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Abstract:

A high interest in developing new materials for SOFC applications in the temperature range of
approximately 200500 °C has been growing lately. The lower activation energies for proton (H")
mobility can give higher conductivity in this temperature range. A demand on finding new H"
conducting materials as electrolytes in fuel cells is thereby the result. The materials should
preferably have high H" concentration and mobility, be chemically stable at the required
operating temperatures and be electronically insulating. Although structure-types other than the
well known perovskites, such as pyrochlores, have been of interest as novel materials for protonic
devices, significantly less research has been carried out on these systems. This makes further
detailed investigation of proton conduction in pyrochlores an important step on the way to
finding the next family of materials for proton conducting applications.

This thesis presents the synthesis and characterization of the structure and conductivity of several
pyrochlore oxide compounds. The synthesis for all the studies was concentrated on traditional
solid state sintering, while characterization have been conducted with X-ray diffraction (XRD),
thermogravimetric analysis (TGA), infrared spectroscopy (IR), scanning electron microscopy
(SEM) and electrochemical impedance spectroscopy (EIS). Determination of particle size
distribution (PSD), calculations of transport numbers via the electromotive force method (EMF)
and EIS in a controllable gas cell for the Sm, Ca Ti,0,, material were carried out (Paper IV).

The proton conductivity in pyrochlore materials has been examined for several acceptor doped
compounds, such as A, CaB,0, , (A = La, Sm, Yb; B = Ti, Sn, Zr, Ce) and A,B, Y O, , (A =
Sm; B = Ti, Sn). The materials exhibit high purity and chemical stability. The effects of A- and B-
site doping, the significance of the B-site ion, and the importance of the lanthanide size at the A-
site were all studied in relation to their impact on proton conductivity.

Expansions or reductions of the cell depending on doping site or choice of A- and B-site ions
were confirmed by 20-shifts in the XRD patterns. TGA gave affirmative results regarding the loss
of protons from the hydrated samples at expected temperatures. The results were linked with IR
spectra confirming peaks at characteristic positions for O-H stretch vibrations as well as a
isotopic shifts for samples treated under heavy water.

The EIS measurements showed overall elevated conductivities under wet gas conditions and
isotope effects with deuterated water. The A-site doped samples showed close to one order of
magnitude higher conductivities compared to the B-site doped samples. Varying the B-site ion
with increasing ionic radius (T1, Sn, Zr, Ce) showed higher proton conductivity levels for the B-
site ions with smaller ionic radii and higher electronegativity. Further, the effect of the lanthanide
contraction on proton conduction could be seen through varying the A-site constituent along the
lanthanide group. The EMF and the EIS measurements carried out under controlled gas
atmospheres gave transport numbers supporting dominant proton conductivity in
Sm, ,Ca s T1,0, 5. Large electrode polarization resistances were noted for all temperatures and
gas concentrations. The Gorelov method was used for correction.

This work provides a wider understanding of the influence of the doping site, choice of A and B-
site ions and microstructure on proton conduction in pyrochlore systems.

Key words: Pyrochlore, Rietveld refinement, Proton conductivity, Electrical impedance
spectroscopy, Concentration Cell Electromotive Force Method.
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1 Introduction

1.1 Fuel Cells and Proton Mobility

A vital component of the hydrogen economy is a fuel cell in which hydrogen and oxygen gases
are combined to produce water and electricity. Compared with established power sources many
fuel cells offer remarkable efficiencies (typically 60 %), to produce direct current (DC) and can be
viewed as a clean source of energy.

An examples of such a cell, is the solid oxide fuel cell (SOFCs). This is suitable for both medium
(vehicles, field units) and large scale (power stations) power generation applications (Fig. 1).

Solid Oxide Fuel Cell

Fuel Hz0 + CO2
CO+H;0 - H2+CO:2 Heat

Hz 2Hz + 20= — 4e~ + 2H0 | n. o” .
Impermeable o= 0= o= o=
Electrolyte = = i = o= fe
o e T

Figure 1. A Solid Oxide Fuel Cell (SOFC).'

The significant, and so far unresolved, problem associated with SOFCs based on current state-of-
the-art oxide ion conducting elektrolytes, is the high temperature (> 800 °C) of operation®. This
is to overcome the activation energy of oxide ion conduction which severely limits the uses of

SOFCs.

Based on this background there is a high interest in the progress of new materials for SOFC
applications in the so called “intermediate” temperature range (approximately 200-500 °C). The
lower activation energies associated with proton (H") mobility give higher conductivity in this
temperature range. A strong interest in new H' conducting materials as electrolytes in fuel cells
has hence been the result.

Some basic desirable properties for a proton solid electrolyte include high H" concentration and
mobility. They should further be chemically stable at the required operating temperatures. In
addition, they ought to exhibit insulating or be very poor electrical conductors, since the only
mobile species should be H'.

1.2 Novel materials

The search for high temperature proton conductors has mainly been focused on perovskites™*”.
Materials with the pyrochlore structure have also been considered as candidates for high and
medium temperature proton conducting applications’. However, significantly less work has been
done on pyrochloes and this makes the area rich with potential from both an experimental and



theoretical viewpoint. A systematic examination of acceptor doped pyrochlore systems as proton
conductors would thereby be an important contribution to the scientific society.

1.3 Aim

The intent with this study is to find suitable materials for proton conductivity in pyrochlores
where the aim has been to find phase pure pyrochlore oxides which are chemically stable.
Unanswetred questions regarding A-site substitution/deficiency in comparison to B-site
substitution/deficiency to clarify the effect on H" conductivity (Paper I and II) was one of the
first aims.

Further, the effect of the lanthanide contraction (paper III) on the conductivity in A-site acceptor
doped systems with the same nominal level of oxygen vacancies was investigated.

The transport numbers of (Sm, ,Ca 511,04, Was looked at in detail and conductivity studies
were carried out on the same material under controlled partial pressure (Paper IV). The results
showed that the transport numbers typically responded to values for ionic conduction.

To limit electronic conduction, B-site ions with empty valence shells such as
Nb*/Ta’"/Ti""/Z+"", are preferable candidates for possible proton conductors. Further, the
effect of the electronegativity of the B-site ion on the proton conduction was explored (Paper V).
The study carried out was for finding trends with regards to proton conductivity combined with
structural analysis and proton uptake. Correlation with ionic size of the B-site ion showed to be
highly relevant and the samples with the smallest cell parameters also gave the highest proton
conduction.

Experimental conditions required for proton absorption and investigations of proton
conductivity as function of temperature and atmosphere were necessities for all the studies in this
project.



2 Background

2.1 Fundamental approach

Extensive studies of various perovskite oxides have been reported for several decades’. Examples
such as SrCeO; and BaCeO, * have shown high and pure proton conductivity. A summary of
oxide materials and their proton conduction can be seen in Figure 2.
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Figure 2. Kreuer’s summary” of proton conductivities of oxide systems; the figure is based on
concentrations and mobilities calculated by Norby and Larring®.

Studies of proton mobility in pyrochlore oxide systems have been concentrating on acceptor
doped derivatives of La,Zr,0,”. The investigations have so far included recordings of infrared
(R) spectra'™'' and EIS measurements'>’. Very recently, quantum mechanical simulation
techniques have been employed with oxide ion conducting electrolytes. The aim of the study was
to improve the understanding of the local proton environment and the details of the migration
processes in La,Zr,0,".

Pyrochlores typically show 1-2 orders of magnitude lower conductivities than the best
performing perovskites in the intermediate temperature range (200 - 550 °C). This temperature
‘oap’ has in particular been reported by Norby'" (Fig. 3). Finding materials operating in this range
and hence narrowing it would be beneficial for manufacturing technological equipment which
needs to function in this temperature span.



1000700 400 300 200 100 20°C
| 111 | 1 1 |
T r T T

0k H3PO4(ly MHe

\

\ e/
-1E Gd:EaPros‘\\_‘l\ / umﬁ\

Log conductivity (S/cm)

SrLaPO4

61

0000 0001 ~ 0002 0003

T (1K)
Figure 3. Norby’s study’ of proton conductivity as a function of temperature from selected
compounds in the literature'*'"

2.2 Technological approach

Traditional solid oxide fuel cells (SOFC) have so far been preferred due to robustness'
compared to aqueous electrolyte cells based on phosphoric acids or alkaline materials. The
common high temperature (>800 °C) SOFC has several flaws such as low efficiency, long start
up times, high temperature corrosion and demanding thermal insulation”.

In general, operating fuel cells at lower temperatures, will overcome many of the problems which
are currently experienced regarding high temperature cells. A typical fuel cell based on a proton
conducting electrolyte can be viewed in Figure 4 below.

Phosphoric Acid and
P.E.M. Fuel Cells

Electron ==
Flow

Anode Cathode

Electrolyte

Figure 4. Schematic of how a phosphoric and Proton Exchange Membrane fuel cell operat6:21.



A perfluorosulphonic polymer material, known as Nafion, has proven to be a typically useful
electrolyte in low temperature polymer membrane electrolyte fuel cells. However, the problems
regarding operating in the low temperature range are the requirement for expensive platinum
catalysts and high purity fuel. The cells further encounter difficulties with low electrical efficiency
issues, which are typically 30 — 45%.”

Extensive research has been carried out towards finding suitable materials for all parts of the fuel
cell, where a proton conducting electrolyte is of high priority. Kreuet” and Norby" have, amongst
others, carried out reviews on the results so far on novel materials. They both point out the lack
of suitable compounds in the intermediate temperature range.

The main problems are the stability of the compound in combination with low proton
conduction. Most stable compounds such as perovskite rare-earth oxides™ give low proton
conductivity, while highly conductive samples, as cerate perovskites™, are unstable. Further, the
ability to model and fully understand the quantum mechanical proton transfer process is highly
complex.”

2.3 Structural aspects

It has been seen that distortions from cubicity in perovskite-related oxides decrease the proton
mobility*. Islam et al® reported on cubic BaZrO; where trapping effects from the dopants were
studied in direct correlation to the ionic radius of the dopant. The smaller the dopant the higher

the binding energy and the magnitude of association for hydroxyl-dopant pairs increase along Y
<Yb" <In’" <Sc™

Iwahara ef al.”® showed that the proton conductivity for the same system increased with increasing
ionic radius of the B-site cation dopant as far to Y’', and then decreased for the larger
lanthanides (Nd™).

Previous studies on the trapping behaviour of protons” have suggested that accumulation of
valence charge on the oxygen atoms would strengthen the O-H bonds. This would hence
increase the energy migration barriers and the mobility of the protons would decrease. However,
Wahnstrém ef al® then reported on the transfer of charge from the dopants to the oxygen host
lattice were distributed rather homogeneously over long distances. It was found that the ability to
form a strong hydrogen bond with the next nearest oxygen was the most important factor for
stabilizing protons in the vicinity of dopants. Hence, the smallest dopants in the study (Ga and
Sc) allowed the largest OH tilting which gave the shortest H-O bonds, and the most stable
proton sites were found here.

Haugsrud and Norby” studied Ca-doped rare-earth niobate series, RE, Ca NbO, (RE=La, Nd,
Gd, Th, Er, Y; x=0.01-0.05). Conductivity was here cleatly dominated by protons and the total
and partial protonic conductivity decreased with decreasing radius of the rare-earth cations (La >
Nd > Tb > Ex). It was explained by the general decrease in polatizability of the proton-hosting
oxide ion sublattice, giving a smaller and more rigid lattice overall. Therefore, even if the oxygen
ions are closer on average, the lattice is not as flexible and a proton transfer becomes harder and
the proton conductivity decreases. Further, the hydration became more exothermic with the
lanthanide contraction, agreeing with binary rare-earth oxides (RE,O,)*. However, in rare-earth
phosphates (REPO,)’ the trend is the opposite and the same is the case for the pyrochlores in
this study.



3 Overview of solid state proton conductors

3.1 Proton conductors

Proton conducting materials are important from both academic and technological angles and
have been studied from many points of view. Proton transport is the answer to many problems
in a range of different technological devices and the academic interest of understanding the
proton transport are directed towards structural and physical properties of the materials.

Some of the most important discoveries from the 20 century may be attributed to Mollow”,
who reported on electrical properties of zinc oxide. Further, Rudolph™ stated that protons were
positive charge carriers and Pope and Simkovich™ reported on protonic species in perovskite
oxides.

3.1.1 Perovskites

In 1980, Takahasi and Iwahara®™ related the electrical properties of LaYO, and StZrO; with
incorporated water vapour in the structure. This opened a door for characterization of proton
conducting perovskite materials by various experimental and theoretical techniques. The SrCeO,
and BaCeO, systems’ were the first oxides to show high levels of proton conductivity (10> — 10”
Sem™, 600 — 1000 °C).

Many perovskites, eg, Y-doped BaCeO,” and Ba,Ca, (Nb,,O4,; (BCN-18)"" display a
combination of high proton mobility and relatively high proton concentrations. This has lead to
proton conductivities of close to 10° S em™.

3.1.2 Pyrochlores

The study by Shimura es o/ in 1996, reports on the ionic, and in particular the proton,
conductivity of a number of rare earth pyrochlore-type oxides of the form Ln,Zr, Y O,; and
Y, Ti, MO, s (M = In and Mg; Ln = La, Nd, Sm, Gd and Ex). The Ln,Zr, ;Y,,0; ; systems were
found to have conductivities comparable to perovskite systems under hydrogen containing
atmospheres at T = 600 °C. No clear indication of proton conduction in the Y,Ti, M O,
systems were found. The importance of introducing oxygen vacancies for the proton conduction
properties of the Ln,Zr  Y,,0, materials can be viewed in Figure 5, where the doped and
undoped systems show high and low conductivities respectively.

Further investigations on substituted La,Zr,O, systems have been reported by Omata and co-
workers”,". In these studies, the electrical conductivity of Ca’"- doped samples of the form (La,
La)Zr,0, 5 (x = 0.015, 0.03, 0.05) and La,(Zr, Ca)O, ; (x = 0.015) were investigated. This
work allows the effect of oxygen vacancies, introduced through substitution at both the A- and
B-site of the pyrochlore structure, to be investigated. It is highly relevant to the results presented

in papers I and II.
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Figure 5. Conductivities of La,Zr,O; and Ln,Zr ;Y,,0, 5 (Ln= La, Nd, Sm, Gd and Er) in
hydrogen saturated with water vapour.™

Omata ¢f al.. found that under wet hydrogen conditions at 600 °C the A-site doped system (La,
LCa)Zr,0, ; gave better proton conduction than the B-site substituted system. The samples have
the same number of oxygen vacancies (8 = 0.015), while (La,(,Cay;)Zr,0,5 showed a
conductivity of 3.9 X 107 S m™" and La,(Zt, 455C.5)O; 5 6 = 1.0 X10” S m™". This trend was
attributed to the greater H" dissolution in the A-site doped materials, which in turn was suggested
to be linked to the presence of different oxygen vacancy sites in the structures. In general, a high
level of oxygen deficiency is desirable as these systems have the potential to incorporate large
numbers of protons. It should be noted that the substitution levels achieved in La,Zr,O, are very
low, ¢g x = 0.05 is the maximum for (La, Ca)Zr,O, . This limits the number of protons to
(La, sCay5) 21,04 9s(OH,) 05 per formula unit, if assuming full protonation can be achieved.
Higher proton concentrations are theoretically achievable in oxygen deficient pyrochlores.

Haugsrud and Notby have studied the mixed ionic-electronic conductor behaviour of
La, osCa,, T1,0, 5" It should be noted that this phase has a significant orthorhombic distortion
from the ideal cubic pyrochlore structure. EMF measurements in wet hydrogen revealed a small
protonic contribution to the total conductivity (o, = 6 x10° S cm™ at 750 °C) that was otherwise
dominated by electronic conductivity.

prot

Further, Petric et al” showed that pyrochlore solid solutions of Y;, Ta, O, exhibited proton
conductivities which increased with increasing x up to x=0.2. This effect was explained on the
basis of the increased disorder of the oxygen vacancies. The materials were found to be proton
conductors up to ~400 °C.

Recently, studies show that systems such as Er,Ca,,,Ti,0, s exhibit amorphous phases where

oxygen vacancies were found to be the most important charge carriers in the grain interior, while
proton mobility was highly represented in the grain boundaries®.

3.1.3 Fluorite and C-type structures

Fluorite type structures, such as LaWO;,, 5. (x ® 6™, (Ln, I.n’),Zr,0,” and Ce,M,,0,; M =
La, Y, Gd, Sm)*, are similar to pyrochlores. The latter have been found to have high proton



conductivities (~107 - 10° S em™ at 650 - 900 °C), while other fluorites have shown considerably
lower values*’*,

Further, compounds such as Sm,Ce,O.", melts of T2,0,-Y,0;" and Gd, Ce O, ,,,,’ have been
investigated and found to exhibit a superstructure denoted C-type phase (Ia3, Z = 16). It is
derived from a fluorite structure with regards to the ordering of the oxygen vacancies, but no
proton conductivities have been reported. In paper V, the Sm, ,,Ca, ;Ce, O o, compound, which
exhibits a C-type structure related to the fluorite structure, is part of the study.

3.2 The Lanthanide Group

Several of the oxides of the lanthanide elements (Z = 58 - 71) exhibit preferences for forming
pyrochlore structures. Lanthanides can in addition be used in open laboratory environments they
are relatively cheap, stable oxides and are the largest naturally occurring group in the periodic
table. The name ‘Jlanthanoid’ or ‘lanthanon’ can also be for the group, where the Swedish scientist
Cronstedt (1791), was the first to report that he had discovered a new heavy mineral. Further, his
Swedish collegue Berzelius (1803) together with Claproth and Hisinger, isolated the same mineral
or oxide (earth) and named it Ceria after asteroid Ceres. Later, their country man Mosander (1839
— 1843) showed that Ceria was a mixture of elements and in 1907 the oxides of La, Y, Sc and 13
other lanthanides were isolated in Ytterby. This is celebrated in four out of the thirteen
lanthanide names i.e. Yttrium , Terbium, Erbium and Ytterbium; also Scandium, Holmium and
Thulium come from Sweden where the names refer to Scandinavia, Stockholm and ‘the northern
land’ Thule™.

An interesting feature of the lanthanides is the so called Lanthanide contraction. The lanthanides
start to fill the f-orbitals, which have a low shielding effect. As the number of protons in the
atom nucleus increases with the atomic number, the electrons are more attracted to the nucleus
and therefore the atom radius decreases™.

Studies on lanthanide containing oxides and the contraction effects on conductivity have
previously been carried out by Norby** and Haugsrud™. Norby e/ 4/ studied the conductivity
contributions from protons, native ions, and electrons in cubic systems Y,0,+ 1 mol% MgO and
Sm,0;, Gd,O; and YYb,0; +1-5 mol% CaO. All systems gave dominant proton conductivities
in wet atmospheres and reduced temperatures, where the oxides dissolve protons to compensate
for the acceptor doping.

Furthermore, proton conducting oxides based on lanthanides may offer greater chemical stability
in comparison to systems based on alkaline earths such as Ba or Sr.

3.3 Pyrochlore oxides

The ideal structure of a stochiometric A,B,O, pyrochlore is shown below (Fig 6). A is generally
the larger ion and B the smaller and the pyrochlore structure has a typical cell parameter of ~10



Figure 6. The pyrochlore structure with rings of BO, octahedra in green, A cations in grey and
non-polyhedral oxygens in cyan.”

The pyrochlore structure can be viewed of as a 3-D framework of interlinked BO, octahedra that
possess channels running along the 110 crystal direction in which the A cations are located. An
important feature of the structure is the presence of two distinct oxygen sites. It is the O(1)
oxygen which bonds to the B sites only and makes up 6 of the 7 oxygens in the formula unit.
Further, the non-framework O(2) oxygen that bonds to the A sites and form zig-zag chains inside
the channels”’.

To describe the symmetry of the crystal, space groups are used and pyrochlores belong to the
cubic Fd-3m space group. The atomic coordinates specify the 3D dimensional structure of the
system and give the position of the atoms in the structure as x, y and z coordinates. These are
often described with Wyckoff positions. A Wyckoff position is a point belonging to a set of
points for which site symmetry groups are subgroups of the space group™. The number in the
Wyckoff site symmetry indicates how many atoms there are of, for instance, kind A (16) in the
unit cell. The following letter defines the relationship between the atoms and implies the total
number of equivalent points.” The atomic coordinates and the Wyckoff positions for a
pyrochlore structure can be seen in the table below.

X y z Wyckoff site symmetry
A '/, '/, '/, 16d
B 0 0 0 16¢
O(1) x‘ /s /s 48f
oR) Ty | h | 8b

“x~0.3

Table 1. The atomic coordinates and the Wyckoff positions for a pyrochlore structure, Fd-3m

space group. *

In some respects the 3D channels running through the material (Figure 6) suggest that these
compounds should intrinsically have better conductivity properties than perovskites, and certain
pyrochlores do show good oxide ion mobility as discussed”'.



Various studies have dealt with finding novel materials and gaining pure phases by studying the
reactants’ properties and combining them with extensive structural work. In osmium oxides”,
binary systems such as Sm,Ti,O-MTiO, M = Mg, Co, Ni)* and Gd, ,Cs, 11,045, the
compounds crystallizes in general in cubic pyrochlore structures. Amarilla e al reported on
pyrochlore-type structured materials such as M,(GeTe)O, (M = K, Rb, Cs)* and Kumar ez a/*
investigated Mg,MTaO, (M = Nd, La), which are typical defective cubic pyrochlore structures.
Kennedy e al. investigated pyrochlore stannates and their structural and bonding trends®.
Shlyakhtina et al examined the relation between Ca-doping of Yb,Ti,O, and the electrical
conductivity of the oxide ions. It was found that the dopant successfully resided on the Yb-site
via neutron diffraction studies and that the material would be suitable for high temperature
proton devices”.

Tuller” investigated a range of fluorites and pyrochlores such as Gd,(Zr.Ti, ),0, which
concentrated on mixed ionic conduction (oxygen ion) of electrode materials.

The stability of pyrochlores can be predicted from the tolerance factor (t) and is described via
the ionic radius (i.r.) of the A- and B-site ion in the pyrochlore structure (A,B,0;) according to
Equation 2:

ir.,_.
_ A—ion .
t, =——— Equation 2

l'r‘B—ion

The t; for pyrochlores from the lanthanide family is in general much larger (1.5< t; < 1.9) than
the one for typical perovskites (0.9< t, < 1.0)"". The latter is dependent on the ionic radii of
oxygen according to Equation 3:

IR, +IR
\/2(IRB—ian + IRO—ion)

O—ion

Equation 3

Iy

The above is discussed in paper V, where a trend can be seen towards smaller values of t; for
pyrochlores giving higher proton conductivities.

3.4 Defect chemistry

In defect chemistry, the perfect crystal lattice is one where all atoms rest on specific lattice
positions. This can only be hypothetically obtained at 0 K, where theoretically no vibrations
occur. In reality, no crystals are perfect and the defects the crystals have under normal conditions
are of great importance for obtaining an understanding of the material studied. The defects are
commonly divided into two classes: the stochiometric and the non-stochiometric defects’".

3.4.1 Defects in stochiometric compounds

If a charged point defect is formed in a stoichiometric crystal, a complimentary point defect with
opposite effective charge must be formed to conserve the electroneutrality. Two types of defect
structures have been found to be important in stoichiometric metal oxides. These are termed
Schottky and Frenkel defects, respectively, honouring early contributions of two of the many
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German scientists who pioneered the development of defect chemistry (Schottky (1935), Frenkel
(1926))™.

3.4.1.1 Schottky disorder

A stoichiometric crystal with Schottky disorder (Fig. 7) contains equivalent concentrations of
cation and anion vacancies. Schottky defects can only occur at outer and inner surfaces or
dislocations and will diffuse into the crystal until equilibrium is reached.

Figure 7. Schematic of a Schottky disorder in a NaCl lattice.”

3.4.1.2 Frenkel disorder

A stoichiometric crystal with Frenkel disorder (Fig. 8) contains the same concentrations of metal
vacancies and metal interstitial ions. The Frenkel disorder forms when an ion in the lattice moves
to an interstitial site. Contrary to the Schottky defects, Frenkel defect pairs can be formed directly
inside the crystal.

Ag"- CI

Figure 8. Schematic of a Schottky disorder in a AgCl lattice.”

Although Schottky and Frenkel disorder may be simultaneously present in stoichiometric
compounds, one type of disorder usually predominates. As a rough rule Schottky disorder is
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tavoured in crystals where the cations and anions are of comparable size, while Frenkel disorder
predominates when the sizes of the cations and anions are appreciably different. Another factor
is that Schottky disorder tends to dominate when the structure is very effectively packed so that
the interstitials that are part of Frenkel pairs are hard to form.”

Studies on spontaneous cationic Frenkel pair recombinations in the pyrochlore La,Zr,O, show a
complex behaviour. The disorder is dependent on the distance between the vacancy and the
interstitial and the nature of the cation lying in between them. In general it was seen that the
recombinations increase with temperature””.

3.4.2 Defects in non-stochiometric compounds

Non-stochiometry can be introduced via doping of the material in question, which commonly is
known as an extrinsic defect. The dopants can occupy an interstitial site or substitute for atoms in
the host lattice. In this study the materials have been doped with other atoms of lower valancy in
order to create oxygen vacancies (Papers I - V).

In the development of the field of defect chemistry of inorganic compounds various systems of
notation have been proposed and used to describe point defects. However, the most widely
adopted system is that due to Kréger and Vink . This system describes crystals in terms of
structural elements, and an imperfection is indicated by a major symbol with sub- and
superscripts. The species involved is represented using the standard element symbols (e.g.
oxygen: O, samarium: Sm), with V’ indicating a vacancy. The superscript gives the effective
charge of the defect, i.e. the charge of the defect compared to the charge of the normal expected
species on the crystal lattice. The subscript indicates which site the defect occupies. A point, ‘@, is
used for net positive charge, ‘” for net negative charge and <’ for zero net charge, with @’
indicating an interstitial site. For further explanations see Equations 7 — 9.

3.5 Conductivity of protonic defects

The proton conductivity (c;,, S cm™) is described by the product of the charge (zF: z, no unit; F,
As mol"), the concentration of the charge catriers (C, mol cm”) and the mobility of the charge
carriers (4, cm’ s V') as follows (Eq. 4):

oy, =z2-Cy, -y, Equation 4

The mobility can be described by the Nernst-Einstein relation i.e. the diffusivity (D, cm® s™), the
gas constant (R, ] mol! K, the absolute temperature (T, K), the Faraday constant (F, C mol")
and the number of charges (z, no unit) as follows (Eq. 5):

_zFD

My, = Equation 5

" RT
In ideal circumstances, the mobility and diffusivity is not dependent on the concentration of
protons and the proton conductivity can be described by a prefactor (A). This factor, in
combination with the activation energy (E,, eV) for the conduction, controls the ionic mobility in
an Arrhenius relation according to:
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oy, = Aexp RTd

Equation 6

From A it is possible to determine the effective carrier concentration and the E, can be directly
related to the system’s structure. Typical values of the activation energy for perovskite systems
~0.4 — 0.5 eV”, but even higher values for Ga-doped BaZrO;"® have been noted (0.72 eV). The
higher E, agrees well with the results from the quantum related calculations obtained by
Bjorketun e al'* (0.59 — 0.62 eV). Ca- substituted La,Zr,0, have shown to have intermediate
results (0.6 - 0.68 eV).” In papers I — V the E, for the pyrochlore oxides are ~0.5 — 1 eV".

A non-linear Arrhenius plot can be seen for several oxide systems, due to the decrease of proton
concentration and increase of the mobility with increasing temperature. At temperatures high
enough for the proton conductivity to stop (~500 °C), oxide ion or electronic hole conduction

may take place causing a linear Arrhenius behaviour™”.

3.6 Incorporation of protons

To successfully incorporate protons in a material, oxygen vacancies are needed. The samples can
then be subjected to water vapour at elevated temperatures (Paper I-V). The water gas is taken up
into the structure due to the dissociation of the water molecule into a hydroxyl group and a
proton. The hydroxyl group fills an empty oxygen site and the proton forms a covalent bond
with an oxygen in the structure. This can be described by the Kroger-Vink notation as follows:

H,0(g)+0," +V,” <20H," Equation 7

The reaction is in general exothermic causing equilibrium to occur between the protons and the
water vapour at low temperatures. Equilibrium occurs in the same manner between the oxygen
vacancies and the water vapour at high temperatures. If the atmosphere is oxidising, a formation
of electronic holes will follow due to the need to compensate for the oxygen vacancies according
to:

',0,+V," <0, +2h° Equation 8

Both these reactions compete with the proton uptake. At low oxygen partial pressures, reduction

. 80,81
can also occur via” " :

0, <'1,0,+V," +2¢ Equation 9

3.7 Proton concentration

In theory, the degree of protonation is equal to that of the acceptor doping concentration given
that the valency of the dopant is one unit of charge. Hence, the chemical formula for 10% B-site
Y-doped La,Zr,O, gives La,Zr, ;Y,,0,,(0,,H,,) assuming that all oxygen vacancies turn into
protonic defects. Full hydration i.e. full protonic concentration, is seldom obtained regardless of
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elevated time for hydration at perfect conditions, where several explanations for the problem
have been given. Kreuer and Munch have suggested that a lower symmetry for the perovskite
system linked to the reduced degree of hydration. The many site possibilities for the oxygen
vacancy to occur at and hence a complexity of the process arises™.

If the acceptor dopant is concentrated in the grain boundaries, the oxygen vacancy formation will
be favoured here. This leaves the bulk with less possible sites for the protonation to occur and
may cause a reduced proton concentration to a lowered theoretical hydration level®.

Further, the doping of the B-site may not fully be directed here and some of the dopant may
reside on the A-site instead. This further decreases the number of vacant oxygen sites, lowering
the proton concentration in the sample™.

3.8 Proton transport

The surplus of protons in an acceptor doped pyrochlore structure may relocate by a transferring
step between the oxygen atoms. The action can be described as a reorientation and then a
translation step of the hydrogen ion, i.e. the Grotthuss mechanism (Figure 9). It is still undecided
which of the steps is rate-determining. Several experimental® and molecular dynamic* studies
have been conducted on perovskite systems pointing at the reorientation step being the fastest.
Other studies®’ show indications of strong hydrogen bonding from infrared (IR) result, equivalent
to a faster proton transfer than reorientation step. This can be argued since the reorientation
includes a breakage and a formation of hydrogen bonds™.

rotational
diffusion

Figure 9. Grotthuss type proton transport mechanism. *

The proton motion may also be depend on the electronegativity of the B-site ion (Paper V). In
theory, if the electronegativity is high, the electron density will be low on the oxygen ions in the
octahedra. This will hence lower the strength of the interaction between the oxygen ion and the
proton involved in the rotation and then transfer step. If the O-H interaction is weaker, the O-H
bond should become longer. Therefore it might be expected to take less energy for the bond to
break and the protons to move, when the ions on the B-site have higher electronegativity.
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4 Experimental

4.1 Sample preparation

Depending on thermodynamic stability of the compounds and choice of synthesis route,
crystalline solids can be prepared as ceramics, films, powders, nano-particles and single crystals™.
Traditionally, the solid state method has been used to fabricate powders and polycrystalline
materials. Compared to the other techniques its main flaw is the high temperature needed,
typically T > 1000 °C. By mechanically alloying (milling) or using the sol-gel method,
temperatures for the sintering step can be significantly reduced. However, finding the exact
conditions for a sol-gel reaction is often hard and time consuming. Further, hydrothermal
methods, intercalation/de-intercalation processes, vapour phase transport and thin film methods
can also be used to synthesize crystalline solids.

In this section, the traditional solid state and the Pechini or sol-gel methods as well as the
precursor route will be explained and discussed. The main results for the work have been carried
out by high temperature solid state synthesis, due to the simplicity of the method and the
accessibility of experimental equipment. However, both of the other methods have been tried to
reduce synthesis time or decrease temperatures.

4.1.1 The solid state sintering method

The method is based on high temperature synthesis where the reactants are heated after mixing.
The reaction rate is determined by kinetics and thermodynamics such as diffusion velocity and
contact area of the crystallites. The temperature needs to be sufficiently high for the reaction to
occur, which should generally be close to one of the reactants melting point.

The reactants are normally powders of metal oxides or carbonates (Eq. 10), which are
mechanically milled or hand grinded, since they are inhomogeneous on atomic level. To enhance
the surface of contact between the particles, the powders are pressed into pellets and then heated.
The pellets are reground between every heating step since this will in theory increase the
homogeneity of the resulting powder.

Example of reaction:

0.98La,0,(s)+0.04CaCO,(s) +25n0,(s) = (La, ,cCa, o, )Sn,0¢ o (5) +0.04CO, (g)
Equation 10

The first heating temperature must be high enough to enable evaporation of for instance
carbonates (>900 °C). However, typical literature temperatures *' for successfully achieving pure
phased pyrochlores are in general higher (1400 — 1600 °C). Also the times for the sintering step
are extensive (24 — 50 h) since the reaction is slow.
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4.1.2 The Pechini, sol-gel or wet chemical route

The Pechini” or the sol-gel”, also known as the wet chemical route is a description of a
dissolution reaction by producing a gel (Eq. 11).

La,04(5)+1.5ZrO(NO,), - 2H,0 +0.25Y,0,(s) = La,Zr, .Y, .0, . Equation 11

The gel is composed by an alkoxide or an organic acid in combination with an alcohol, which
polymerizes into easily dissolvable metals and a network of long chains. To increase the solubility
of the system, for instance nitric acid can be added. The solution is gradually evaporated at lower
temperatures (~200 °C). The solution ideally goes from a viscous solution with particles of
colloidal dimensions to a transparent homogenous amorphous solid i.e. a gel. The gel is then
continuously heated until a powder forms, which is pressed into a pellet and heated at higher
temperatures (~1000 °C). The obtained powder will then typically have smaller crystallites, which
is appropriate for thin films or fibres™.

4.1.3 The precursor route

The precursor route is similar to the solid state synthesis. The reactants form an intermediate
constituent, to facilitate formation of a pure phase product. The pre-phases are then reacted with
another constituent, but at lower temperatures (Eq. 12).

0.8Zr0, +0.1Y,0, — Zr, Y, ,0, ,

La,0, +27r,Y,,0,y — La,Zr, Y, O Equation 12

Here, the reactants in the first step were grinded, heated (1400 °C, 10 h) and re-grinded. The
product (Zt,Y,,0, ) was then mixed with La,O;, grinded, pelletized, heated (1500 °C, 50 h) and
grinded. The gain by this method compared to the solid state and the sol-gel methods is hence
time, due to the shorter initial heating (10 versus 24 h). However, pure phases were not readily
obtained for the pyrochlore systems in this study and the compound had to go through an
additional step of high temperature sintering.

4.2 Post-synthesis treatment

4.2.1.Vacuum drying

Drying of as-prepared samples was carried out in a conventional tube furnace set-up attached to
a vacuum pump equipment (900°C, ~10 mbar, 8h). To ensure no uptake of protons from the
surrounding, the samples were immediately transferred to a controlled environment.
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4.2.2 Hydration and Deuteration

Structural proton uptake occurs at around 300 °C where powders or pellets were heated at
different temperatures (300 - 500 °C, 120 h) under a flow of saturated gas. The samples were
then examined via IR spectroscopy and TGA. Based on results regarding successful proton
incorporation and mass loss, the samples were pressed into pellets and annealed for diffraction
and spectroscopy as well as impedance studies. A flow (10 — 50 ml/min) of N, was bubbled
through heated (76.2 °C) water or heavy water (D,0) in a set-up according to Figure 10 below.

Heating wire

Silica tube  Fumnace
Sample

Water
i
Programmable hermostat
Controller ‘water fank
Gas inlet

Bottles— Round Boftomed

Flask

Figure 10. Hydration and deuteration set up.”

4.3 Characterization

4.3.1 Diffraction

To characterize the compounds, the initial tool of investigation used has been diffraction. Each
crystalline compound has a unique diffraction pattern which arises from the compound’s crystal
lattices. To describe the crystal it can be divided into unit cells i.e. the smallest unit which is
representative for the material. The unit cell is described by unit cell parameters which are three
vectors (a, b, ¢). The positions of the atoms in the unit cell are given as lengths of the vectors
with fractional coordinates (x, y, z).

Figure 11. Schematic over constructive interference with incoming (x, y and z) and outgoing
beams (¥, y’ and z). *°
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If the path difference (2dsinf)) is an integer of the wavelength according to Equation 13,
constructive interference will occur.

2d,,,s1in0 = nk Equation 13

4.3.1.1 X-ray powder diffraction (XRD)

The diffraction patterns obtained for a sample are characteristic and unique fingerprints and the
analytical technique in itself is non-destructive, quick, relatively cheap and simple for determining
phase purity, degree of crystallinity and cell parameters. For the work related to this thesis, XRD
was used for determination of unit cell parameters and phase purity. The studies were conducted
on a Siemens D5000 diffractometer (Cu (K, +I,,) with an energy dispersive Sol-X"™ detector
and a Bruker-AXS D8 Advance, with monochromated Cu K, radiation detected by a LynxEye"™
detector. For initial indexing, the program CellRef3”” was used.

4.3.1.2 Neutron powder diffraction (NPD)

In neutron diffraction, a pulsed spallation source or a nuclear reactor is used. Examples of such
facilities in Europe which use these types of neutron sources are ISIS at the Rutherford Appleton
Laboratory, the U. K., and Institute Laue-Langevin (ILL), France.

Neutron diffraction is especially interesting due to its detection ability for light elements (H, O,
N), when the signal from the same elements in XRD is hard to detect. Although both are
diffraction techniques, the X-rays interact with electrons and neutrons with the nucleus. When a
signal is generated from XRD, all photons from all electrons of the atom are scattered, which
weakens the signal from lighter elements with few electrons. Neutron scattering however, is
dependent on the isotropic scattering length (b) which randomly varies with atomic number.
Moreover, here it is possible to separate adjacent atoms in the periodic table as well as isotopes of
the same element from each other” such as H or D.

In this work the high neutron absorption of naturally occurring Sm, has precluded the use of

NPD. A separate study looking for the deuteron site in La,Zr, Y O, s systems is in progress.

4.3.2 Rietveld analysis

The Rietveld method™ of analysis is based on computer modelling of whole powder diffraction
patterns, with least-square structure refinement is used to fit the calculated patterns with the
observed ones. In this study, the Rietveld refinement packages GSAS' was used, with an initial
structural model taken from the literature.

4.3.3 Thermogravimetric analysis (TGA)

TGA analyses the change in mass of a compound as a function of time or temperature. An
example of the result can be seen in Figure 12 (Paper II), where a continuous record of the mass
change is displayed and the results are used for quantitative assessment of proton concentration.
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Figure 12. Mass change in Sm,Sn,O, ; pyrochlores.

In addition, the endo- and exothermic heat flows can be recorded via differential thermal analysis
(DTA) or differential scanning caliometry (DSC).

The NETZSCH™ STA 409 PC set up has a furnace with a thermocouple coupled to a balance.
An unfilled reference and a filled (50 — 150 mg) sample pan (alumina or platinum crucibles) were
placed on the scales. A safety gas (e.g. N,) is run through the system (10 — 20 ml/min) and the
chamber was evacuated twice before filling it with the carrier gas. A correction file was first
recorded with the sample crucible empty, where the differences between the experimental and
the correction file gives the sample mass loss.

For the work in this thesis, data has been collected mainly upon heating prehydrated samples, to
determine the mass loss and the temperature at which it occurs. The temperature has been an
indicator of which species has left the material and the aim was to detect mass loss in the 300 —
400 °C region where protons are expected to leave the material.

4.3.4 Infrared spectroscopy (IR)

The technique is originally denoted ‘infrared” due to the fact that vibrational modes in matter can
be excited by absorption of photons in the infrared (IR) region of the electromagnetic spectrum
(10 — 13000 cm™). In particular the transitions involving the creation of a single quantum of
vibration by absorption of a single photon are confined to the far IR (FIR:10-400 cm™) and
middle IR (MIR:400-4000 cm™), while absorption of a single photon involving the creation of
two or more vibrational quanta extends into the near IR (NIR: 4000-13000 cm™') and above. The
IR technique is based on measuring the frequency dependence of the transmission through the
sample or of the reflection off the sample of IR light. The magnitude of the absorption is directly
related with the efficiency of reassigning the photon energy to the vibration of atoms in the
sample'”” which depends on the change of the electric dipole moment caused by the vibration.
Large changes are associated to strong absorption peaks and bands (Fig. 13).

19



=
e
m
Absorbance (a.u.)

‘h(nl* Tm)zk ho, /\

ho ho ho

1 2 3

P

Figure 13. Absorption peaks and bands.'”

The initial IR spectra were collected using a Nicolet Magna-IR 560 equipped with a KBr beam
splitter, a deuterated triglycerine sulfate (DTGS) detector (400 - 4000 cm™') and an insert cell for
diffuse reflectance spectroscopy. Individual and sharp peaks are reported on being typical
features for hydrated pyrochlores which is reminiscent of those recorded for hydroxides, while is
much different from typical spectra generally seen for acceptor doped perovskites'”. The latter is
due to the very many non-equivalent proton sites within the perovskites, since there are a vast
numbers of local dopant induced distortions and hydrogen bonding. Previous research by Omata
et al” shows various IR spectra for Ca-doped La,Zr,0, where three bands are assigned to
La, o,Ca, ,Z1,0, 5, showing two intense bands at 3517 and 3401 cm’' indicating the presence of
two distinct proton sites.

The compartment of the spectrometer is continuously purged with dry CO,-free air. The diffuse
reflectance technique was utilized, in which the incident beam was allowed to be reflected off the
ground sample towards an overhead mirror upon which the diffusely scattered rays were
collected by the detector. The absorbance spectra (64 scans/sample, resolution: 2.0 cm™) was an
average value by taking the logarithm of the ratio between the reference (wrinkled aluminium
foil) and the sample spectrum. The set up was monitored by and the data evaluated in the
OMNIC E. S. P. program.

For further investigations at room and elevated temperatures, a Bruker IFS 66v/S vacuum
Fourier Transform (FT) IR interferometer was used with a KBr beam splitter and a Mercury
Cadmium Tellurium (MCT) detector (560 — 6000 cm™). The system was flushed with dry CO,-
free air. A diffuse reflection unit, model Praying Mantis, equipped with a small furnace was used
in this case. The program OPUS was used to control the instrument and collect the data. A
reference spectrum diffused from ground KBr was measured before collecting each sample (400
scans/run).

4.3.5 Scanning electron microscopy (SEM)

The morphology and microstructure of the samples were characterized with SEMs, where the
technique is based on high resolution images formed from electrons'”. A beam of electrons is
passed through a series of magnetic lenses, which will end up focusing the beam and then
bombards the sample. An interaction between the electrons from the beam and the electrons
from the specimen occurs. This results in elastic collisions (electron-nucleus) giving backscattered
electrons (BSE) and information on topography and composition or in-elastic (electron-electron)
collisions providing energy to release e.g. secondary electrons (SE) giving information on
morphology. The latter was the most important data for determining the morphology of the
samples in this study.
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Characterisation of the microstructure was carried out using a L.eo Ultra 55 SEG SEM, operated
with a typical acceleration potential of 2.5 kV and secondary electron (SE) detector.

4.3.6 Electrochemical impedance spectroscopy (EIS)

To characterise the electrical properties of a material, EIS was used, where a known single
frequency voltage or current is applied to the sample via electrodes, and the response current or
voltage is observed. It is assumed that the properties of the sample and electrodes are time
invariant. The impedance is determined directly from the phase shift and amplitude at that
trequency. This will result in an imaginary and a real part of the current. Typically, a single signal
(Eq. 14) is applied to the cell and the resulting steady state current (Eq. 15) is measured'”.

v(t) = V sin(wt) Equation 14
i(t) = I sin(wt+0) Equation 15
Here, the v(t) and the i(t) are the voltage and current functions respectively, V,, and I are the
voltage and the current amplitudes, w is the angular frequency of rotation, t is the time and 6 is
the phase difference between the voltage and the current.

The impedance and its magnitude can be defined as follows (Eq. 16 and 17 respectively):

Z(w) = v(©)/i(y) Equation 16

| Z(w)| = V,/1, () Equation 17
The phase angle is defined as 6(w) and therefore the impedance (Z) will be a complex quantity,
which becomes real only if 6 = 0 (for a pure resistor). It can be rewritten as (Eq. 18) using the
conventional representation of complex numbers:

Z(w) =2 +ij2” Equation 18

From the vector representation below (Fig. 14), common geometry gives expressions for the real
and imaginary part of the impedance (Eq. 19, 20, 21 and 22 respectively).

“Im (Z)

Z ., /

0 VA Re(Z2)

Figure 14. Vector representation of the real and imaginary part of impedance.'”
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Re (Z) =2 = |Z|cosB Equation 19

Im (Z) =2” = |Z|sind Equation 20
0=tan" (2/27) Equation 21
| Z| = [(Z)+@)]" Equation 22

4.3.6.1 Single atmosphere experiments

The impedance was measured between 4.5 MHz and 1 Hz with a Solatron 1260 frequency

response analyser, in a conductivity cell (ProboStat™; Norwegian Electro Ceramics AS,

(NorECs)."”

The sine wave amplitude was 1 V rms and to ensure good contact, around 0.8 cm” (Optic Zeiss
120 HD Microscope) of the pellets’ surface were painted with conducting Pt-paste. Pt-grids were
attached to the electrodes with Pt-wires. The pellet densities were ~ 80 % of the theoretical
density and the measurement sequence was set to start with heating from room temperature up
to 1000 °C under a flow of the desired measurement gas. The equilibrium time was set to 30
minutes and data collected on cooling in 50 °C intervals down to 150 °C. The data were collected
on the same pellet under dry (Ar or O, flowed over two beds of the drying agent P,O;) and wet
gas (Ar or O, bubbled through a H,O or D,O at room temperature). Two protective silica tubes
were used to house the conductivity cell during the dry runs to ensure that any possible water
uptake was minimised. For the wet runs a porous alumina (AL23) outer tube was used.

4.3.6.2 Double atmosphere experiment

The pellet was lightly polished, had a thickness of ~2 mm and a densitiy of 90% (Paper IV). The
EIS was measured (4.5 MHz - 1 Hz) with a Hioki 3532-50 LCR HiTESTER. The surface of the
pellet was painted with Pt-paste (~0.5 cm®) and the data was collected upon cooling (500 — 300
°C) in 50 °C interval steps (30 - 60 min equilibrium time) under a flow of gas (100 — 1%
0,/0,+H,0/H,+H,0 in N,).

4.3.6.3 Data evaluation

When the impedance data of a system is represented as an equivalent circuit, the bulk properties
should be denoted as a capacitor (C; geometrical capacitance) and an ohmic resistor (R) in
parallel. In such case, the shape of the impedance feature is a perfect semi-circle.

However, in a typical ceramic sample there will be dispersion effects due to grain thickness and
orientation of the grain boundaries. In addition, the signal from grain boundaries and the
electrodes will have different time constants than those of the bulk and therefore several sets of
RC or RQ elements can be placed in series to represent the true response of the material. The
dispersion will influence the time constants so that a geometrical depression can be seen in the
complex plane plots (Fig. 15) or a non-unity slope in the Bode plot (Fig. 16).
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To model this effect and the charge transfer effects at the electrode surfaces, a constant phase

element (CPE) is often used instead of the pure C. A typical equivalent cirquit describing bulk,
grain boundary and electrode signals can be seen in Figure 18 below'”.

Figure 17. Schematics of an equivalent circuit.

Here the L is the correction for inductance (typically ~1 - 107 H; Paper IV). R1 and CPE1 are
the resistor and constant phase element describing the bulk, while R2 and CPE2 are the same
fitting the grain boundary. CPE3 refers to the electrode. In general all fitting of data should be
thought of as empirical and therefore use as few elements for description as possible.

The fitting model for the data collected used was LRQ)RQ)Q (Paper 1IV) and typical values of
how well the calculated model agreed with the measured data were y* ~10*. In general, one to
three time constants were observed in the impedance spectra. At high frequencies the time
constant can be attributed to the bulk properties with a typical capacitance of 2-3 10" Fem™.,
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For the studies with the simple gas set up (Paper I-11I, V), the fitting and analysis were performed
using the program ZView and for the controlled gas runs with ZSimpWin 3.21 from EChem
Software. Both programs were based on using empirical equivalent circuits for evaluation.

4.3.7 Concentration cell method

AC conductivity measurements, such as EIS, give a wealth of information since the conductivity
can be resolved into bulk and grain boundary contributions, and contributions from electrode
reactions to the overall resistance can easily be determined due to their different time constants.
By measuring the conductivity of a material under varying oxygen and water vapour partial
pressures and over a temperature range can yield valuable information about the defect chemistry
of the material. By coupling it with the Electromotive Force (EMF) method in a concentration
cell to determine transport numbers for oxide ions and protons under a similar set of conditions,
a good understanding of total and partial conductivities is gained (Paper IV). This in turn
determines whether the material is a good candidate for a particular application, under which
conditions it can possibly find use, as well as guide efforts to improve its properties.

The EMF method is based on an open cell voltage measurement on a sample equipped with two
reversible electrodes and subjected to a gradient in chemical potential. If small gradients are used,
an average transport number can be assumed. The voltage measured over the sample will then be
equal to

E,;= _E t m& Equation 24
F P

where R, T, # and F are the universal gas constant, the temperature, the number of electrons
transferred and Faraday’s number, # is the average transport number and p, and p, are the partial
pressures of the active species on either side of the sample.

Comparing this to the theoretical voltage calculated using the Nernst equation

ENerns[ = _E n& Equation 25
nk p

it is clear that the average transport number can be calculated by simply dividing the measured
voltage with the calculated voltage.

_ EEMF Equation 26

t

avg
ENemsI

For systems where both oxide ionic and protonic conductivity is expected, the equilibrium

between hydrogen, oxygen and water vapour must be taken into account, and the total voltage

developed over the sample can be calculated as

RT Po, RT Pio
E, =—-It,+t,)ln———(¢, )In——
th 4F(0 H)np:)2 ZF(H)HP}_IZO

or
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Pu ‘
E,=—(t,)In—2% - = (¢, +1, )In—= Equation 27
th 2F(0)np;120 2F(0 H)np;qz

For the EMF setup'"’, the sample pellet was attached to platinum electrodes (Paper IV) and set
onto the end of an alumina tube using a gold seal (Fig. 18)'"".
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Figure 18. An EMF setup.'"!

Gas to the inner and outer compartments was supplied through stainless steel tubes from a gas
mixer. The dry gas was bubbled through H,O, and mixing the dry and wet gas enabled control of
the water content of the gas. The experiments were carried out using the gas set up displayed in
Table 2 with varying concentrations (100 — 10%).

Experimental Gas in outer | Gas in inner | Transport  number
configuration compartment compartment determined

A O, O,/N, o

B H,0+0, H,0/0, ty

C H,O +H, H,0+H,/N, ty

Table 2. Gas set up for Paper IV.

The water vapour concentration was measured using a Dew/ux moisture meter with analog
output, from MCM Ltd, Wetherby UK.. The temperatures were decreased from 500 °C to 300
°C in steps of 100 °C with varying equilibration times (30 min — 1h) depending on temperature
and gas content.

4.3.7.1 Electrode polarization corrections

When conductivities in the intermediate temperature range are investigated using electrochemical
concentration cell techniques, electrode polarisation resistance can lead to underestimation of
ionic transport numbers. To correct for such problems, two known methods were carried out
where the Liu and Hu correction is based on impedance measurements''” at both gas extremes
(10 and 100%). The other is a combination of impedance coupled with a variable load
measurement' ", reported by Gorelov.
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The Gorelov correction is expressed as:

E, —1=(R,+R)) L + L Equation 28
Emeas ! R"' Rb

E,, = the thermodynamic EMF

E, ... = the measured EMF

R, = the ionic resistance

R, = the electrode polarization resistance
R, = the sample’s electronic resistance

R;, = the resistance caused by a resistance box coupled parallel to the electrodes

The Liu-Hu method is based on EIS data and concentrate on the effect of interfacial
polarizations in species with known mixed conduction. The original expressions for the average
ionic transference number (t) derived by Wagner'"* assumed infinite fast interfacial processes.

t, =—29¢ Equation 29

However, it has been found later that the interfacial resistances are the determining factors of the
performance of particularly thin-film electrolytes. The average ionic and electronic resistances of
the bulk electrolyte (R; and R), the total resistance of the cell (R;) and the resistance of the bulk
electrolyte (R,) can all be used to correct for the above. In combination with the open-cell voltage
(Voo and the Nernst potential (Ey) a correction for the transport number expression can be
derived according to:

R R, (1-V
f=—*—=1-—t| —°¢ Equation 30
R, +R, R\ E,

Paper IV had to rely mainly on the Gorelov-correction since the electrode resistance was hard to
determine.

4.3.7.2 Electrode corrections

If the electrodes on the pellets do not cover the entire surface area of the pellet face, the
calculated conductivity will only correspond to the cylinder defined by the electrodes. The part
which is not covered in Pt-paste will also contribute to the conductivity of the material but is
hence not included without the correction. This phenomenon can be denoted as fringing effects
of the conduction through the material. Therefore, the conductivity was multiplied by a
correction term for the electrodes (Paper IV). The values for the cotrection are calculated using
finite element modelling.
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5 Results and discussion

Papers I and 1I

5.1 A- and B-site substituted pyrochlores

The main motivation behind papers I and II was that there are extremely few studies relating to
proton conduction of pyrochlores with transition metals other than zirconium at the B-site. Even
though Shimura ez 4/ reported on Y,Ti, {M,,0, ; Haugsrud and Norby studied

La, o4Ca,, T1,0, ;" and Tuller ez a/'" studied the Gd,(Zr,Ti, ),O, system, the area is far from fully
investigated

In papers I and 1I the synthesis and characterisation of four acceptor doped pyrochlores are
presented, (Sm, 5,Ca5)B,0; 5, Sm,(B,0,Y,05)O75 B = Ti, Sn) as well as the undoped Sm,Sn,O..
The dopant ions and concentration were chosen to introduce the same nominal level of oxygen
vacancies (8 = 0.04 for complete charge compensation) into the systems regardless of dopant
site. The initial aim was for the results of the above systems to be part of a larger on-going study
investigating the influence of different B-site metal ions and the influence of doping site on the
proton conductivity of acceptor doped Sm,B,O, pyrochlores.

5.2 Structural aspects in XRD

To ensure phase purity and find cell parameters, XRD patterns were collected (Figure 19).
Rietveld analysis revealed cell parameters of 10.5140(2), 10.5098(2) and 10.5158(2) A for
Sm, ,Cay 1sS1,0; 5, SM,Sn, 4, Y 05O7.5 and Sm,Sn, O, respectively.

Intensity (arb. units)

sy

300 40.0 ‘ 50.0 ‘ 60.0
26 (degrees)

Figure 19. XRD patterns for Sm,Sn,; ,Y 5075, Sm, 5,Ca;sS0,0, 5 and Sm,Sn,O, from top to
bottom respectively. Arrows mark the presence of an apparently cubic additional phase in the
Sm,Sn; 9, Y 05055 sample.
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The ionic radii of the dopant ions are larger than the Sm’* and Sn** ions that they are expected to
replace and an expansion of the systems was expected. When refining the cell parameters,
however, no such results were found for the acceptor-doped samples in comparison to
Sm,Sn,O-.

Recently, the structural and bonding properties of stannate pyrochlores were investigated using
density functional theory.""® When Sm’" is set on the A-site, much stronger Ln-O,; interactions
will occur compared to other lanthanide cations. Further, the covalency of the Sn-O,q; bonds are
higher than the Ln-O,; and is also more covalent compared to other B-site pyrochlore oxides'"’.
Hence, doping will cause a change in the size of the unit cell but may thereby influence the
covalency and strength of the bonds. This can further lead to unexpected changes in the cell
parameters. Alternatively, structural relaxation around the doped oxygen vacancies may outweigh
the expected expansion of the unit cells.

Rietveld analysis allowed cell parameters of 10.246(1) and 10.238(1) A to be determined for
Sm, 4,Cay s T1,0; 5and Sm,Ti, ,Y 505 5 tespectively which was expected.''®

The presence of dissolved protons in the materials was indicated by the IR and TGA results,
which show significant amounts of dissolved protons in the doped materials. The IR spectra for
the undoped and A- and B-site doped Sn-systems are displayed in Figure 20.
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Figure 20. Infrared absorbance spectra of Sm,,,Ca,Sn,0,; (2) and Sm,Sn, ,YsO;5 (b). The
spectra from top to bottom are of hydrated, deuterated, as-prepared and vacuum dried samples.
The scan of as-prepared Sm,Sn, O, is also included at the bottom of both figures.
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Comparing the A-site doped spectra with the B-site substituted sample, several peaks are seen in
the 3500 cm region for the first. This region is indicative of O-H stretch vibrations of
structurally dissolved protons. Several peaks can suggest many possible stable sites for the
protons to reside.

5.3 EIS

Enhancements of the bulk conductivity at temperatures up to 500-550 °C (Ti- and Sn-systems
respectively) were observed for wet conditions. Proton conduction was confirmed by
measurements in O,/D,0 and Ar/D,O (Figure 21).
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Figure 21. Arrhenius plots of the bulk conductivity of Sm, ,,Ca, s I1,0, s where circles represent
runs under Ar+H,O, triangle Ar+D,O and squares dry Ar.

The results further reveal the importance of the correct choice of dopant site for the pyrochlore
structure. For all systems, the A-site substitution yielded the highest levels of proton conduction.
The Sm, ,,Ca;sSn,0; 5 compound displayed mixed ionic and electronic conduction under dry
oxidising conditions. The bulk proton conductivity at 300 °C gave 2.6 and 1 uSem™ in H,O-
saturated Ar and O,, respectively. The conductivity of Sm,Sn, ,Y 5O, and undoped Sm,Sn,0O,
generally was noted at about two orders of magnitude lower than for the A-site doped sample.
Electron hole conduction dominated in dry atmospheres for Sm,Sn, ,Y 405 and Sm,Sn,O-.

The supportt for proton conduction in the undoped sample according to the dry and wet gas runs
as well as the apparent isotope effect (Figure 22) is not expected due to the absence of dopants.
This can possibly be explained by intrinsic anti-site defects creating oxygen vacancies at the 8b
site.'” The vacancy may arise if Sm’* does not only dwell on the A-site, but also on the B- or
Sn*"-site, which could give the material a possibility to absorb and hence conduct protons.
However, the IR and TGA results do not indicate any protons present in the material, which may
be explained by the possibly very low levels of Sm’* on the Sn*" site.
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Figure 22. Arrhenius plots of the bulk conductivity of Sm,Sn,O; under O, (b) where dry gas
corresponds to circles, D,O are open triangles and H,O filled triangles.

The Ti-based samples showed bulk, rather than grain boundary, conduction to be dominant as
well as oxide ion conduction. For the A-site doped Sn-sample, bulk and grain boundary
conduction could be separated. The Sn-based systems showed low levels of bulk proton
conduction and high grain boundary impedance. Analysis according to the brick layer model
showed that the grain boundaries are highly distorted.

The trend for Sn-based systems to decompose in reducing atmospheres is an important factor
which will likely exclude Sm,Sn,O, derivatives from any potential SOFC related applications.

Paper II1

5.4 The Lanthanide contraction

The Lanthanide contraction (Section 3.2) is a phenomenon which causes the lanthanides to
decrease with increasing atomic number due to the low shielding effect of the f-electrons. Studies
reporting the effect of lanthanide size for oxide systems have previously been carried out by
Notby e# a/. '’ and Haugsrud and Norby . A range of Ca-doped rare-earth niobate series, RE,
LCaNbO, (RE=La, Nd, Gd, Tb, Er, Y; x=0.01-0.05) showed dominating proton conductivities
which decreased with decreasing radius of the rare-earth cations (La > Nd > Tb > Er). Generally
the proton mobility and proton conductivity decreases with decreasing ion size and unit cell
contraction. The reduction in mobility is explained by a more rigid lattice due to the decrease in
polarizability of the proton-hosting oxide ion sublattice. Therefore, even if the oxygen ions are
closer on average, the lattice is not as flexible and proton transfer becomes harder.

Tin-based systems were selected as the ionic radius of Sn unusually allows the stabilisation of the
pyrochlore structure across the entire lanthanide series.''® The focus of this paper was to
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investigate the importance of the lanthanide ionic size compared with the proton conductivity in
the Ln, 4Ca, ,5n,0, 5 (Ln = La, Sm, Yb) pyrochlores.

XRD results clearly showed the effect of the lanthanide contraction, where the pattern of the La-
containing material is shifted to lower 260-values, followed by the Sm-sample and finally the Yb-
system (Figure 23).
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Figure 23. XRD patterns for A, yCay,Sn,0, 5 (A = La, Sm, Yb) from the bottom to the top
pattern respectively.

The cell parameters determined from Rietveld analyses for the (Ln,o,Ca,,,)Sn,0,; compounds
were 10.7192(2), 10.5225(2) and 10.3182(3) A for Ln = La, Sm and Yb respectively.

5.5 Structural aspects in IR

The IR spectra for the protonated (P), deuterated (D), as-prepared (AP) and vacuum dried (V)
samples are shown in Figure 23. As expected, the hydrated and vacuum dried samples show the
largest difference overall. For La, ,Ca,,,Sn,O,; (Figure 24a) the protonated and as-prepared
samples are nearly identical suggesting protonation occurs from atmospheric humidity on cooling
from the synthesis temperature. Three intense peaks can be seen at 3536 (), 3496 (8) and 3251
(y) cm’, along with at least two other bands. Protonated Sm, ,,Ca, ,Sn,O, 5 (Figure 24b) reveals a
similar spectra, with three intense bands at 3527, 3456 and 3311 cm™' and two weaker peaks at
3422 and 3385 cm’.
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Figure 24. Infrared absorbance spectra for A, oCa,,Sn,O, 5 (A = La, Sm; a and b respectively).

Both samples show clear isotope effects with strong intensities in the 2600 - 2400 cm™ region (5,
e and { for the La-sample. These peaks can be related to the O-H and O-D stretches through the

expected ratio, i.e. Vgy / Vop = 1.37.

All patterns for this lanthanide give the characteristic electronic f-f transitions for Sm (Figure
23b). When the Sm’* ion is isolated all its f-electrons are degenerate, while in a crystal field
several ion interactions must be taken into account. These can be seen as intraconfigurational
transitions and will cause a splitting in the normally degenerate f-orbitals.

Transitions between the f-orbitals are normally ‘spin-to-spin-forbidden’ in a symmetric field.
However, these compounds do not possess this type of symmetry and especially the rare-earth
metals have levels where f-f-transitions can occur. Energetically such transitions will be seen in
the IR-spectrum for Sm. One of the excited levels ("H,,,) can be seen as the five peaks in the
2555 — 2400 cm'region. The next excited level ("H,,,,) can partly be seen in Figure 23b at 3600
cm” and above. The effect is denoted as a Stark effect (1919), which describes the splitting of
spectral lines in an electrical field.

5.6 Proton conduction

The order of proton conductivity was found to be La = Sm > Yb, confirming an influence of the
the lanthanide size on the proton conductivity. ILa,¢Ca,,Sn,O-5and Sm, 4Ca,(,Sn,0- 5 display

similar levels of proton conductivity, whilst the conductivity of Yb, ,,Ca,,Sn,0; s lies well below
these 2 samples. The data therefore indicates that higher levels of proton conductivity in
pyrochlore systems is favoured for large and mid-sized lanthanides, and is dramatically less
favourable for smaller lanthanides.
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Paper IV

5.7 Combining EIS and EMF

To understand total and partial conductivities of a novel material is crucial to be able to
determine what the material is a good candidate for. With EIS under varying oxygen and water
vapour partial pressures over a temperature range, the defect chemistry of a compound can be
modelled. EIS also give the possibility to separate the conductivity into bulk, grain boundary and
electrode contributions. Combining defect chemistry with transport numbers for oxide ions and
protons, obtained from the EMF technique under a similar set of conditions, a good
understanding of the material can be obtained.

In this study, EIS connected to a controlled gas system was carried out on Sm, ,Ca; 15 T1,O¢ 4,
where the results were compared to previously presented data from a simple gas supplied cell.
Further, EMF measurements were carried out on the same system to find the transport numbers
associated with the conduction processes.

5.8 Defect chemistry

The Kroger-Vink notation (Section 3.6) is used to describe the defect chemistry in this study and
proton transport is likely to take place via the Grotthuss mechanism (Section 3.8). The dopant
level determined the concentration of oxygen vacancies in these systems, which are replaced by
protonic defects with increasing water vapour partial pressure. The EMF method (Section 4.3.7)
is used to find the average transport number (t,,) with the voltage measured over the sample
(Epyp) and the theoretical voltage (Ey..,) according to:

E

t = —EME
avg

ENemsI

This study is focused on intermediate temperatures (500 — 300 °C) under wet and dry gas
(H,/N,/O,). In these regions, electrode polarisation resistance may lead to underestimation of
ionic transport numbers. To correct for such problems, two methods were looked at based on
impedance measurements and variable load measurement (Section 4.3.7.1).

5.9 Transport numbers and conductivity

The total conductivity was dominated by bulk conductivity which was consistent with previous
results (Paper I), and electronic conductivity appeared to play a slightly larger part in the grain
boundaries. EMF confirmed the conductivity to be mainly ionic. At 300 and 400 °C the proton
transport numbers were in agreement and the transport numbers for oxide ions was close to zero
(Table 3). The protonic transport number was slightly lower in reducing conditions than in
oxidising, indicating that some level of electronic conductivity was present.

At 500 °C the trend is the opposite, with the protonic transport number being close to zero,
while the oxide ionic numbers are close to one.
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300 400 500
°C °C °C

Uncorrected | - 0 0.073

High Active load |- 0 0.986

Po2 EIS - 0 0.98
Uncorrected | - - 0.75

Active load |- - 0.991

to Low po, [ EIS 0.98

Uncorrected | 0.08 [0.026 [0
High Active load |1.06 [0.947

Po2 EIS 0.9 0.983
Uncorrected | 0.42 | 0.34
Active load [0.876 |0.924
ty Low pg, | EIS 1 0.935

(el Fenll Ranll Nenll fanl

Table 3. Ovetview of corrected and uncortrected values of transport numbers for 300 — 500 °C.

The clear difference between wet and dry conductivity measurements indicate proton
conduction, which increase with decreasing temperature. The two curves for wet gasses are very
similar, with the one obtained in oxygen being slightly higher in the high temperature region due
to the inception of p-type electronic conductivity.

Paper V

5.10 Varying B-site ions

As mentioned for papers I and II, few studies have been carried out concerning proton
conduction of pyrochlores with other transition metals than Zr at the B-site. Varying the B-site
ion with increasing atomic number and ionic radii (T1, (Sn), Zr, Ce) and investigate the effect on
the proton conductivity was the primer motivation for the study. Finding additional trends in the
electronegativity of the B-site ion, tolerance factors and proton incorporation, in light of proton
conduction were further goals.

In combination with trying to map the area of varying the B-site constituent with proton
conduction, Sm,Ce,O;, derivatives were of interest due to their structure. These compounds have
previously been investigated by Yamamura e# o' and found to exhibit a superstructure which
was denoted the C-type phase (Ia3, Z = 32).

Moreover, pre-hydrated conductivity measurements were presented to further complete the study
in terms of mobility and diffusivity.
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5.11 Conductivity, mobility and diffusion

The diffusion coefficient (D) for the preprotonated Sm, ,,Ca (S0, o is more than one order of
magnitude lower than for the Ti-structure (Figure 26) which is only slightly higher than the values
obtained for distorted perovskites.”” For the Zr- and Ce-structures the diffusion coefficient is
more than 3 orders of magnitude lower compared to the Ti compound.
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Figure 25. The diffusion coefficient D, mobility I and the conductivity O as a function of the
ionic radius of the B-site ion.

These results show that a larger B-site ion makes the proton transfer more difficult. The
calculated activation energy is also lower for the Ti-sample than for the Sn-sample showing the
more facile transport of protons for the Ti-structure.

In the Ti-compound higher conduction in Ar, compared to oxygen, are seen. In the Sn-sample

the trend is the opposite. This indicates that at high temperatures the Ti-sample is an
predominantly an electron conductor, while the Sn material is a hole conductor.
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6 Conclusions

The proton conductivity in acceptor doped pyrochlores A, CaB,O, , (A = La, Sm, Yb; B = Tj,
Sn, Zr, Ce) and A,B, YO, ,, (A = Sm; B = Ti, Sn) have been investigated.

The (Sm, ,Cay5)B,0, 5 and Sm,(B;0,Y5)O75 B = Ti, Sn) showed the presence of dissolved
protons in the materials and proton conduction was confirmed by isotope effects. A trend of
higher levels of proton conduction for A-site substituted pyrochlores in comparison to B-site
doped systems was observed. The results show the importance of the correct choice of dopant
site for the pyrochlore structure and are in accordance with previous findings on La,Zr,O,
systems. The Sm, ,Ca,Sn,0, 5 compound displayed mixed ionic and electronic conduction
under dry oxidising conditions. The Ti-based samples showed bulk, rather than grain boundary,
conduction to be dominant as well as oxide ion conduction at higher temperatures.

The undoped Sm,Sn,O, system surprisingly showed an increase in conductivity under wet gas
indicative of proton conduction. This effect may be explained by vacancies arising at the 8b site
caused by some Sm’* allocated at the Sn*" site. The trend for Sn-based systems to decompose in
reducing atmospheres is an important factor which will likely exclude Sm,Sn,O; derivatives from
any potential SOFC related applications.

In the L#, CaB,0O,, , (Ln = La, Sm, Yb) systems, the XRD results showed the effect of the
lanthanide contraction. The order of proton conductivity was found to be La = Sm > Yb,
confirming a lanthanide dependence on the proton conductivity. The data therefore indicates that
higher levels of proton conductivity in pyrochlore systems is favoured for large and mid-sized
lanthanides, and is dramatically less favourable for smaller lanthanides.

The hydrated and deuterated samples show the largest difference in IR as well as isotope effects
indicating presence. The many peaks suggest several possible proton sites in the structures. The
Sm-sample also showed characteristic electronic f-f transitions known as the Stark effect (1919),
which describes the splitting of spectral lines in an electrical field.

The transport numbers for Sm, ,,Ca, 5 11,0, 5 were confirmed by EMF to be mainly protonic at
300 and 400 °C. At 500 °C the protonic transport number was close to zero, while the oxide
ionic numbers are close to one. In addition, the protonic transport number was slightly lower in
reducing conditions than in oxidising, indicating that some level of electronic conductivity was
present. Comparing wet and dry conductivity measurements, indicated proton conduction which
increased with decreasing temperature.

Varying the B-site ion with increasing ionic radii in Sm, Ca B,O, , (B = Ti, Sn, Zr, Ce) gave
diffusion coefficient for the pre-protonated systems in the order of Ti > Sn > Zr > Ce. These
results show that a larger B-site ion makes the proton transfer more difficult. The calculated
activation energy was lowest for the Ti-sample.

Overall, (Sm, ,,Cay45)B,0¢0, (B = Ti and Sn) gave higher levels of proton conduction compared
to the (Sm, 1,Ca 45)B,O¢ o (B = Zr and Ce).

In general pyrochlores show some promise as proton conductors in the intermediate temperature

region (200 — 600 °C). Several of the lanthanides have shown to form pyrochlore structures with
B-site ions such as Sn*"/ Nb*"/Ta>" /Ti*"/Z+*", where the oxides are convenient to work with.
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Most important, the Ti and Sn based pyrochlores have shown reasonably high proton mobilities.
The lower levels of proton conductivities compared to known perovskite systems such as 10 %
Y-doped BaZrO; and BaCeO,, must be seen in the light of the low doping levels reported on in
this study. By increasing the doping level, more vacancies can be formed, and the proton
concentration and conductivity enhanced. This may also be true for systems where the ratio
between the A- and the B-site is altered from the 1:1 relation.

However, introducing too high levels of doping or altering the A/B-site ratio excessively as well
as using a dopant not suitable for the system, may cause phase impurities or distortions. This has
further been seen to decrease the ion mobility in various systems as previously discussed.
Therefore, the balance between possible proton incorporation and mobility is a delicate issue.

6.1 Future work

The research on various pyrochlore systems is still in progress where mixed conductivity in
pyrochlore systems is of great interest. These systems have possible use in various parts of solid
oxide proton fuel cells with the main direction towards electrolyte compounds and also as gas
separation membranes.

Increasing the doping level to >10% for comparison to reported values for other systems in the
literature, is a natural step in the further investigation. In addition, altering the A/B-site ratio and
investigating the effect of various dopants, are further possible direction for research on these
systems.

Further, the nature of the dopant could also play a large role for possible trapping effects as seen
in perovskite structures. Therefore, by mapping various dopants such as Y*', In’* and Sc™,
proton conductivity may be increased.

Further investigations relating the microstructure with the conductivity is also of interest and a

tuture post-doc project with focus on this issue would be beneficial for further understanding the
pyrochlore systems.
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