb +
1

2
O//

i = MoχNb +
1

4
O2(g) (4.1)

To calculate the pO2-depence of the concentration of interstital oxygen, a
similar method as in section 2.2.1 was utilised to give a pO2-dependence
of:

[O//
i ] ∝ p

1/6
O2

(4.2)

As figure 4.7 (b) shows, the dependence deviates slightly from this calcu-
lated pO2 , and may stem from assumptions of the defect model being incor-
rect.

4.2.3 Electromotive force (EMF) measurements

Figure 4.8 shows the transport numbers as a function of temperature. The
transport numbers are all above 0.85 (85 %). The EMF-measurements along
with the results from the pO2-results, show a strong indication that the con-
ductivity of the donor-doped LaNbO4 is dominated by oxide ions in oxidising
atmospheres. This would give a transport number of 1 (100 %), but devia-
tions from this number can be attributed to possible leakage between the two
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gas volumes due to an insufficient sealing with the gold gasket. The trans-
port numbers are calculated according to equation 2.29. Values are shown in
the Appendix A.

Figure 4.8: Transport numbers from 500 to 1000 °C, with values ranging
from 0.86 to 0.99.

EMF-measurements was also conducted on the LNWMO sample, and pre-
liminary results show a similar behavior generally with oxide ion transport
number close to 1. This is further proof that the total conductivity is pre-
dominantly ionic in oxidising atmospheres.

4.2.4 Impedance sweep

Electrochemical impedance spectroscopy (EIS) was conducted over a temper-
ature range from 1000 °C to 250 °C in dry air, with a frequency range from
106 Hz to 1 Hz. Presumably, due to high resistance at low temperatures,
measurements at 200 °C could not be carried out with the particular setup.
Instead, another impedance analyser was able to collect the data at 200 °C
for the LNWMO sample. The electrode part of the spectra was not taken
into account when deconvoluting. Figure 4.9 shows the Nyquist plot at 400
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°C for the two compositions, including the contribution from the electrode
(the ”tail” to the right of the depressed semicircles). This electrode part is
not of interest, as this thesis focus on the processes occuring in the material
itself. Comparing the donor doped (figure 4.9) to the acceptor doped LaNbO4

(figure 4.10), it can be seen that the acceptor doped sample has two defined
semicircles, while the donor doped have a more depressed semicircle. The
spectra will therefore be harder to deconvolute properly, compared to the
acceptor doped sample. Figure 4.11 is the representation of the equivalent
circuits used for deconvoluting the impedance spectra.

Figure 4.9: Nyquist-plot of LNWO and LNWMO at 400 °C.

Figure 4.10: Nyquist-plot of acceptor doped LaNbO4 400 °C, showing two
distinct semicircles.

The deconvolutions from both samples give an indication that the grain
boundary resistance decrease more than the bulk resistance at higher tem-
peratures. This is different from e.g. acceptor-doped LaNbO4 with 0.5 % Sr,
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Figure 4.11: Equivalent circuit used during deconvoluting of the
impedance spectra.

where impedance measurements showed a lower grain boundary conductiv-
ity with respect to the bulk [9]. Figure 4.12 shows the resistances directly
extracted from the deconvolutions, while 4.13 displays the capacitances cal-
culated from equation 2.38.

Figure 4.12: Resistances of (a) LNWO and (b) LNWMO.

From equations 2.40 and 2.39, the specific conductivities for the grain bound-
aries and the bulk were calculated, and are presented in figure 4.14.

The lower grain boundary resistance may be attributed to space charge the-
ory, assuming a positively charged grain boundary core, but this must be
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Figure 4.13: Capacitances of (a) LNWO and (b) LNWMO.

further investigated to get a more complete understanding of the processes
happening at the grain boundary. The two specific conductivites seems to
move further away from each other with increasing temperatures, which could
indicate that the oxide interstitials would accumulate in the grain bound-
aries. Another reason may also be that the equivalent circuit proposed for
this material is incorrect, and must also be further investigated.

4.3 Results from oxyhydride synthesis under vac-
uum

After heat treatment, the ampoules was opened for characterisation of the
pelletised powder. Color changes from white to dark grey were observed
in two of the four samples, indicating that chemical reactions had occured.
Inspections after the syntheses revealed that the ampoules of the two unre-
acted samples had broken before or during heat-treatment, allowing air into
the ampoules. Due to the hydride being a strong reducing agent, it may
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Figure 4.14: Specific bulk and grain boundary conductivity for (a)
LNWO and (b) LNWMO.
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react with the oxygen and reduce it. Figure 4.15 show the four samples in
their ampoules, showing the two white unreacted pellets, also showing that
sample A is slightly darker than sample B.

Figure 4.15: LNWO after mixing with CaH2 and heat treatment, showing
the two grey pellets that underwent a possibly successfull synthesis. The
two red rectangles frame the two white pellets where the ampoules broke

before or during synthesis.

4.3.1 X-ray diffraction - XRD

Figure 4.16 shows a small shift in the peak positions for the two samples that
underwent a presumably successful oxyhydride synthesis. Although the shift
is very small, it does shift towards lower 2θ values, indicating an expansion
of the cell parameters. This could stem from the effect from a lower valent
(hydride) ion replacing an oxide ion, decreasing the Coloumbic attractions
in the cell. The two ions have similar ionic radius, 134 pm for the hydride
ion, and 135 pm for oxide ion.
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Figure 4.16: XRD patterns of pristine LNWO (black) with sample A
(red) and B (blue).

4.3.2 Gas phase analysis - GPA

The results from the GPA is shown in figure 4.17. In both samples there is
a clear presence of hydrogen. For A, the sample size was ∼60 mg, and the
change in the pressure inside the quartz tube was 1.8 mbar. Using equation
3.1 to calculate the number of moles in the released gas, the amount of
hydrogen in the sample was found to be 9.011·10−6 g, which translates to
0.0139 % of the sample mass. The mass for sample B was weighed out to
107.6 mg, and the pressure inside the quartz tube was 20 mbar at the start.
When the tube had cooled down to room temperature, the pressure was
read out to be 22.5 mbar, exhibiting an increase of 2.5 mbar. Using the same
equation gave a hydrogen amount of 1.259·10−5 g, or 0.01170 % of the sample
mass. Sample A (figure 4.17 (a)) started releasing hydrogen at ∼350 °C. Any
hydrogen in water-phase would have been released at a lower temperature,
indicating a presence of hydrogen in a different state than that of water.
Sample B (figure 4.17 (b)) shows a release of hydrogen at ∼320 °C, same
assumption about water vapour as for sample A. As previously explained,
these results give no definite answer to whether or not oxyhydride has been
successfully synthesised. The results do give a clear indication that there is
hydrogen present, but unknown in which state.
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Figure 4.17: Sample A (a) and sample B (b) with a clear presence of
H2-gas when increasing the temperature.52



4.3.3 Thermogravimetric analysis - TGA

The results from the TGA showed an increase in the mass of the sample
during heating (figure 4.18). The sample size was 0.4337 g, and the stabilised
weight at 900 °C was 0.435 g, which gives an increase of 1.649 mg, or 0.38 %
of the sample mass. This increase in mass could be an indication that the
potential hydride ions are released from the sample and replaced by oxide
ions. The mass increasse occurs during heating from ∼300 °C to ∼800 °C,
which is the same temperature of degassing in the GPA. The powder turned
white again after the process, indicating a possible re-oxidisation of Mo, as
seen in figure 4.19.

Figure 4.18: The red line indicates when the furnace reached 900 °C, and
the blue line is when the furnace started to cool down.
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Figure 4.19: Sample A after being heated to 900 °C in the TGA, turning
it white after being dark grey.

4.4 Computational results

The defect formation energies were calculated using equation 2.43 to study
the effect of temperature on the stability of the defects. Wet and dry reducing
(H2) conditions were both considered. In wet conditions (pH2 = pH2O = 1
bar), figure 4.20a shows that interstital oxygen (red line) is the dominant and
compensating defect for donor doped LaNbO4. To simulate the conditions
during the oxyhydride synthesis, the calculations were done in dry reducing
conditions (pH2 = 1 bar, pH2O = 10−3 bar). Figure 4.20b show the increase in
stability of substitutional hydride (green line) with increasing temperature,
while the proton (blue line) becomes less stable.

Figure 4.21 compares the defect formation energies under H2 + H2O rich
(left) conditions and at lower H2O pressures (right) at 900 K.

Formation enthalpies used to construct figures 4.20a and 4.20b are presented
in table 4.2.
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(a)

(b)

Figure 4.20: Defect formation energies of H/
i , O//

i , OHO, HO and vO in
LaNbO4 under wet (a) and dry (b) reducing conditions at 0 K, 300 K, 600

K and 900 K. The slopes corresponds to each defects charge.
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Figure 4.21: Defect formation energies for the five defects at 900 K.

Table 4.3: Possible defect reactions for forming the studied defects with
their respective formation enthalpies at 0 K.

Defect reaction Formation enthalpy

CaH2 + Oi
// + vi

χ = CaO + 2Hi
/ 3.12 eV

CaH2 + OO
χ + vi

χ = CaO + HO + Hi
/ 4.64 eV

CaH2 + OO
χ + vχi = CaO + 2HO + O//

i 6.16 eV

CaH2 + OO
χ + vi

χ = CaO + OHO + H/
i -3.85 eV

2LaNbO4 + 3CaH2 = 2LaH3 + Nb2O5 + 3CaO 2.61 eV
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Chapter 5

Conclusion

In the present work, effects of donor doping at the Nb-site in LaNbO4 have
been investigated. Two compositions were synthesised, LaNb0.95W0.05O4+δ

(LNWMO) and LaNb0.95W0.025Mo0.025O4+δ (LNWMO), with the assumption
that oxide ions would be introduced on the interstitial sites in the crystal
lattice, charge compensating the donor. The materials have been studied in
different temperatures and atmospheres for a more complete understanding
of the influence on the ionic conductivity. The results show a maximum con-
ductivity at 1000 °C of ∼ 7 · 10−3 S/cm for LNWO in both dry and wet air,
indicating no dependence of pH2O under oxidising conditions. Electromotive
force measurements along with conductivity measurements give a strong in-
dication that the electrical conductivity of the material is predominated by
oxide ions. This stems from the oxygen interstitals, formed due to charge
compensating the donor doping, diffusing through the lattice. Results from
pO2-measurements showed the conductivity of both compositions to be equal
to ∼ 6.8 · 10−3 S/cm, in oxidising atmospheres.

The conductivity of LNWO showed a minor dependence of pO2 , with possible
electronic conductivity induced under highly reducing conditions. This may
come from reduction of W under reducing conditions. The conductivity of
LNWMO had an independence of pO2 in oxidising atmosphere, before be-
ing decreased moving into reducing atmospheres. Finally, the conductivity
leveled out, ending up at a value of ∼ 1.4 · 10−3 S/cm at 1000 °C. This is
attributed to the reduction of Mo, decreasing the number of mobile charge
carriers in the material. The reduction of Mo is reversible in oxidising atmo-

57



spheres, indicated by similar conductivity values before and after reduction.
LNWMO’s theoretical conductivity in reducing atmosphere is calculated,
from a defect model, to be proportional to p

1/6
O2

, although the experimental
values deviated from this calculated value. This may indicate a need for a
different defect model under reducing conditions.

EIS measurements carried out on both compositions showed a lower grain
boundary resistance compared to the bulk. This is opposite from accep-
tor doped LaNbO4, and may stem from oxide ions having higher mobility
across the boundary, assuming the core of the grain boundary being posi-
tively charged. The difference between the resistances also increased with
higher temperatures, which can stem from the equivalent circuit chosen for
this material to be incorrect.

Incorporation of a hydride into W-doped LaNbO4 to form an oxyhydride,
LaNb0.95W0.05O4+δ−xHx, was synthesised. Subsequent experimental investi-
gations with XRD, GPA and TGA was conducted to determine whether or
not the oxyhydride was actually formed. These techniques strongly indicate
the presence of hydrogen in the material, although it is no conclusive proof
that it is in the form of hydride ions. The experimental findings are sup-
ported by DFT calculations, indicating that substitutional hydride ions are
more thermodynamically stable under strongly reducing conditions, than the
interstital hydride ion.

Further work

A new and possibly more complex defect model of LNWMO in reducing
condition may need investigating, for properly describing the decrease in
conductivity. Although the results from this work indicate a reduction of the
Mo, this may not be the whole picture.

Investigating the higher specific grain boundary conductivity for LNWO and
LNWMO seems to be of importance. Performing more precise impedance
spectroscopy, with several proposed equivalent circuits can be of interest.
This may shed more light on the space charge theory.

To improve the possibility of a LaNbO4-based oxyhydride, the synthesis must
be optimised. Performing the preparation in a glove box will reduce the
amount of oxygen the hydride is subjected to.
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A more thorough characterisation must be conducted to be able to properly
determine whether the oxyhydride was truly formed. Neutron diffraction
experiments can give a more definite answer to this. If the donor doped
LaNbO4 can keep the hydride ions stable, the next step would be to study
the mobility of the ions.
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Appendix A

A.1 Transport numbers

Table A.1: Transport number

Voltage generated Temperature Transport number
-4.27·10−2 V 1000 °C 0.99
-3.95·10−2 V 900 °C 0.95
-3.64·10−2 V 800 °C 0.92
-3.31·10−2 V 700 °C 0.89
-2.91·10−2 V 600 °C 0.86
-2.31·10−2 V 500 °C 0.90
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Appendix B

B.1 Convergence testing

Figure B.1: Convergence test for cut-off energy.
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Figure B.2: Convergence test for k-mesh.
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