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Abstract

In this thesis the work presented focussed on the doping of oxyanions, borate, silicate, sulfate
and phosphate, into different materials with the perovskite structure for use as electrolytes or

cathodes in solid oxide fuel cells.

Phosphate and sulfate doping was shown to have been carried out successfully on gallium
doped barium and strontium scandates. They all adopted the cubic perovskite structures with
the presence of oxyanions confirmed by Raman spectroscopy. These samples were found to

have improved stability to CO, atmospheres with increasing gallium content.

Phosphate doping was also carried out on doped barium cerates and was found to lower the
conductivity while not leading to improved stability. Oxyanion doped barium stannates were
investigated and showed a lower conductivity on oxyanion doping and borate doped samples

showed an improved stability in reducing atmospheres.

Following on from earlier work on silicate doping in perovskite cathode materials silicon
doping was carried out on (Ca/Sr),MnFe;Si4O¢.s which resulted in the formation of cubic
perovskites with a mixed oxidation state on the B site. Conductivity and area specific
resistance data were collected for the samples showing an initial improvement on silicon

doping for two of the series.
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Chapter 1 Introduction

1.1 Fuel Cells

1.1.1 History of Fuel Cells

Research into areas related to fuel cells has been occurring for over 200 years and is traced
back to two British scientists, William Nicholson and Anthony Carlisle, who discovered the
process, known as electrolysis, of using electricity to convert water into hydrogen and
oxygen, the reverse reaction of the electrochemical reaction occurring in fuel cells. 2 William
Grove found that by placing the ends of two platinum electrodes in sulphuric acid and the
other ends separately in sealed containers of hydrogen and oxygen, with both also containing
water, a current would flow between the electrodes and the water level would rise. When he
combined several sets of these electrodes in series he created what he termed a “gas battery”

or the first fuel cell.'?

Friedrich Wilhelm Oswalt experimentally determined the interconnection of various
components of these fuel cells, and this helped him confirm where the action in Grove’s fuel
cell occurred.* William W. Jacques in 1896 developed the first fuel cell with practical
applications and 4 years later Walther Nernst first used zirconium dioxide as a solid
electrolyte.” In the 1930s, Thomas Francis Bacon began investigating alkaline fuel cells that
employed air and hydrogen, and managed to develop a fuel cell that was used aboard World
War II submarines. This work was then acquired by Pratt & Whitney and was used in the

Apollo space missions.

Research continued in the area and fuel cells are now available for a number of practical uses,

including automobiles and for stationary power uses.

-1-



1.1.2 How a Fuel Cell Works and Types of Fuel Cells

In all types of fuel cell the basic structure is the same; they contain two electrodes, a cathode
and an anode, which are separated by an electrolyte. They operate in the same way as a
battery, as an electrochemical reaction takes place. However, the difference is that in a fuel
cell the oxidant and the fuel are continuously supplied, whereas in a battery they are stored in

limited amounts in the electrodes.

In a fuel cell there are separate half-cell reactions occurring at each of the cathode and anode
depending on the type of fuel cell used. These reactions cause the formation of electrons at the
anode which are unable to transfer through the electrolyte and so pass through an external
circuit, producing power for use in a number of different applications. An ionic species is
produced at either the cathode or anode that then travels through the electrolyte before acting
in the half-cell reaction at the other electrode. The 5 main types of fuel cell are listed in Table

1.1 and Figure 1.1 with their operating temperatures and half-cell reactions.

Table 1.1 Summary of the S main types of fuel cell with their half-cell reactions and operation temperatures

Fuel Cell Type Anode Reaction Cathode Reaction Temp erat}lre of
Operation
Alkaline Fuel Cell | 2H, +40H — 4H,0 | O, +4e” +2H,0 — 90-100 °C
(AFC) +4e 40H
Molten Carbonate 2H, + 2CO32' — 0O, +4e +2C0O;, — 600-700 °C
Fuel Cell (MCFC) 2H,0 +2CO; + 4¢ 2C05"
Phosphoric Acid Fuel 4 } O, + 4e” +4H —
2H, - 4H +4 150-200 °C
Cell (PAFC) 27 © 2H,0
Polymer Electrolyte ] +
O, +4e +4H
Membrane Fuel Cell | 2H, — 4H" + 4¢ o 50-100 °C
(PEMFC) 2
Solid Oxide Fuel | 2H, +20™ — 2H,0 _ >
+ _ o
Cell (SOFC) 4 de O, +4e — 20 500-1000 °C




and reaction gasses

unconverted combustion |— Load

H.O SOFC Mitrogen,
czg\:... ,— unconverted
H— o cuygen
€0, I
H,O% MCFC
0—> —
H —I-I- o,
H0 A AFC
I
PAFC
HI—-"‘ —H+I"'
|
" PEMFC
2 HY Nitrogen,
Fue| =—p— unconverted
Electrolyte oxygen
Anode Cathode

Figure 1.1 Summary of the different fuel types and their ionic species ®
In this PhD, work has focused on new materials developed for use in solid oxide fuel cells,

and so these will be covered in more detail.

1.1.3 Solid Oxide Fuel Cells (SOFCs)

Solid oxide fuel cells (SOFCs) are fuel cells that operate at high temperatures, 500-1000 °C,
and are of particular interest due to their high efficiency, compared to combustion-based
technologies, low emissions and fuel flexibility. This fuel flexibility, due to their high
operational temperatures, allows SOFCs to act as a bridging technology as natural gas can be

7-13
1.

used as a source of fue The ionic species that travels through the electrolyte is the oxide

. 2.
ion, O,

The electrolyte is a dense solid specifically a hard non porous ceramic compound. Due to the

high temperatures in SOFCs these materials can conduct ionically to give good fuel cell

_3-



performance, although lowering the operating temperature is being researched as this would

hasten implementation by reducing sealing problems, as well as long term degradation.

The most common crystal structure for the electrolyte is the fluorite structure, Figure 1.2, and

the two main fluorite electrolytes are doped ZrO, and doped CeOs,.

Figure 1.2 Fluorite Crystal Structure (AQO,); with the cation in blue and the anion in green

Pure zirconia, ZrO,, is not a good ion conductor at room temperature and only adopts the
cubic fluorite structure above 2300 °C.'* The cubic structure is stabilised at lower
temperatures by acceptor dopants, which also has the added benefit of introducing oxygen
vacancies into the structure, required for ionic conductivity through a vacancy hopping

mechanism.'>%°

Yttria-stabilised zirconia (YSZ) is the most favoured system commercially
due to its low cost, availability, good mechanical and electrical properties, despite not having

the highest ionic conductivity; it needs to operate between 800 and 1000 °C to ensure a high

enough performance. Scandium doped zirconia has a superior conductivity than YSZ but its



use is restricted due to the higher cost of scandium.”’ A potential route to lowering the

operating temperature is the fabrication of very thin film YSZ.>***

Doped CeO, has also been shown to have a good ionic conductivity.”>> Gadolinia-doped
ceria (CGO) and samaria-doped ceria (SDC) have a much higher conductivity than YSZ,
especially at lower temperatures (500-700 °C). However at low oxygen partial pressures and
above 600 °C the cerium is partially reduced to Ce”", which leads to a small amount of n-type
conductivity lowering the fuel cell performance. Despite this, SOFCs with a solid ceria
electrolyte have been shown to operate well at a working temperature of 500-700 °C although

it has a lower voltage at elevated temperatures due to aforementioned reduction of cerium.>®

37

Another issue with these fluorite systems is their susceptibility to silica impurities, which are
common impurities in the reagents. These impurities can form a siliceous intergranular phase
which significantly reduces grain boundary conductivity, and methods to trap these phases

and overcome this conductivity reduction are being investigated.*®

Other crystal structures studied for use as electrolytes in SOFCs are the perovskite structure,

. . 39-42
apatites and series based on La;Mo0,0,.

The anode in SOFCs is usually a cermet of Ni and the electrolyte. Generally the electrolyte
used in the anode is the same as that for the electrolyte in the fuel cell, i.e. YSZ/Ni anode is
used with a YSZ electrolyte.” NiO is used as the Ni metal source as at SOFC operating
temperatures (>500 °C) it is reduced to Ni providing the required electronic conductivity as
well as the catalytic performance. In addition reducing NiO to Ni increases the porosity of the

anode.



In a SOFC the cathode has to be stable at high temperatures in oxidising atmospheres.
Therefore only electronic conducting oxides and noble metals can be used. Due to the high
cost of the noble metals and their poor long term stability, electronic conducting oxides have
been principally researched for cathode materials. In particular materials with the perovskite
structure have been found to have the most promise for use as cathode materials due to their

generally high electronic conductivities and catalytic activity.***’

In a conventional cathode, a composite of the cathode material and the electrolyte is used, and
it is believed that the electrochemical reaction can only occur at the triple phase boundary,
where the electrolyte, air and electrode meet. At this boundary the oxygen from the air is
reduced and incorporated into the electrolyte as the oxide ion according to the following

equation (Krdger-Vink notation)'™'

Equation 1.1

Eoz(g) + 2e’cathode + V(;. - Ogl_ectrolyte

This limits the electrochemical reaction to a very small area. However one potential option to
improve the performance of a SOFC is to have a cathode with a mixed conductivity, ionic and
electronic, allowing the reduction of oxygen to occur at the surface of the cathode and then

have the oxide ion move through the cathode to the electrolyte.

LaMnO; based oxides have been researched for use as cathode materials and they are
generally formulated as La; s AxMnOs.5 (A is a divalent cation such as Sr** or Caz+).48'51
Usually strontium is used as the dopant (i.e. La;«SryMnO;_5, LSM) as its size matches with
lanthanum however it does not increase the oxygen vacancy concentration but rather oxidises
the manganese.52 This oxidation of the manganese improves the electrical conductivity,

however LSM has been found at high temperature to undergo reaction with YSZ forming
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La22r207.53'55 Strontium substitution decreases this reactivity; however SrZrOs; forms when
the strontium concentration is above the 30% dopant level.>* 338 Both La,Zr,0; and SrZrO;
are insulating phases and therefore lower the performance of the cathode material. The lack of
oxygen vacancies in this structure limits the reduction of oxygen to the triple-phase boundary
and this in turn typically limits the operation temperatures to above 800 °C. The lack of
oxygen vacancies is the main reason why performance is too low at lower temperatures and to
overcome this a second ionically conducting phase can be added or to replace manganese with
other transition metal elements, such as cobalt and iron, which promote the formation of

oxygen vacancies.”

Strontium doped LaCoOs; has also been studied as a potential cathode material due to its
higher ionic and electronic conductivities.”” On strontium doping some of the cobalt is
oxidised from 3+ to 4+ in addition with the formation of oxygen vacancies. La; ,SryCoOs_s
has a high oxygen diffusivity and a high dissociation catalytic activity for the oxygen
molecules leading to a marked improved electrode activity. Increasing the amount of cobalt
leads to an increased thermal expansion coefficient, which may result in cracking of the
electrolyte and delamination at the cathode/electrolyte interface.®’ This increased thermal
expansion is due the weaker Co-O bond compared to the Mn-O bond, the formation of

3+ 62,63 These cobaltite

oxygen vacancies, and the spin-state transitions associated with Co
cathodes also react readily with YSZ, forming insulating phases during the sintering process,

lowering their performance. Therefore, a diffusion barrier is typically necessary if cobaltite

cathodes are to be used with YSZ.%* ¢

Lanthanum ferrite, LaFeOs, is expected to be more stable than its cobalt counterpart due to the
stability of Fe’" caused by its 3d’ electronic configuration. Strontium doped LaFeOs (LSF)

has shown promising performance with respect to the power density and stability at 750 °C.°
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67 Doping with strontium, as outlined in the paragraphs above, causes some of the iron to
oxidise to Fe*" as well as oxygen vacancies to form, in order to accommodate the lower
charge of strontium compared to lanthanum. At high temperatures LSF loses oxygen forming
oxygen vacancies and decreasing the amount of Fe** present. In this system the electrons have
a much higher mobility than the oxygen ions so the conductivity is dominated by a hole-
conduction mechanism. The thermal expansion coefficient of LSF closely matches those of

the CGO and YSZ electrolyte.

The electrochemical performance of LSF is, however, inferior compared to cobalt containing
systems. A compromise system is La;.SrcFe;.,Co,03 (LSCF).68’ % LSCF does not react with
ceria based electrolytes and has a similar thermal expansion coefficient to commonly used

34. 70. 71 .. Y . .
7" The ionic conductivity is influenced more by the strontium concentration

electrolytes.
on the A-site and the iron and cobalt concentration influences the electronic conductivity
more. LSCF has a superior performance compared to cathodes based on LSM but as LSCF
reacts with YSZ a protective CGO diffusion barrier is typically needed to prevent insulating

phase formation.”> "

1.1.4 Proton Conducting Ceramic Fuel Cells

In attempting to lower the operation temperature of SOFCs there has been a growing interest
in proton conducting ceramics. The compounds originally identified with this property were
oxides with a perovskite-type structure, ABO; (A = Sr, Ba; B = Ce, Zr).”* Doping these
systems with a trivalent element, for example yttrium, leads to the formation of oxide-ion

vacancies allowing water incorporation to occur according to the following equation

Equation 1.2

Vo.. + OOX+ Hzo 2 OHO.
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The protons incorporated into the structure migrate by hopping from one oxide ion to the
next, and this easy migration means they can achieve high proton conductivities at a low
temperature (350-600 °C) taking advantage of the relatively low activation energy for proton
migration (0.3-0.6 ¢V).””® In addition as the protons move through the electrolyte rather than
oxide ions, water formation occurs at the cathode side of the fuel cell meaning fuel dilution

does not occur as in SOFCs leading to potentially higher fuel utilisation.

Iwahara et al. first observed proton conduction in doped strontium and barium cerates in the
1980s.”* ™ Undoped barium cerate adopts the orthorhombic structure at room temperature,
and as the temperature increases it undergoes a phase transformation at =~ 260 °C to another
orthorhombic structure (P m ¢ n to I n ¢ n) followed by a transition to a rhombohedral
structure at ~ 380 °C (F -3 2/n) and to a cubic structure at = 900 °C (P m -3 m).*" %' As
described above doping barium cerate with a trivalent cation was carried out to introduce
oxygen vacancies into the structure that could be filled with water and has been attempted for
a number of trivalent cations, Yb, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Lu and In. %
The conductivity of the system was found to increase with increasing dopant level up to a
dopant level of 10-25 mol% depending on the nature of the dopant. This occurs as increasing
the dopant level increases the amount of oxygen vacancies until a point is reached where the
vacancies start to associate thus lowering the amount of free vacancies and hence the

s .95, 96
conductivity. 9

Barium cerate based materials are promising materials for use in proton
conducting ceramic fuel cells as a result of their high proton conductivity, however their

usage is limited due to their low stability to CO, and water vapour containing atmospheres,

with the following chemical reactions occurring:

BaCeO3 + C02 — BaC03 + C602



BaCCO3 + Hzo — Ba(OH)2 + C602

To overcome this co-doping niobium into yttrium doped barium cerate was carried out by
Radojkovic et al.’’ This was shown to improve the CO, stability of barium cerate, however
the transport properties decreased, due to the average grain size decreasing and the reduction
in free vacancies. Niobium, tin, titanium, gallium and other elements have also been studied
to analyse their effect on the stability of barium cerate.”*"'® Cerium is also reduced under
reducing conditions from Ce*" to Ce’" causing fuel cell efficiency losses due to electronic

conduction in the electrolyte.

Doped and undoped BaZrO; adopts the cubic perovskite structure although Kreuer et al.
found BaZr, Y035 adopted the tetragonal structure for 0.05 < x < 0.25 while remaining
cubic at other concentrations.'”'® Compared to doped barium cerates, doped barium
zirconates have an excellent chemical stability in standard operation conditions for fuel

77, 18,

cells. 199111 While having an improved stability, doped barium zirconates have a

conductivity that is in general one order of magnitude lower than their barium cerate

77,78, 110, 112 . -
analogues at the same temperature.”” "™ > " “ This

lower conductivity is caused by the poor
sinterability of the material and the poor conduction of the grain boundary regions. This low
grain boundary conductivity is most likely due to barium deficiency due to barium
evaporation. If these problems with the sinterability and large grain boundary are overcome
then the high bulk proton conductivity may enable barium zirconates to be used as
electrolytes in proton conducting ceramic fuel cells. To overcome this poor sinterability some

- 0 113,114
advances have been made with the use of sintering aids. ™

As barium cerate and zirconate can form a solid solution, mixed cerate-zirconates are being

investigated to develop a system with the high proton conductivity of barium cerates
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combined with the improved stability of barium zirconates. This was first carried out by Ruy
and Haile. who found that the mixed phase had an improved stability in water and CO,
containing atmospheres than barium cerates but a lower protonic conductivity than barium

115
cerates.

This work also showed that increasing the zirconium content improved the stability
of the system to CO, atmospheres. These mixed systems have been most extensively studied
with yttrium doping. This doping strategy has been carried out on a number of mixed barium
cerate-zirconate systems and found that the CO, stability improved although the proton
conductivity fell, while the sintering temperature required for these systems also increased

. . . . . 116-122
with increasing zirconium content.''°

This fall in conductivity with increasing zirconium
content in most cases is due to an increasing grain boundary resistance as outlined above for

doped barium zirconate.

Other perovskite systems studied for their use as electrolytes in proton conducting SOFCs are
Ba,SnYOs 5, Ba,In,Os and BasCay 1sNb; §:0573.' % Other structures studied for their proton
conductivity are doped LaPO, and orthoniobates and orthotantalates with the formula

RE;,AMO, (RE = rare earth metal).'** '*’

For anode materials with these proton conducting electrolytes, Ni-electolyte cermets are used.
For cathode materials there have been a few steps towards the development of a mixed
proton/electron conducting oxides and the substitution of zirconate with praseodymium was
found to produce a system that conducted protons and electrons, however stability to CO, is

128, 129

an issue with this system. Work has also been carried on composite materials with the

electrolyte and a mixed oxide ion and electron conductor to provide a mixed proton/electron

. . . 130-134
conducting oxide and improve fuel cell performance.
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1.2 Perovskites

The perovskite structure takes its name from the mineral CaTiOs, known as perovskite, and

this mineral was named after Russian mineralogist L. A. Perovski by Gustav Rose.

Ideal perovskite oxides have a general formula of ABOs;, Figure 1.3, with the A cation sitting
in the centre of the unit cell, and is 12 coordinate with respect to the anions around it. The A
cation is larger than the B cation, which is commonly a transition metal, and the B cation sits
on the corners of the unit cell and has an octahedral arrangement of the anions around it; these

octahedra are corner sharing throughout the structure.

Figure 1.3 Perovskite Crystal Structure (ABO;); where the A cation is green, B cation is navy and O is red

To determine if the perovskite structure is likely to form for a certain crystal stoichiometry the
Goldschmidt tolerance factor can be calculated from the ionic radii of the constituent atoms

according to the formula below. 135-137
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Equation 1.3

o _(RatR)
- \/E(Rb + Ro)

Many compositions with the perovskite structure, including the original mineral CaTiO3, do

not adopt the ideal perovskite structure. "**

The tolerance factor is a guide and there are a
number of exceptions to the following. If 0.8 <t < 0.9, the B cation is too big, and to release
the strain, the octahedra around the B cation can tilt resulting in a lower symmetry unit cell,

139

an orthorhombic unit cell, in GdFeOs;. " However if t > 1, the B cation is too small, e.g.

BaNiOs, and in such cases a hexagonal cell with face sharing of octahedra can form, rather

than the edge sharing octahedra seen in the ideal structure.'*>?" 1%

There can also be deviations from the ideal perovskite structure due to a change in
stoichiometry, as the perovskite structure can readily incorporate ion vacancies. These
vacancies can cause a change in the properties of a system as shown by introducing oxygen
vacancies into BaZrO; through doping on the cation site, which causes an increase in the
proton conductivity through water incorporation.'*" While yttrium doped BaZrOs retains the
cubic structure, these oxygen vacancies can potentially order giving rise to other structures as
seen for SrFeOs;;, where oxygen vacancies order at low values of & (= 0.5) to give the
brownmillerite structure, with alternating layers of octahedral and tetrahedral coordination

124,192 The ratio

around the B cation. This structure is also adopted by Ba,In,0s, among others.
of A:B cations can also be altered to give Ruddlesden Popper phases with a general formula

An11BOs;41. These systems have the rock salt layer (AO) in between n consecutive perovskite

layers (ABO3).'*

Perovskites are used as both electrolytes and electrodes in ceramic fuel cells as outlined in

sections 1.1.3 and 1.1.4.
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1.3 Oxyanion Doping

Traditional strategies employed for SOFCs to optimize the conductivities have entailed
doping with aliovalent cations of similar size, for example ZrO, doped with Y,0s;. However
prior work on perovskite-type cuprate superconductors showed that they were able to
incorporate oxyanions (nitrate, phosphate, carbonate and sulfate) into their structure. '*+1%

This doping strategy could also be used to stabilise phases that could not otherwise be

obtained under ambient pressure conditions, for example the Sr analogue of YBa,Cu3;07.

Further work showed that oxyanions could be incorporated into other perovskite systems.
Borate and carbonate have been incorporated into manganese containing systems; resulting in
SrsMn4sCO50;9 and Sr4Mn3+XB1_x010.150’ 51 Carbonate doped Ruddlesden Popper

St4Fe;.4(CO3)x010.4x has also been reported.' >

More recently, it has been shown that oxyanions (phosphate, silicate and sulfate) can be

. . 155-157
incorporated into BaIn,Os.

BayIn,Os adopts the brownmillerite structure with
alternating layers of octahedral and tetrahedral indium at room temperature. Increasing the
temperature to ~930 °C Ba,In,Os forms a tetragonal structure causing the oxygen sublattice to
disorder, resulting in a corresponding jump in the oxide ion conductivity; further heating to
1140 °C causes cubic Ba,In,Os to form.">® %% As the disordered temperature states of
Ba,In,05 have a much higher oxide ion conductivity there have been numerous attempts to
lower the structural transition temperatures through doping. Doping an isovalent element with
a smaller ionic radius for In has been shown to lower the transition temperature.'” Doping
with the higher valent cations Sn, Ti, W, V and Mo has also been shown to have much better

160-162

results at lowering the transition temperature. However doped Ba,In,Os has also been
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shown to have instability in humid atmospheres, reactivity with CO, at operating

temperatures as well as easy reducibility.

It has been shown that phosphate groups, PO43', can be doped onto the In sites in Ba;In,Os to
give BayIn, «PyOs.y, for values of x = 0.1, 0.2, 0.3.15% %7 X-ray powder diffraction data
showed that on increasing the phosphate concentration the structure changed from
orthorhombic to cubic at room temperature. The cubic structure, unlike the orthorhombic
structure, has disordered oxide ions, which improves ionic conductivity. Ionic conductivity
was found to increase greatly at lower temperatures on phosphate doping. This is due to the
disordering of the oxide ion vacancies from the structural change. This series was also found
to show proton conductivity due to water incorporation, but the level of water incorporation
was found to decrease on increasing the concentration of phosphate. Phosphate doping of

Ba,In,O5 was also shown to increase the stability towards CO, at operating temperatures.

It was also found that Ba,In,Os could incorporate silicate, SiO44', into the structure resulting
in the structure changing from orthorhombic to cubic at room temperature, as in the case with
phosphate, with increasing oxygen disorder for Ba,In;gSip,0s; due to this change in

156
structure.

At higher dopant composition there is the formation of an impurity, Ba;SiO4,
indicating the solubility limit is around 10%. As noted earlier silicon is generally seen as a
poison in SOFC electrolytes, whereas for these compositions the introduction of silicate leads
to an increase in the ionic conductivity at lower temperatures.'®'® This increase in ionic
conductivity, in the same way as in phosphate doped Ba,In,Os, is due to the increase in oxide
ion disorder in the doped compositions at these temperatures. At higher temperatures
BayIn; 9Sip 10595 was found to exhibit a slightly higher ionic conductivity than

Ba,In, ¢Sip,0s;. This is because both doped phases have similar oxide ion disorder at these

temperatures with the higher doped composition having fewer oxygen vacancies and most
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likely more defect trapping occurring. As with phosphate doping there is proton conductivity

for BayIn, «Si14Os.4, at lower temperatures due to water incorporation.

Sulphate can also be doped into Ba,In,Os to give BaIn, «SyOs4340, leading to an increase in
cell symmetry to cubic for x = 0.3."” Conductivity data showed an increase in conductivity at
lower temperatures upon doping with sulphate, consistent with the increase in disorder of the
oxygen sublattice. There was also an increase in conductivity in a wet atmosphere due to a
protonic contribution upon doping with sulphate. The conductivities for Ba;In,«SxOsi3x
were lower than those for the related phosphate doped compositions, which may be due to the

higher oxygen content or to increased defect trapping of the sulphate group.

This work was then extended to Ba,;Sc,Os by Shin ef al. 166 Ba,Sc,0s5 had been shown by prior
studies to be unstable above 1000 °C, as on heating above this temperature Bas;Sc4O9
formed.'®” '® This thermal instability was shown to be caused by the presence of carbonate
groups in Ba,Sc,0s, ascertained from Raman spectroscopy. Phosphate doped Ba,Sc,Os was
found to form a perovskite structure for Ba,Sc; ¢P94Os4 and Ba,Sc; 5Py s0ss, and for lower
phosphate contents Bas3Sc4O9 impurity formed. Conductivity measurements carried out
showed evidence for proton conduction in wet atmospheres and a p-type contribution to the
conductivities at elevated temperatures. Also the CO, stability of these phosphate doped
systems was found to be superior to barium cerate systems. Silicate doped analogues were
attempted to be prepared, however while the synthesis of a cubic perovskite was achieved,

this could not be prepared phase-pure.

Further work has demonstrated the potential for use of this doping strategy for electrode
materials. StMnO; and SrCoO; both adopt the hexagonal perovskite structure at room

temperature. On incorporation of 3% silicon for cobalt in SrCoQOj3 a cubic cell was observed,
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19 The data showed that on silicon

with single phase samples seen up to 7% silicon doping.
doping some of the Co*" was reduced to Co®", and this reduction led to an increase in
conductivity of 2 orders of magnitude on silicon doping; the best conductivity was seen for
the 3% silicon content composition as on further silicon doping there is most likely a partial
disruption of the electronic conduction pathway by the silicon lowering the conductivity.
However, on heating overnight at 750 °C the samples became hexagonal perovskites again
also resulting in a decrease in conductivity to the levels seen for non-doped SrCoQOs, showing
these samples were most likely metastable. For SrMnOj; silicon doping was found to give a
pure cubic perovskite for SrMng gsSip 15055 and SrMno,gSio,zog_g.l69 These compositions did
not change structure to the hexagonal structure on heating like the SrCoO; samples showing
that the higher silicon content stabilised the cubic structure in this system. The conductivities
of the silicon doped SrMnO; were shown to be superior to undoped SrMnO; due to the
change in structure from hexagonal to cubic, and the mixed valency of manganese that arises
due to silicon doping. The change in structure in both these systems is due to silicon being
incorporated as tetrahedral silicon causing the introduction of oxygen vacancies. These
oxygen vacancies lead to a fall in the oxygen level causing a reduction of the manganese and
the cobalt leading to an increase in the average ionic size of the B cation in the perovskite
altering the tolerance factor in favour of the cubic perovskite. This improvement in
conductivity on silicon doping is interesting as silicon is usually seen as detrimental to the
conductivity of SOFC materials as it has been previously reported to congregate at the grain
boundaries to give insulating siliceous phases, thus decreasing the conductivity and lowering

19, 170-175

the performance. The results here, however, have shown that improvements in

performance can occur provided silicon is accommodated into the structure.
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It was later shown by Hancock et al. that phosphate and sulfate could also be incorporated

into SrCoOs at the same levels seen for silicate doping.'’®

The conductivity results were very
similar to those found for silicate doping as the conductivity was markedly better than the
non-doped SrCoO; and at higher phosphate and sulfate contents the Co-O pathways were
partially disrupted. However the conductivity decreased after thermal cycling and the samples

were also found to be non-stable at fuel cell operating temperatures as seen for the silicate

doped compositions.

Both CaMnOs and La;.,SryMnO;_ have also been successfully doped with oxyanions.177
Some of the manganese in both cases was found to reduce to Mn>" from Mn*" due to the
reasons outlined in the paragraphs above. The conductivity of CaMnO; was found to improve
on oxyanion doping however for LSM the conductivity decreased. However area specific
resistance (ASR) tests carried out on all the samples showed an improvement in the ASR
values which was attributed to the increased oxygen vacancy content which was believed to

promote ionic conduction.

Porras-Vazquez et al. also showed that phosphate and borate could be doped into
Bal_ysryCOO_gFe().zOya.178 The results showed that the phosphate doped compositions were
more stable than their non-doped analogues as they retained the cubic structure after long
term heating, in contrast to the undoped samples which transformed to a hexagonal
perovskite. The conductivities of both phosphate and borate doped samples was found to
improve relative to the parent non-oxyanion containing composition and the conductivity did
not worsen for the phosphate doped composition after long term annealing unlike its parent

composition.
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In other studies it was found that LSCF and Sr¢9Y(1Coss could also incorporate small
amounts of oxyanions, up to a maximum of 5 mol% for borate and 2.5 mol% for silicate in
LSCF and 2.5 mol% for silicate, phosphate and borate in Sr9Y(1Co3.5. All the compositions
showed a decrease in the cobalt and iron oxidation state on oxyanion doping and the
electronic conductivity was found to improve for oxyanion doped LSCF relative to the parent
composition while the electronic conductivity decreased for oxyanion doped Sry9Y(.1C00O3.5.
All the oxyanion samples studied showed an improvement in the ASR values on oxyanion
doping compared to the parent attributed to the increased amount of oxygen vacancies leading
to an improved ionic conductivity. Also oxyanion doped Sr¢Y1C00;35 was found to have an

increased stability to CO, atmospheres compared to undoped Sr9Y.1C003..

Further work on the manganese based systems showed that silicate could be doped into the
Sri.,Ca,MnOs.5 with the level of silicate required to stabilise the cubic structure shown to
decrease with increasing calcium content.'” As seen in previous work the conductivities were
found to improve on silicon doping for low levels, due to the reduction of manganese,
compared to their parent compounds, which then worsens due to the partial disruption of the
Mn-O conductivity pathway at higher silicon levels. All the compositions examined showed

an improvement in their ASR values compared to their parent compounds.

Silicon doped SrFeOs.s was also studied and showed that silicon could be incorporated up to
15 mol%.'®° Undoped SrFeOs; has a tetragonal structure which became cubic on silicon
doping. It was also shown that the silicon doped compositions were stable under reducing
conditions indicating that these materials could potentially be used in a symmetrical fuel cell.
The conductivities were found to improve initially with silicon doping, then worsen as the

silicon content increased. Conductivities in reducing atmospheres showed a decrease
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compared to the conductivities in air with an improvement for higher silicon contents as they

are more stable in these conditions. The same results were seen for the ASR values.

1.4 Project Aims

As oxyanion doping in perovskite materials has been shown to be successful, the primary aim
of this research was to synthesise and analyse a number of new oxyanion doped perovskites.
This doping strategy was utilised to create new phases that are stable towards the conditions
found in fuel cells while retaining the conductivity properties required for an efficient fuel

cell.

For the electrolyte materials studied, the initial work carried out will build on the research of
Shin et al. into Ba;Sc,0s5 in the hope of improving the chemical stability of this phase even
further, while reducing the scandium content and hence lowering the cost and maintaining the
high conductivities observed.'® Following on from this, known electrolyte materials,
BaCe; \M;0;_; and Ba,SnYOs, with poor stability in either CO, or reducing atmospheres were
studied in the hope of improving their stability when doped with oxyanions and retaining their

high ionic conductivities.

To try and develop stable cathode materials, silicon doping was also carried out on
(Ca/Sr),MnFe; Si,Og.5, with silicon doping having already been shown to be successful in a

number of related phases.

In all cases principle characterisation would be carried out by powder X-ray diffraction,
Raman spectroscopy and thermogravimetric analysis, and if pure phases were obtained
impedance spectroscopy or 4-probe direct current conductivity measurements were carried
out. The stability of the phases was analysed using powder X-ray diffraction and

thermogravimetric analysis.
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Chapter 2 Experimental Techniques

2.1 Solid State Synthesis

The solid state synthesis method is the most common synthesis method used in materials
science due to its simplicity. High purity starting materials are weighed out using the correct
stoichiometry, as required for the specific chemical reaction. The sample is then ground until
a homogenous powder is obtained; this process distributes the reactants throughout the
mixture and reduces the grain size, increasing the reaction rate. The temperature used is
generally above 750 °C and heating occurs for generally a few days; the high temperatures are
used to enable the atoms to have energy to migrate to the reaction site by breaking their bonds
and form new bonds at the reaction site. Purity of reagents is vital to ensure high purification
of the product, as separation of the intended phase from the other phases formed is almost
impossible; chemical suppliers provide high purity reagents that are easily available and the
reagents must be chosen carefully to ensure the correct stoichiometry. However care must be
taken if the reagent is hygroscopic (although this can be overcome by heating the reagent
above the dehydration temperature) or air sensitive, as this can lead to incorrect calculations

of the mass required.

In solid state synthesis the reaction occurs at the interface of the reagents. Therefore once the
product has started to form at the interface, the reagents must now move through the product
phase to react. Point defects that are present, such as vacancies or interstitial atoms, can
improve the reaction process. As the product layer increases in size the length of the diffusion
path increases causing a lowering of the rate of reaction. To overcome this, intermittent
grinding of the sample can be used. This breaks up the product layer that formed at the

interface and creates new reaction sites at the newly formed interface between reagents.
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Pressing the sample into a pellet can improve the reaction by increasing the contact between

the reagents.

Starting reagents for the alkaline earth metals generally are carbonates rather than oxides, as
the carbonates are more stable at room temperature than the oxides, which can react with CO,,
forming the carbonate, as well as being hygroscopic. In this project the carbonates SrCO; and
BaCO; were used and decomposed to the oxides under the heating, producing a reactant with

a high reactivity.

A high reaction temperature can result in the evaporation of some the reagents if they are
volatile, such as barium, as seen by Omata et al.' To overcome this common issue a sealed
vessel can be used, however this is not always possible due to high temperatures being used.
Pressing the sample into a pellet to reduce the surface area can reduce reagent evaporation;
the top deficient layer can be removed after heating by sanding. Other ways to overcome this
evaporation are to use excess reactant initially, placing a lid over the crucible and covering the

pellet in sacrificial powder, all of these were used in this project to prevent barium loss.

2.2 Structural Characterisation %*

2.2.1 Crystallography

Crystals are solids that possess long range order. Crystals with this long range order are best
described by using a lattice description. This lattice is made up of repeating blocks called the
unit cell; the crystal structure can be made by translating or shifting the unit cells along one,
two or three directions independently. A three-dimensional lattice or the unit cell can be

described fully by three noncoplanar vectors

q = ua +vb + wc
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Where u + v +w = 0 is taken as the origin and positive and negative values of u, vand w
define positive and negative directions. Instead of using these noncoplanar vectors the unit
cell can be completely described by six scalar quantities, known as the lattice parameters. a, b
and c describe of the length of the edges of the unit cell and «, £ and y describe the angles

between them, Figure 2.1.

Figure 2.1 Lattice parameters of a unit cell

There are 7 different crystal systems, summarised in Table 2.1, with different relationships
between the lengths and angles of the unit cell. There are also 4 different lattice types;
primitive (P), lattice points at each corner, body-centred (I), lattice points at each corner and
the centre of the unit cell, face-centred (F), lattice points at each corner and the middle of each
face, and base-centred (C), lattice points at each corner and in the middle of two opposite

faces. Combining these with the 7 crystal systems gives rise to the Bravais lattices, Figure 2.2.
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Table 2.1 The seven crystal systems

Crystal System Axial Relationships
. a= b =c
CublC a=ﬁ=y=90°
a=b#c
T 1
etragona a=p=y=90°
‘ a+b+c
Orthorhombic a=pf=y=90°
Monoclinic o= ya=¢9l(9)o’¢ﬁc¢ 90°
Triclinic arbze
a F 900,,3 i 900'V #90°
a=b+#c
Hexagonal a=p=90°y = 120°
a=b=c
Rhombohedral a=pf=y+#90°

There are 7 symmetry elements that can be used to convert a group of atoms in a unit cell into
each other; These symmetry elements are rotation axis, centre of inversion, mirror plane,
translation vector, roto-inversion/improper rotation (rotation followed by inversion), screw
axis (rotation followed by translation) and glide plane (reflection followed by translation).
Regular stacking of the unit cells that can be translated but not reflected or rotated imposes a
constraint on the symmetry elements allowed in the lattice. The only symmetry operators
allowed in a Bravais lattice are the centre of symmetry, 1, mirror operator, m, proper rotation
axes, 1, 2, 3, 4, and 6, and the improper rotation axes, 1, 2, 3, 4 and 6. This results in 32
crystallographic point groups and when combined with the 14 Bravais lattices, and including

screw axes, results in the 230 crystallographic space groups.
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simple cubic body-centered face-centered

cubic cubic
| g
I |
' '
simple body-centered
tetragonal tetragonal

simple  body-centered
orthorhombic orthorhombic

A

base-centered face-centered
orthorhombic orthorhombic

rhombohedral hexagonal
simple base-centered triclinic
monoclinic monoclinic

Figure 2.2 The Bravais lattices °

To determine atom positions in a unit cell, atomic coordinates are used; these describe how

far along each vector a, band cthe atom is, and are recorded as (a, b, ¢).
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Miller indices are used to specify planes in a lattice and are defined as the inverse of the

fractional intercept along a, b and cand placed in round brackets in the form (hkl), Figure 2.3.

(001) (100) (010)

(101) (110) (011)

/ X/ /o—/

N

(111)

E

Figure 2.3 Miller indices °

The separation between the lattice planes is known as djj; and in a cubic cell is given by

Equation 2.1
1 h+k*+ 12

z= 2
Ahi Qo
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Where a; is the lattice constant. This equation can be adjusted to any of the crystal systems,

as detailed in the next section.

2.2.2 Powder X-ray Diffraction

The periodic array of atoms in a crystal has an interatomic spacing of around 1 A. As X-rays
have this wavelength they can be scattered to give a diffraction pattern, which can be obtained
for single crystals or a crystalline powder. The position and intensities of these diffracted
beams are a function of the arrangements of the atoms in space and the atomic number of the
atoms. For a peak to be observed constructive interference of the reflected radiation must
occur. To meet this criteria planes defined by the Miller indices must fulfil Bragg’s law,

Figure 2.4.

Equation 2.2

Path Dif ference = AB + BC = 2d sin@

anA = Zdhkl sin @

B

Figure 2.4 Derivation of Bragg’s law ’
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From Equation 2.1 the lattice parameter can be calculated from the dpj;-spacing for a cubic
system and therefore the lattice parameter can be calculated from the incident X-ray radiation,

A, and the diffraction angle, 8, along with the Miller indices giving

Equation 2.3

2

2
2 2 2 2
ag? = ;= (2 + k2 + 17)

The lattice parameters for the other crystal systems, excluding triclinic, can be calculated from

Expression for d;; in terms of lattice parameters
Crystal System and Miller indices
Tet I 1 h? + k? N 12
etragona = —
g dhklz g2 Co2
Orthorhombi ! L
orhombic =—+—+—
dna”  Q0®  by®  Co®
H | 1 4(h*+hk+k? +12
exagona dhklz =3 a? o2
. 1 1 h? k?sin?f 1* 2hlcosp a,
Monoclinic s=mo Al sttt S ———
dh_l Sin ﬁ Ao bO Co apCo

In powder X-ray diffraction monochromatic X-rays hit the samples and are diffracted
according to Bragg’s law. The resulting beams form a cone of diffracted radiation with a cone
angle equal to 40, Figure 2.5. These cones are formed by all the lattice spacings allowed, with
the innermost cones having the largest dj;-spacing. A detector is then rotated around the

sample cutting through all the diffraction cones determining the intensity as a function of 26.
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X-ray beam

Detector Intersects  Inlensily recorded
diffraction cones  as a function of 26

Figure 2.5 Schematic representation of diffracted X-ray beam cone formation and XRD pattern collection

The intensities of the diffracted beam depend on:

1. The Bragg angle of the diffracted beam
2. The atomic scattering factor

3. The structure factor

4. The temperature factor

5. The polarisation of the beam

6. The form factor

7. The multiplicity

8. The absorption factor

The scattering of the X-ray beam increases with increasing electrons as X-rays are scattered
by the electron cloud. Therefore heavier elements will scatter more strongly than lighter
elements and the scattering factor, f,, is given by

Equation 2.4

oS,

i=1
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The constants are called the Cromer-Mann coefficients and the scattering is strongly angle
in6

dependent, %

The structure factor depends on the scattering from the unit cell and contains some of the

other factors, and is given by the equation

Equation 2.5

N
Fuaa = ) frexpl2mi(hxy + kyy + 17,)]
n=1

N
Fr = Z fn cos[2m(hx, + ky, + 1z,)]| + if, sin[2n(hx,, + ky, + [z,)]

n=1

Where f,, is the atomic scattering factor of each atom contributing to the reflection. In a
centrosymmetric unit cell the sin term is zero and can be ignored. The square of the structure

factor is proportional to the intensity.

The temperature factor, also known as the Debye-Waller factor, is caused by the thermal
motion of the atoms and ions in a solid. This motion has the effect of making the crystal “a
slightly fuzzy diffraction grating” reducing the intensity of the diffraction peak. It has a strong

20 dependence and becomes most noticeable at large angles. It is given by

Equation 2.6

fin = e | -8 (5 9)2]

B = 8m2U
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U is the isotropic temperature factor. The overall magnitude of the thermal vibrations is not
usually isotropic and so U is replaced by anisotropic factors that define the size and

orientation of the thermal ellipsoid.

The incident beam of the X-ray is unpolarised and the diffracted beam is partially polarised as

not all polarisation orientations are reflected equally and is given by

Equation 2.7

1 + cos? 26

Py
o 2

The Lorentz factor is defined by the geometry of diffraction. It is caused by the finite size of
the reciprocal lattice points and the variable radii of the Debye rings, both functions of 0. It is
given by

Equation 2.8

1

Lp X ——8M8
%™ cos@sinZ 6

It can be combined with the polarisation factor to give a single correction term

Equation 2.9

1 + cos? 260
cos O sin? 0

Diffraction occurs over a small range of 0 values rather than a precise value due to crystal

imperfections and the approximate range over which diffraction occurs is given as
Equation 2.10

66 A
- Dy cos 6
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Where Dy, is the crystal thickness in the direction normal to the (hkl) planes diffracting the

radiation. Dy, is a multiple of dj,; so

Equation 2.11

A

Mt 60 cos 0

Therefore a sharp line indicates a well ordered crystal and a broad line an extremely

disordered or very small crystallite.

In a cubic lattice the dpy;-spacing of a reflection is given by Equation 2.1. Therefore (111),

(-111), (1-11), (11-1), (-1-11), (-11-1), (1-1-1) and (-1-1-1) all have the same dp;-spacing, 3—%
Therefore these 8 reflections will all have the same 6 values and the intensity observed will be

8 times greater than that observed for the (111) plane alone. This is known as the reflection

multiplicity.

The absorption factor can also affect the intensity but can generally be ignored unless samples
contain strongly absorbing elements and the effect is most noticeable at low 26 values. It can

be overcome by changing the wavelength of the radiation used.

Systematic absences can occur in the diffraction pattern due to the symmetry operations
present in the unit cell and these can be calculated from the structural factor as shown below

for a body centred unit cell, atomic positions (0,0,0) and (0.5,0.5,0.5).

Equation 2.12

Fri = Z frn cos[2n(hx, + ky, + lz,)] + if, sin[2n(hx, + ky, + 1z,)]

All atoms

Frou = Z frn cos[2m(hx,, + ky, + 1z,)]

All atoms
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due to a centrosymmetric unit cell
. (1 1 1
Fnii = frn cos[2mi(0)] + f;, cos [Zm (Eh + Ek + §l>]

h+k+l:2n,Fhkl:2fn
h+k+l7‘—'2n,Fhkl:0

Therefore h + k + [ must be even for a reflection to be observed for a body centred cell and if

h + k + [ is odd then there will be no reflection intensity observed.

X-ray beams are generally generated using an X-ray tube. A tungsten filament is electrically
heated and generates electrons. These electrons are then fired at a metal target by using a high
electrostatic potential between the target and filament. The high energy electrons ionise
electrons from the 1s orbitals, which causes electrons in higher energy orbitals to drop into the
empty Is holes, emitting X-rays and these X-rays exit the tube through beryllium windows.
X-ray tubes are very inefficient due to the amount of heat generated during this process and
this heat also requires the metal target to be continually cooled. The X-ray spectrum for

copper, used as the metal target in this project, is shown in Figure 2.6.

KU.1

KB Kop
Intensity |

/ ———
Wavelength

Figure 2.6 X-ray spectrum from a copper target ®
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The intense peaks are caused by electron falling from the 2p, K,, and the 3p , Kg, to the 1s
orbital. The peak from the K, radiation is split due to the different possible spin states of the
electron. The background X-ray radiation emitted (known as Bremsstrahlung radiation) is
caused by electrons decelerating on hitting the target giving a wide range of wavelengths not

dependent of the nature of the metal target.

For X-ray diffraction experiments to be performed a single wavelength of X-rays is necessary.
This can be obtained through monochromation. The X-ray beam after passing through the
beryllium windows hits a single crystal with a fixed orientation and a single wavelength of
this beam is then reflected according to Bragg’s law. This gives a purely monochromatic
beam, only one of K,; and K, is obtained, however the beam intensity is reduced. A metal
filter with a lower atomic number than the metal target source can also be used, i.e. a nickel
filter is used with a copper metal target and this removes the Kg radiation, although both K,

and K, are still present in the X-ray beam.

2.2.3 Rietveld Analysis

This technique was developed by Hugo Rietveld in the 1960s.”'? Before this only high
symmetry compositions were resolved using powder X-ray diffraction due to the peaks
overlapping such that separating them was impossible. Single crystal X-ray diffraction could
be used to overcome this issue as this allows three-dimensional data to be extracted from the
diffraction pattern, such that the intensities of individual reflections could be determined,

however large single crystals for some materials are hard if not impossible to grow.

Major advances in structure determination were made when the Rietveld method was
developed.9 To enable the powder diffraction data to be used in a computer the collected data

must be in digitised form. The data is therefore collected in digitised form by collecting data
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at thousands of individual incremental steps; in this project these steps were collected in 20 as
constant wavelength X-rays were used. The Rietveld method uses a starting model; this model
must be close to the actual structure of the sample for the method to work. This model is used
to calculate the intensity at each point from the unit cell parameters, the atomic positions,
occupancy and thermal motion and the experimental parameters. This model is then modified
using the least-squares method until the differences between the observed and calculated

diffraction patterns are minimised. This is done by minimising S,, from the equation below
Equation 2.13
Sy = Z w; (Vi = Yei)?
-
y; is the observed intensity at the i*" point
Y.i is the calculated intensity at the i*"* point
w; is the weighting of each data point and is equivalent to 1/y;.

The majority of powder diffraction patterns of crystalline materials contain overlapping peaks
that each contribute a specific peak intensity, peak position, peak shape and integrated area
that is proportional to the Bragg intensity. As a number of Bragg reflections can contribute to
the observed intensity at a point i the calculated intensities are determined using the following

equation

Yei = ISZLK|FK|2§0(291' — 20k )PxA| + Y
K

s is the scale factor

K represents the Miller indices
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Lk contains the Lorentz, polarisation and multiplicity factors
Fy is the structure factor for reflection K

@ 1s the peak profile function

Py is the preferred orientation

A is the sample absorption

Vi is the background intensity at the i*" step

Normal equations are set up that involve the derivates of all the y.; with respect to each of the
variable parameters. These parameters include atomic coordinates, profile parameters, site
occupancies, background, lattice parameters, atomic thermal parameters, scale, preferred
orientation, detector zero-point among others. The best solution is found by an iterative
process and the calculated shifts are applied to the initial parameters to produce new
parameters each cycle that then form the starting point for the new cycle. As the relationship
between the variable parameters and intensities are mostly non-linear the starting model used
must be close to the correct model. This process is continued until S, is minimised, although
care should be taken to avoid a local minimum being obtained rather than the global
minimum. The visual representation of the fit is the best way of determining the success of
the fit and there are numerical measures of following the refinement, known as R-factors, as
shown below

_ Xilyi — yail

R
P XiYi

1
B = lZiWi(:Vi — yei)?|?
wp 2w (y:)?
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(N—P— C)
2w (y:)?

exp
N is the total number of data points measured in the diffraction pattern

P is the number of refined parameters

C is the number of constraints

R 2
Rexp

ZKllKi _IKcil

R =
! Yx ki

Ry, is commonly reported as its numerator is also used in the minimisation of S,,. However
R,,, can give misleading results as a high background in the diffraction pattern can lead to a
low value of Ry, and R, values can be seriously affected by impurities. Ry, gives an
indication of the quality of the data as the denominator will be larger if the data was collected
for a long time due to the errors not being dominated by counting statistics. y2 values of less
than 1 are not an indicator of an excellent fit but of a model that contains more parameters
than can be justified by the quality of the data. R; can be used to give an indication of the

reliability of the structural model.

There are a number of computer programs available for Rietveld refinement and in this
project the GSAS suite of programs was used for Rietveld refinement.'> GSAS can work with
both X-ray and neutron data from both fixed wavelength and time of flight measurements. It
can work with multiple data sets simultaneously and both hard and soft constraints can be

used.
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The background function used in this project is type 2 in GSAS to approximate the

background. This is a cosine Fourier series with a leading constant term.
N
I, = By +ZB]- cos[P x (j — 1)]
=2

Where P is in degrees 260 and is just the detector position for the step.

Up to 36 coefficients can be used although fewer terms were used in this work so as not to

bias the R factors and to make sure the background function is not fitting Bragg intensity.

The peak profile function 3 was used to fit the peak shape. This is a Thompson modified
pseudo-Voigt function, which uses a mixing coefficient n to combine Gaussian and

1415 This function

Lorentzian functions and employs a multi-term Simpson’s rule integration.
models asymmetry due to axial divergence as described by Finger et al.'® The benefit of using

this function is the ability to separate the Gaussian and Lorentzian contributions to the peak

shape.

2.3 Raman Spectroscopy !’

Raman spectroscopy was discovered by C. V. Raman and K. S. Krishnan in 1928 who used
sunlight to observe the Raman effect.'® This technique was used to catalogue molecular
vibrational frequencies and its usage decreased when commercial IR spectrometers became
available. With the advent of the laser in the 1960s Raman spectroscopy became more popular

as the time required to obtain spectra decreased considerably.

Raman spectroscopy is a type of vibrational spectroscopy which is used to probe the bonding
that occurs in materials. The sample is irradiated with a single wavelength of radiation

(monochromatic). The photon interacts with the molecule polarising the electron cloud
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surrounding the constituent nuclei of the molecule, raising the energy of the molecule to a
“virtual state”. The excited molecule relaxes immediately releasing a photon which can have
the same or a different energy. The majority of these emitted photons have the same energy
and this scattering process is known as Rayleigh scattering. This is where the molecule, after
excitation and relaxation, has the same vibrational state as when it started so the process is
elastic. If the vibrational state of the molecule after relaxation is different, then the emitted
photon will have a different energy and hence wavelength, this is known as Raman scattering.
If the molecule returns to a higher vibrational state the emitted photon will have a lower
energy than the incident photon and this is called Stokes scattering, whereas if a molecule is
in an excited vibrational state and returns to a lower vibrational state the emitted photon will

have a higher energy and this is called anti-Stokes scattering, Figure 2.7.

i Virtual States
| FUTTR b | ——
=
)
D | hv hv,  hy, hv,-hv,  hv,| | hv,+hv,
E,+hv,
Rayleigh Stokes Anti-Stokes ’
Scattering | Scattering Scattering |
(elastic) i
Raman
(inelastic)

Figure 2.7 Energy transitions for Raman and Rayleigh scattering

For a molecular vibration to be Raman active the vibration must cause a change in the
magnitude or direction of the polarisability of the molecule. Symmetrical vibrations generally
give the most intense bands compared with asymmetric vibrations which are relatively weak.

The molecular symmetry determines which vibrations are Raman active.
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The intensities of the Stokes and anti-Stokes scattering are proportional to the occupancy of
the original vibrational states. At room temperature most of the molecules are in the ground
vibrational state so Stokes scattering will have a higher intensity than anti-Stokes scattering.
Increasing the temperature will result in an increase in intensity of anti-Stokes scattering; this
allows the temperature of the sample to be calculated using the Boltzmann equation and the

relative intensities of the Stokes and anti-Stokes bands, Equation 2. 14,7

Equation 2.14

N, 9o kT

N;=Number of molecules in higher vibrational energy level

No= Number of molecules in lower vibrational energy level

g1= Degeneracy of the higher vibrational energy

go= Degeneracy of the lower vibrational energy

AE= Energy difference between higher and lower vibrational energy levels
k= Boltzmann constant

T'= Temperature (K)

Raman spectra were collected on a Renishaw inVia Raman microscope with excitation using

a Cobolt Samba CW532 nm DPSS laser on powdered samples.

2.4 Thermogravimetric Analysis %°

Thermogravimetric analysis (TGA) is a technique used to measure the change in mass of a

sample when heated to a specific temperature at a specific rate over time.
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The sample is placed in an accurately weighed alumina or platinum crucible and the mass of
the sample is then determined. The crucible is then placed on a precision thermobalance and
subjected to a pre-set programme controlling the temperature and rate of temperature change
while measuring the mass change of the sample. This is usually recorded by a computer
coupled to a thermal analyser producing a graph as shown in Figure 2.8. A correction file can
also be created, where no sample is in the crucible, from which the data with the sample can
be subtracted to remove the change in mass of the crucible under the conditions, thus
increasing the accuracy. Sometimes the furnace can be programmed for the heating to acquire

a constant mass loss, which is much less common but used to probe specific reaction kinetics.

110

108 -
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104 ~
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Temperature (°C)
Figure 2.8 TG profiles (10 °C min ! to 800 °C in 1:1 CO, and N, mixture) for (a) BaCe( Y 3Py.10,9and (b)
BaCe sYby3Py10;.9

If the relative molecular mass of a sample of the starting material or at a certain point of the
temperature programme is known, then the relative molecular mass of the sample at all stages

can be calculated.
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TGA can also be carried out under different flowing gases, e.g. N,, Ar, CO,, O, etc., to
determine the relative stability of the sample to these gases under heating conditions. The
TGA can be coupled with a mass spectrometer or infrared spectrometer to give information
about the gases given off during the experiment. This is especially useful during
decomposition reactions as in the example below the mass loss due to water can be

specifically assigned, Figure 2.9.
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Figure 2.9 TG profiles (10 °C min™' to 800 °C in N,) for hydrated BaFeO, 5 with the green line (m=18) and red line
(m=17) showing the mass loss of their respective masses against temperature

Most TGAs now incorporate differential thermal analysis (DTA) so both mass loss and
thermal information can be analysed. DTA uses an inert reference which undergoes the same
thermal programme simultaneously as the sample, and the difference in temperature is
recorded. This allows changes in the sample that are endothermic or exothermic relative to the
reference to be observed providing data on transformations that occur, such as phase

transitions.
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The instrument used in this project was a Netzsch STA 449 F1 Jupiter Thermal Analyser
coupled with a Netzsch MS 403C Acolos Mass Spectrometer, and this was used to probe

water incorporation, metal oxidation states and CO, stability in this study.

2.5 Electrical 4 Probe Conductivity Measurements 2!

There are two different types of four probe method, the Van de Pauw and the four probe DC

method.

Using the Van de Pauw method four platinum wires are attached at 90° angles on the pellet,

which can be circular or square, and the resistance is measured twice across the pellet, Figure

L, V“?\
RVl 1 4
3\/

2.10 22,23

—
N

RB=V14/|23

23

. 3
|

Figure 2.10 Van de Pauw method of 4 probe conductivity

The conductivity is then calculated using the following equation

nt RA+RB
= *
In2 2

1
o

f@r)
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Where t is the sample thickness and f(r) only depends on the ratio RA/RB. If RA and RB are

equal within 1% f(r) can be neglected.

The other method used also attaches 4 platinum electrodes to the pellet in a different

configuration as shown below.

N\
.

7

Figure 2.11 4 probe DC conductivity method

The conductivity is then calculated by

L1
O = —*—

dt 'V

Where t is the sample thickness. A current is passed through the two outer electrodes while

the voltage is measured using the two inner electrodes, i.e. there are two circuits in parallel.

The four probe method was used in this project as it is simpler and work on similar series had

shown that the two methods provided similar results.?'
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2.6 AC Impedance Conductivity Measurements %*2°

Sluyters first started using AC impedance for electrochemical analysis in 1960 in his studies
of aqueous cell polarization phenomena; this was then extended by Bauerle in 1969 to use on
a solid sample of yttria stabilised zirconia using platinum electrodes to analyse its polarisation
behaviour.”” ** Over the following years work was carried out and impedance analysis was
used in a number of fields. In this work AC impedance was carried out on sintered pellets
with platinum paste coated on both faces and platinum foil pieces attached to these faces. The
data collected allowed the conductivities and activation energies of the samples to be

obtained.

A sinusoidal voltage can be expressed as

Equation 2.15

e = E sinwt

Where e is the observed voltage at time t, E' the amplitude, w is 2w times the frequency in Hz.
The observed voltage can be thought of as a rotating vector and be as shown below in Figure

2.12.

-51 -



Rotation at ®

.. E-
Pl \\
/ - \
/
E \
// \.
/ “ / 2n/
T/
'rc \‘0 e . . | n/o®
| 0 t
\ /
% 7 1
Ry o
e, .
S - -E
-/®

Figuré 2.12 Phasor diagram for an AC voltage

Electrochemical impedance involves applying an AC voltage across a sample and measuring
the current response. This current response will be sinusoidal if the voltage is sinusoidal and
generally they will not be in phase with each other. Therefore a phase angle (¢) indicating

this phase shift is used, Equation 2.16.

Equation 2.16

i = Isin(wt + @)

Q@+

‘ 0 2n/w

B

—/®

Figure 2.13 Phasor diagram showing the shift in phase between voltage and current at frequency w
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One of the phasors, generally the voltage £ is used as a reference from which ¢ is measured
from. The sign of the phase angle varies depending on whether the current is ahead or lags

behind the voltage.

The phase angle between £ and /typically remains constant leaving the phasors to be plotted

as vectors from a common origin separated by the phase angle ¢.

If a sinusoidal voltage, Equation 2.15, is applied across a pure resistor the current can be

considered to be Equation 2.17 where Ris the resistance and Ohm’s law (V' = /R) is obeyed.

Equation 2.17

_E
l—Rsm(w)

For a pure resistor there is no phase separation between the voltage and the current. Replacing

the resistor with a pure capacitor results in the relationship

Equation 2.18
=C (de)
IRV

Equation 2.19

A t 4o
l—Xcsm(w 2)

Where X is the capacitive reactance, X, = 1/wC. The vector relationship between the
current and the voltage i1s perpendicular for a pure capacitor. Therefore if the current is plotted
horizontally and if it leads the voltage, as in Equation 2.19, voltage would be plotted
vertically and so complex notation can be used, however both components are still real. This

allows the voltage to be described as
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Equation 2.20
F=—jx.T
Where j =+v—1. As V' = IR X, must carry a resistive component. If a capacitance and a

resistance are in series and a voltage E is applied across them then it must equal the sum of

the individual voltage drops giving

Equation 2.21
E=ER+E,
Equation 2.22
E= I_(R _ch)

Equation 2.23

E=1I
This gives the vector Z, the impedance, and this is comprised of two parts, a real and
imaginary part.

Equation 2.24

Z = Z_Re _jZ_Im

Here Zg, = R and Z;,, = X, = 1/wC. The magnitude of Z(|Z|) is given by

Equation 2.25

1Z| =\/R+Xc=\/ZRe+ZIm

The phase angle is given by

Equation 2.26

tan _Im _Xe
Y= 7. R
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The impedance can be considered as a sort of generalised resistance and therefore Equation
2.23 can be considered as a generalised form of Ohm’s law. The impedance changes with
frequency and this information is plotted on a Nyquist plot displaying Z;,, vs Zg, for values

of w. An example of this plot is shown in Figure 2.14.

Circuits using a resistor and capacitor in parallel, RC circuit, are often used to describe the
electrochemical behaviour of an ionic conductor. Its characteristic relaxation time can be

calculated, 7; which is the product of the resistance and the capacitance.

Equation 2.27

1
T=RC =

Wmax

- Imaginary Z

N
35

Zre

Figure 2.14 A Nyquist plot showing the quantities involved in a complex impedance plot

Real Z

Both R and C can be calculated from the complex impedance plot. If the time constants are
different by several orders of magnitude then the contributions are distinguishable and
separate semicircles are seen, although if the time constants are close together the semi circles

overlap making it difficult to resolve the individual RC components. The R values can be
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calculated from the intercept with x axis on a Nyquist plot, while the C values can be
calculated using Equation 2.27. Generally computer software is used to fit a semi-circle to the
data giving the values of Rand C. In this project the programme Zview v2.9b was used. The

determined C values can help assign a component to a physical feature of the sample, Table

2.2.
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Table 2.2 Capacitance values and links to physical phenomena »

Capacitance (F) Phenomenon Responsible
1077 Bulk
10" Minor, second phase
10"-10°® Grain boundary
10"°-10” Bulk ferroelectic
107-107 Surface layer
107-107 Sample-electrode interface
10 Electrochemical reactions

For the electrolyte materials studied in this project the capacitance values that are of the most
interest are those relating to the bulk and grain boundary of the sample; for the potential
cathode materials a much higher capacitance was observed for the electrode processes, i.e. the
O transport through the cathode and cathode-electrolyte interface and competitive reaction at
the triple phase boundary (adsorption, transfer of species and surface diffusion). The density
of the pellet can partially affect the grain boundary contribution as well as other factors, and
the bulk contribution is indicative of the conductivity through the grains, dependent on the
material being studied. For the grain boundary high capacitance values generally relate to
high density samples, i.e. a small gap between grains, and lower capacitance values can relate
to a poorly sintered samples. The density can be improved by using sintering aids, such as

NiO, or using higher temperatures.3 0,31

An ideal spectrum should show 2 distinct semicircles
that can be assigned to the bulk (higher frequency) and the grain boundary (lower frequency)

Figure 2.15.
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Figure 2.15 Ideal representation of an impedance spectrum for a solid electrolyte material showing bulk and grain
boundary components

The conductivity, g, of the sample is obtained using the following equation; where R is the

resistance, [ the sample thickness (cm) and A is the sample surface are (cm?)

Equation 2.28

1 1

= — X —
°TR”*4

If impedance spectra are collected over a range of temperatures the activation energy can be

calculated as the temperature dependence of the conductivity, and is generally denoted by

Equation 2.29
_Ea
oT = Ae RT

This is an Arrhenius type function and the activation energy can be calculated from the slope

of a plot of Log;o (6T / S cm™ K) against T" /K.

The instrument used in the analysis of the electrolyte materials was a Hewlett Packard 4092A
impedance analyser; spectra were measured over the range 0.1 to 10° kHz with AC signal

amplitude of 100 mV. For the electrode materials a PSM 1735 NumertriQ 35MHz phase
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sensitive multimeter was used in the range 0.0001 to 10° kHz with AC signal amplitude of

100 mV.
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Chapter 3 Synthesis and Characterisation of
Oxyanion Doped Ba,Sc,.,Ga,0s

3.1 Introduction

Barium containing perovskites, for example BaZrO; and BaCeOs, have attracted considerable
interest for use as proton conducting electrolyte materials in fuel cells.'” An integral aspect to
the optimisation of these samples for use as an electrolyte system is the introduction of oxide
ion vacancies which allow the conduction of oxide ions or the incorporation of water to
introduce protons. The traditional doping strategy to vary the anion content in perovskite
systems is to dope with aliovalent cations of a similar ionic radius, e.g. Ba(Ce/Zr)Os doped
with Y on the Ce/Zr site.*® In this work we have focused on an alternative strategy, doping
with a smaller cation P°* and S®*, which are expected to be accommodated as phosphate and
sulfate respectively. Prior work from our group has found that the incorporation of oxyanions
results in the stabilization of some materials in different packing arrangements to their
undoped analogue, or the stabilization of a phase that does not exist without oxyanion doping.
For example Ba,In,0Os adopts the brownmillerite structure, where the oxide ion vacancies are
ordered giving alternating layers of tetrahedral and octahedral In>" hence lowering the ionic
conductivity.” ' Doping Ba,In,Os with Si*", P°" and S®" was found to lead to disorder on the
oxygen sublattice and an increase in cell symmetry from orthorhombic to cubic. This oxide
ion disorder resulted in an increase in the conductivity of the system, with proton conduction
observed in wet atmospheres due to water incorporation into the oxide ion vacancies.'' ™ It
has been subsequently shown that a cubic perovskite is formed for Ba,;Sc,Os upon doping
with phosphate which leads to a high conductivity, along with a protonic component, and
improved CO, stability."* Moreover, the parent “Ba,Sc,Os” was actually shown to be an

oxide carbonate, emphasising the importance of oxyanions to stabilise the structure. In this
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thesis the work has been extended to gallium doping into these phosphate doped barium
scandate systems with a view reducing the scandium content and hence the cost. Analysis of
the conductivity and CO, stability of these Ga containing phases has been performed, along

with a study into the effect of sulfate substitution for phosphate.

3.2 Experimental Procedure

Ba,Sc.yGayPyOs.x and Ba;Scy.«yGa,S(Os.32 were synthesised using the standard ceramic
synthesis method. Stoichiometric amounts of BaCO; (>99%), Sc,03; (99.995%), Ga,0;
(99.9%), NH4H,PO4 (=98%) and (NH4),SO4 (99+%) were ground together in an agate pestle
and mortar and heated at 1000 °C for 12 hours. A 3% excess of BaCO; was used to overcome
Ba loss at elevated temperatures and eliminate Ba deficient impurities, for example Ba3;Sc4Oo,
as has been seen in other studies."” The mixtures were then ball-milled (350 rpm for 1 hour,
Fritsch Pulverisette 7 Planetary Mill) and reheated to 1100 °C for 12 hours. The resulting
powders were then ball-milled (350 rpm for 1 hour, Fritsch Pulverisette 7 Planetary Mill) a
second time and pressed into pellets using a 13 mm die set and sintered at 1400 °C for 12
hours. The pellets were covered in sample powder and the crucibles had lids placed on them
to lower Ba loss during the sintering process. When powder X-ray diffraction (Bruker D8
diffractometer with Cu-Ka, radiation) confirmed the presence of a single phase, the GSAS

suite of programs was used to obtain unit cell parameters from the X-ray diffraction data."

Raman spectroscopy measurements were carried out to confirm the presence of phosphate and
sulfate in the compositions. These measurements utilised a Renishaw inVia Raman

microscope with excitation using a Cobolt Samba CW532 nm DPSS laser.

The samples were hydrated by heating up to 800 °C under flowing wet N, and then slow

cooling (0.4 °C min™"). The water contents of these hydrated samples were ascertained using
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thermogravimetric analysis (Netzsch STA 449 F1 Jupiter Thermal Analyser), where samples
were heated at 10 °C min™ to 1000 °C in N, and the resulting mass loss was used to calculate

the water content.

For conductivity measurements the sintered pellets were coated on either side with platinum
paste, platinum electrodes were attached to both faces, with the sample then heated at 800°C
for 1 hour to ensure bonding to the pellet. The conductivities were then measured in a
temperature range of 350 °C to 800 °C by AC impedance measurements (Hewlett Packard
4192A impedance analyser) in the range 0.1 to 10° kHz with ac signal amplitude of 100 mV.
Measurements were carried out in dry and wet N, (in which gas was bubbled at room
temperature through water) to identify any protonic contribution to the conductivity.
Measurements were also made in dry O, to determine if there was a p-type contribution to the
conductivity. The data showed a single broad semicircle indicative of an overlapping of bulk
and grain boundary arcs, and so the conductivity reported represents total conductivity, Figure

3.1.
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Figure 3.1 Impedance spectra for Ba,ScGa,gP,0;5, at 500 °C in wet N,

The CO, stabilities of the phases were determined using 2 methods. The first was
thermogravimetric analysis with a Netzsch STA 449 F1 Jupiter Thermal Analyser. Samples
were heated at 10 °C min"' to 1000°C in a 1:1 CO, and N, mixture to determine at what
temperature CO, pick up occurred. The second method involved heating the samples at 600
°C and 800 °C for 12 hours in a tube furnace under flowing CO, gas. The samples were then

analysed for partial decomposition by X-ray diffraction.

3.3 Results and Discussion

3.3.1 Phosphate Doping
3.3.1.1 Structural Characterisation

3.3.1.1.1 Powder X-ray Diffraction
Prior work had shown that 20% and 25% phosphate doping for scandium could be achieved

with the higher conductivity observed for the 20% composition, Ba,Sc;Py4Os4, and
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therefore this level of phosphate doping was used initially for the gallium containing
systems.'* It was found that to stabilise a cubic perovskite with 20% phosphate doping up to
10% gallium doping for scandium was possible, Figure 3.2, as at higher gallium levels
impurities, such as Ba,ScGaOs formed, and unreacted Sc,0O; was present, Figure 3.3.
Phosphate rich impurities were not seen as phosphorus was assumed to have evaporated from

the powder during the heating periods or to be present as part of an additional amorphous

impurity.
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Figure 3.2 Powder X-ray diffraction data of (a) Ba,Sc, sGay Py 4Os4 and (b) Ba,Sc¢; 4Gay,P( 4054
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Figure 3.3 Powder X-ray diffraction data of attempted synthesis of “Ba,Sc, ;Ga 3P 4054 with impurity peaks
indicated

Further work showed that to increase the gallium content phase, lower amounts of phosphate
had to be used to stabilise a single phase cubic perovskite, resulting in the single phase
compositions Ba,Sci3Gag 4Py 3053, Ba,Sci3Gag sPo20s 2, Ba,Sci2,Gag 6P020s 2,
Ba,Sci1Gag7Py20s, and Ba,ScGaggPg,0s,, Figure 3.4. The lower phosphate content
required on increased gallium doping is most likely due to the gallium as well as the
phosphorus preferring tetrahedral coordination and also possibly an increase in the tolerance
factor on the replacement of Sc®* (0.745 A) with Ga™™ (0.62 A) favouring a lower phosphate

incorporation to balance.'® "’
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Figure 3.4 Powder X-ray diffraction data of (a) Ba,Sc;3Ga 4P 3053, (b) Ba,Sc;3Gay 5Py 1052, (¢) BaySc; ,Gay Py 2052,
(d) Ba,Sc;1Gag 7Py 205 and (e) Ba,ScGay sPy ,0s.,

3.3.1.1.2 Rietveld Refinement

A structural model with a space group P m -3 m was refined against the collected powder X-
ray diffraction of the pure phases using the GSAS suite of programs.'> A structure with this
space group and composition has mixed occupancy on the B cation site, so the scandium,
gallium and phosphorus were all put on the same site with the expected values from the
weighed out stoichiometric amounts. The oxygen occupancy was set to the correct values for
the oxidation states of the cations and not refined throughout the refinement due to the lack of
sensitivity of powder X-ray diffraction techniques to light atoms. The initial refinement gave
a good agreement with the collected powder X-ray diffraction data and was deemed complete
when convergence was achieved. The following lattice parameters were obtained, Table 3.1
with the visual representation and the complete description of the refined model of

Ba,Sc;3Gag 4P 3053 shown in Figure 3.5 and Table 3.2.
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Table 3.1 Lattice parameters for phosphate doped Ba,Sc,.,Ga,0Os

Composition a (A)
B32SC1_5G30_1P0_405'4 4. 14269(7)
BaZSc1_4Gao_2P0_405,4 4.1 3745(6)
Ba,Sci3Gag4Po30s3 4.13439(6)
B32S01_3G30_5P0_205_2 4.14012(7)
Bazscl_zGao_(,Po.zOs.z 413524(9)
BaZScl_lGamPo.zOs.z 413203(8)

BazsCGao_spo,zos.Z 4.1233 ( 1)
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Figure 3.5 Observed, calculated and difference plots for structural refinement of Ba,Sc, ;Ga 4P 3053 using X-ray
powder diffraction data

Table 3.2 Structural detail for Ba,Sc; 3;Ga( 4P 3053

. . 100 U
Site X y z Fraction ( A?)

Ba 1b 0.5 0.5 0.5 1 3.06(6)
Sc la 0 0 0 0.65 4.8(1)
Ga la 0 0 0 0.2 4.8(1)
P la 0 0 0 0.15 4.8(1)

[0) 3d 0.5 0 0 0.8833 5.4(3)

Space Group =P m -3 m, a=4.13439(6) A
WR,=7.11%, R, = 6.47%, y* = 1.270

The refinements showed a decrease in the lattice parameter on increased gallium doping for

scandium, in agreement with Ga>*, 0.62 A, having a smaller ionic radius than Sc**, 0.745 A."
- 68 -



The data also showed that substituting gallium for phosphorus led to an increase in the lattice
parameter as P>* is a smaller ion than Ga’' regardless of the local coordination of the
cations.'” We were unable to determine the local coordination of the B site cations using
powder X-ray diffraction data due to the previously mentioned lack of sensitivity to oxygen,

and the complexity associated with multiple cations on this site.

3.3.1.1.3 Raman Spectroscopy
To provide further confirmation for the presence of phosphate in this perovskite system,
Raman data were collected on all the samples, all of which showed bands at 415 cm™ and 940

cm” consistent with the incorporation of phosphate, Figure 3.6.
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Figure 3.6 Raman spectra of Ba,Sc, sGa, Py 4054 and Ba,Sc, ;Ga, ;P ,0s, with the main peak showing the presence
of phosphate indicated.

The band at 415 cm™ is due to a bending mode of phosphate and the band at 940 cm™ comes
from the internal stretching mode.'® A perfect cubic perovskite should have no bands present
as the cubic symmetry results in all the lattice sites having inversion symmetry, thus causing
first order Raman scattering to be forbidden, however the presence of phosphate, i.c.
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tetrahedral coordination, on the B site also negates perfect cubic symmetry — hence why the
peak due to phosphate is much more intense as there is no inversion symmetry for a cation
with a tetrahedral coordination. The broad peaks from 450 cm™ to 760 cm™ show that the
system is not perfectly cubic and in this respect, Mancini et al. showed from total scattering
studies that the related phosphate doped Ba,;In,Os was locally not cubic, despite XRD
indicating an average cubic cell in agreement with the data collected, Cervera et al. also found

similar bands in cubic BaScO,(OH)."" %

3.3.1.1.4 Water Incorporation
The water uptake of hydrated samples was then determined by TGA analysis by using the

resulting mass loss, with the results shown in Table 3.3.

Table 3.3 Water content for Ba,Sc,., ,Ga,P,Os,

Composition % Mass Amount of water

Loss per formula unit
Ba,Sc; sGag Po4Os.4 0.46 0.11(1)
Ba,Sc;.4Gag.2P0.4O0s.4 0.38 0.10(1)
Ba,Sc;3Gag4Po30s33 0.43 0.11(1)
BaZSc1‘3Ga0‘5P0,205.2 0.42 0.1 1(1)
B32SC1.2G30.6P0,205.2 0.45 0. 12(1)
B32S01.1G30.7P0.205.2 0.53 0. 14( 1)
BazsCGao_spo_zos,z 041 0.1 1(1)

As the amount of water and oxygen per formula unit does not equal 6 there is a lack of
oxygen vacancies available to be filled with water, which can be explained by the fact that the
phosphate is incorporated into the structure with a tetrahedral coordination trapping some of
the oxygen vacancies around it, as has been noted by Shin et al. in related studies on oxyanion
doped Ba,In,0s."> '* All the compositions have similar water contents despite differing
amounts of phosphate, and this supports the assumption that gallium preferentially has a
tetrahedral coordination, which would limit water incorporation. However for the higher

gallium content samples, statistically not all the gallium can be tetrahedral, indicating there
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must be some octahedral gallium at least in these cases. This may therefore indicate that the
key issue limiting water incorporation is the unfavourability for the hydration of the vacant

sites around gallium.

3.3.1.2 Conductivity Measurements

Conductivity data were collected on Ba;Sc;sGagPo4Os4, BaxSci4GagsrP40s 4,
Ba,Sc;3Gag4Po30s3, BasSci3GagsPp20s, and BayScGaggPy,0s, in N, atmospheres to
eliminate additional p-type contribution, to the conductivity, and under dry and wet conditions
to observe potential proton conduction. P-type conductivity may lead to an increase in
conductivity due to hole formation caused by an increase in oxygen pressure, an example is
shown in Figure 3.7 for Frenkel defects in the oxygen sublattice. For the wet samples water

may ingress into the grain boundaries which can affect the grain boundary conductivity.
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Figure 3.7 Brouwer plot diagram showing how the oxygen pressure affects the number of interstitials and holes in a
substance

All compositions for which data were collected exhibited high total conductivities with a

significant protonic contribution, Table 3.4, Figure 3.8, Figure 3.9 and Figure 3.10.
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Table 3.4 Total conductivity data for Ba,Sc, ,.,Ga,P,Os.,,

Conductivity (S cm™)
_ Sample 500 °C 800 °C
(nominal composition)
Dl'y Nz Wet Nz Dl’y Nz Wet Nz
Ba,Sc¢;5Gag1Po.4Os4 1.13x10° | 1.19x10° | 3.39x 107 | 3.38x 107
Ba,Sc1 4Gag2Po.4O0s.4 6.06x 10* | 7.76 x 10*] 2.25x10° | 226x10°
Ba,Sc¢; 3Gag.4Po30s3 3.53x10* | 6.41x10*] 2.88x10° | 1.51x10°
Ba,S¢13GagsPy20s. 831x10* |1.24x10° ] 3.48x10° | 2.04x10°
Ba,ScGag gP.0s. 823x10° |428x10°| 586x10° | 1.38x10™
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Figure 3.8 Conductivity data for Ba,Sc; 5Ga Py 4054 (circle) and Ba,Sc; 4Ga(,P( 4054 (square) in dry (filled) and wet
(empty) N,
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Figure 3.9 Conductivity data for Ba,Sc; ;Ga 4P 3053 in dry (filled) and wet (empty) N,
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Figure 3.10 Conductivity data for Ba,Sc; ;Ga, sP(,0s, (circle) and Ba,ScGa, 3P, ,0s, (square) in dry (filled) and wet
(empty) N,

The data showed that there was a decrease in the conductivity on increasing the gallium
content which may indicate some trapping of the oxide ion vacancy/ proton defects around the
gallium, in agreement with the suggestion earlier that gallium preferentially adopts a lower

coordination, along with lack of hydration of vacancies surrounding gallium. While there is a
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decrease as a result of the gallium content it can be shown that decreasing the phosphate
content improves the conductivity, as the amount of free oxide ion vacancies increases (the
vacancies are not trapped due to a tetrahedral coordination), eg. Ba,Sc;3GagsPy,0s, has a
higher conductivity than Bazscl_gGao_4Po,305,3.12 The activation energies were in the range
expected for ceramic protonic conductors, Ba,Sc;3Gag4Py30s53 has an activation energy of
027 eV and 022 eV for Ba,ScGagsPyp,0s5,. For BaySci3;GagsPp30s53 and
Ba,Sc;3GagsP20s, at higher temperatures the conductivity collected in dry N, was greater
than the conductivity collected in wet N, suggesting a potential p-type contribution to the
conductivity even under dry N,. To confirm that this was the case conductivities were

collected in dry O,, Figure 3.11.

The data confirmed the presence of p-type conductivity at elevated temperatures leading to an
increase in the conductivity. The origin of the p-type conductivity can be explained by O,

incorporation into the vacancies according to Vo©* + Og*+ %0, <> 200°.
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Figure 3.11 Conductivity data for Ba,Sc; 3Ga 4P 3053 in dry N, (filled square) and dry O, (empty square)
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3.3.1.3 CO: Stability

The stability of the phases to CO, atmospheres was tested across the operating temperature
range for solid oxide fuels cells using two experiments. The first experiment involved heating
the samples to 1000 °C at 10 °C min™ under flowing 1:1 CO, and N, mixture and observing

the resulting mass gain. The results are summarised in Table 3.5.

Table 3.5 Temperature for uptake of CO, for Ba,Sc;.,,Ga,P,Os,, from TGA studies up to 1000 °C

Composition Temperature of Mass Gain
BasSc1.5Gag.1Po4Os.4 750 °C
Ba,Sc1.4Gag2Po.40s.4 800 °C
Ba,Sc1.3Ga.4P3053 825 °C
Ba,Sc;.3Gay5Py.20s.2 850 °C
Ba,Sc12Gag ¢Po20s.2 No mass gain
Ba,Sc1.1Gag7Pp20s5.2 No mass gain

Ba,ScGajsPy,0s5, No mass gain

The data collected shows BasScs...yGayPyOs. starts to gain mass in a CO, atmosphere at
temperatures at, or in excess, of 750 °C which is superior to BaCe(9Y.10 95 (this phase gains
mass at 500 °C)."* Samples with a gallium content greater than 0.5 showed no mass gain at
any of the temperatures measured. These results therefore indicate that gallium improves the
stability of the phase to CO, containing atmospheres. The phosphate content seemed to have
little effect on the temperature of mass gain, although it is hard to be completely certain of

this, as the different phosphate compositions have different gallium contents.

The second experiment involved placing the samples in a furnace for 12 hours at 600 °C and
800 °C under flowing CO, and then using powder X-ray diffraction to analyse if partial
decomposition had occurred. The powder X-ray diffraction data for the lowest and highest

gallium content compositions after heating at 600 °C are shown in Figure 3.12.
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Figure 3.12 Powder X-ray diffraction data of (a) Ba,Sc; 5Ga1P40s; and (b) Ba,ScGa,gP,,0s5, after heating for 12
hours at 600 °C under flowing CO,

The data collected showed that at these conditions there was no decomposition occurring for

all samples highlighting the stability of these samples to CO,. Data were then collected at 800

°C with the same two compositions shown in Figure 3.13.
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Figure 3.13 Powder X-ray diffraction data of (a) Ba,Sc; sGa 1P 405 and (b) Ba,ScGa,gP,,0s5, after heating for 12
hours at 800 °C under flowing CO, with peaks for BaCO; indicated

After heating at 800 °C for 12 hours small peaks of BaCOs, at 26 = 24° and 29° respectively,
started to appear for all compositions showing that even the higher gallium containing
samples do show some reactivity to CO, under these extreme conditions, although it is
possible that these weak BaCOj3 impurities may be from some excess barium on the surface
reacting with CO, due to the small amount of excess barium used in the synthesis. In addition,
it should be noted that these conditions are very extreme compared to the atmospheres found
in operating SOFCs and so the results do indicate that Ba,Sc,..,Ga,P,Os.x phases are

relatively stable to CO, and superior to BaCe9Y(.10,.95 in this respect.
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3.3.2 Sulfate Doping

3.3.2.1 Structural Characterisation

3.3.2.1.1 Powder X-ray Diffraction
As for the phosphate doped samples, initial work focused on 20% substitution of sulfate. At
this dopant level we were unable to form a pure cubic perovskite for any gallium content, see

Figure 3.14 for examples.

Intensity (A.U.)

i N

20 25 30 35 0
20 ¢
Figure 3.14 Powder X-ray diffraction data of attempted synthesis of “Ba,Sc; 4Ga(,S,40s¢” with impurity peaks from
Sc,(SOy); indicated

The impurity phase was identified as Sc,(SO4); indicating that sulfate could not be doped into
this structure at the 20% level on gallium doping. There are two possible reasons why sulfate
cannot be doped into the structure at the same level as phosphate; namely the different ionic
size, P (0.17 A) and S (0.12 A), and the different oxygen contents required.'” The higher
oxygen content, 5.6 per formula unit compared to 5.4, is the most likely reason for the non-
purity of 20% sulfate doped barium scandate. This increased oxygen content makes it harder

for gallium to adopt a lower coordination, compared with the phosphate analogue.
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Lowering the sulfate doping level to 15% and 10% was found to lead to pure cubic perovskite
phases for similar gallium contents to the phosphate doped analogues. The single phase
COInpOSitiOHS were BaZScl,4GaO_3SO.305_45, BaZScl,gGao_4SO.305_45, BazscllzGa()ﬁSo.zOsg,

B32801,1G30,7S()_205,3 and BazsCGao,gSO.205.3, Figure 3.15.
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Figure 3.15 Powder X-ray diffraction data of (a) Ba,Sc; 4Gag 35930545, (b) Ba,Sc;3Gay4S¢30s54s, (¢)
Ba,Sc;2Gag650.20s.3, (d) BayScy1Gag 7802053 and (e) Ba;ScGay S 20s .3

As in the case of the phosphate doped compositions, a higher gallium content is required to
stabilise the cubic perovskite phase for lower sulfate contents, which is most likely due to the
preference of gallium as well as sulfate to have a tetrahedral coordination with respect to the

16,17
oxygen.

3.3.2.1.2 Rietveld Refinement

The same structural model was examined using the collected X-ray diffraction data as for the
phosphate doped compositions; the structure with space group P m -3 m was refined using
the GSAS suite of programs.'> The B site cations, scandium, gallium and sulfur, have a mixed

occupancy so the expected stoichiometric amounts were used. Using the oxidation states of
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the cations the oxygen content was set to the expected value, and this parameter was then not
refined due to the lack of sensitivity of powder X-ray diffraction to oxygen. The initial
refinement gave a good agreement with the collected powder X-ray diffraction data and was
deemed complete when convergence was achieved. The following lattice parameters were
obtained, Table 3.6, with the visual representation and the complete description of the refined

model of Ba,ScGajsSo20s53 shown in Figure 3.16 and Table 3.7.

Table 3.6 Lattice parameters and goodness of fit parameters for sulfate doped Ba,Sc, (Ga,Os

Composition a (A)
Ba,S¢1.4G2¢.350.305.45 4.16770(9)
Ba,S¢1.3G29.450.305.45 4.1656(1)
B32S01_2G30_6S()_205_3 4. 14827(8)
B32S01_1G30_7S()_205_3 4. 14056(7)

Ba,;ScGay 3592053 4.13952(6)

| | | |
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Cj‘ — —
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20.0 30.0 40.0 50.0 50.0 70.0 80.0 90.0
2—Theta, deg

Figure 3.16 Observed, calculated and difference plots for structural refinement of Ba,ScGa S, ,053 using X-ray
powder diffraction data
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Table 3.7 Structural detail for Ba,ScGagS,,053

. . 100U
Site X y z Fraction ( Az)

Ba 1b 0.5 0.5 0.5 1 2.79(4)
Sc la 0 0 0 0.5 5.5(1)
Ga la 0 0 0 0.4 5.5(1)
S la 0 0 0 0.1 5.5(1)

(0) 3d 0.5 0 0 0.8667 6.3(2)

Space Group =P m -3 m, a =4.13952(6) A
WR, =4.90%, R, =3.65%, y° = 1.728

The refinements showed that, as for of the phosphate doped samples, increasing the gallium
content decreased the lattice parameter, as Ga®" (0.62 A) is smaller than Sc** (0.745 A)." On
increasing the sulfate content the lattice parameter decreases, opposite to the phosphate
compositions. At first glance this is unexpected as S®* has a smaller ionic radius than both
Ga’" and Sc®*, however the decrease in cell parameters may be related to the higher oxidation
state of sulfur leading to a larger decrease in the oxygen content with decreasing sulfate
content. The results may also indicate some loss of sulfate and hence a lower sulfate content
than expected. The local coordination of the gallium and scandium was unable to be
determined due to previously mentioned lack of sensitivity of X-rays to oxygen, and the

presence of multiple cations on the B site.

3.3.2.1.3 Raman Spectroscopy
To provide confirmation that sulfate has been incorporated into the structure Raman data were

collected, Figure 3.17.

All the data contained peaks at 450 cm™ (symmetric bend), 610 cm™ (asymmetric bend) and
990 cm™ (symmetric stretch) characteristic of the presence of sulfate.”’ There are also
additional bands from 450 cm™ to 760 cm™, as seen in section 3.3.1.1.3, associated with the

scandium/gallium oxygen bonds.'**°
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Figure 3.17 Raman spectra of Ba,Sc; 3Ga( 45030545 and Ba,Sc; ;Ga, ;S(,0s53 with the main peak showing the presence
of sulfate indicated.

3.3.2.1.4 Water Incorporation

The mass losses from hydrated samples were determined by TGA and used to calculate the

amount of water per formula unit, Table 3.8.

Table 3.8 Water content for Ba,Sc,., \Ga,S,0s,3y»

oo % Mass Amount of water
Composition .
Loss per formula unit
Ba,S¢1.4Ga9350.305.45 0.26 0.07(1)
Ba2SC1_3Gao_4S()_305_45 0.31 008(1)
BaZScl_zGa0,6SO,205,3 0.30 008(1)
BazsCL]GaOJSo,zOsg 0.31 0.08 (1)
B32SCGao,sS|),205,3 0.22 006(1)

As with the phosphate doped samples, not all the oxygen vacancies could be filled which can
partially be explained by the fact that sulfate is incorporated into structure with a tetrahedral
coordination as has been noted by Shin et al. such that the oxide ion vacancies around the
sulfate group cannot be filled."”® In addition, all the samples have a similar amount of water

per formula unit despite different sulfate compositions suggesting that gallium also
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preferentially adopts a lower coordination than octahedral coordination as well as a resistance
to incorporate water around it. All the sulfate containing compositions have a lower amount of
water per formula unit than the phosphate containing compositions which may be related to
the fact that sulfate has a higher oxidation state than phosphate and so the oxygen content is
higher and therefore there are less oxygen vacancies as has been reported by Shin et a/ for

sulfate doped BazIn205.13

3.3.2.2 Conductivity Measurements

Conductivities were collected in N, atmospheres to remove any p-type contribution to the
conductivity, and in dry and wet atmospheres to observe the protonic contribution to the
conductivity. Data were collected for Ba;Sci4GagsSp30s4s5, BaxSci3Gag4S)30s.4s,
Ba,Sci12GapeS020s3 and BayScGapsSp20s3. All the compositions showed high total

conductivities as for the phosphate doped samples, Table 3.9, Figure 3.18 and Figure 3.19.

Table 3.9 Total conductivity data for Ba,Sc, , ,Ga,S,0s.3,»

Conductivity (S cm'l)
(nominzﬁaclr)lll:llgosition) S00°C 800 °C
Dry N, Wet N, Dry N, Wet N,
Ba,S¢1.4Ga938030s45 | 3.79x 107 | 8.66x 107 ]| 1.57x10° | 2.98x 107
Ba,Sc¢13Ga048030s45 | 2.21x 107 [ 521x 107 ] 1.03x10° | 2.04x 107
Ba,Sc;3Ga9.6502053 1.51x10% [599x10*| 434x10" | 1.06x 107
Ba,ScGas8020s3 | 4.64x10° [ 1.96x10"]| 1.89x 10" | 521x10"
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Figure 3.18 Conductivity data for BazSCL4GaO.3SO.305.45 (circle) and BazsC1.3GaO.4S0.405.45 (Square) in dry (ﬁlled) and
wet (empty) N,.
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Figure 3.19 Conductivity data for Ba,Sc; ,Gag 5,053 (circle) and Ba,ScGay gS),0s53 (square) in dry (filled) and wet
(empty) N;.

As for the phosphate doped compositions there was a decrease in conductivity upon
increasing gallium content. As noted earlier, this may indicate that there is some defect
trapping of the oxygen vacancies around the gallium, agreeing with the earlier suggestion that

the gallium adopts a lower coordination, The conductivities collected in dry N, atmospheres
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were lower for the sulfate doped compositions than for the phosphate doped compositions,
whereas the conductivities in wet N, were similar. This is despite the sulfate containing
samples having a lower water content than the phosphate compositions. To determine if there
was a p-type contribution to the conductivity, as seen in the phosphate doped compositions,

conductivities were collected in a dry O, atmosphere, Figure 3.20.
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o
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1.5 S

0.9 1.0 1.4 1.2 1.3 14 1.5 1.6 L7

1000/T (K"
Figure 3.20 Conductivity data between 500 °C and 800 °C for Ba,Sc; 3Ga( 4530545 in dry N2 (filled circle) and dry O2
(empty circle).

These collected data confirmed the presence of a p-type contribution to the conductivity at

elevated temperatures.

3.3.2.3 CO; Stability
To determine the CO, stability of the compositions two experiments were carried out as for
the phosphate doped systems. The first experiment involved heating the samples up to 1000°C

at 10°C min" under flowing 1:1 CO, and N, and using TGA to measure the temperature at

which mass uptake, formation of BaCOs3, occurred, Table 3.10.
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Table 3.10 Temperature for uptake of CO, for Ba,Sc,.,.,Ga,S,05.3, from TGA studies up to 1000°C

Composition Temperature of Mass Gain
Ba,S¢1.4Ga( 35030545 800 °C
Ba,Sc¢13Ga¢.480.305.45 850 °C
Ba,Sc;,Ga¢.650.205.3 950 °C
Ba,Sc;.1Ga¢.780.2053 950 °C

Ba,;ScGaj§S,053 No mass gain

The results showed that all the compositions only started to gain mass after 800°C in flowing
CO,, thus showing superior chemical stability to CO, than BaCe Y1095, which gains mass
in this experiment at 500 °C.'* Furthermore the composition with the most gallium,

Ba,ScGay 3S¢.20s 3, showed no mass gain up to 1000 °C.

The second experiment involved heating the samples at 600 °C and 800 °C for 12 hours and
then observing if any decomposition had taken place using powder X-ray diffraction. The
powder X-ray diffraction patterns for Ba,Sc; 4Gaj3S030s45 and Ba,ScGag 359,053 are shown

in Figure 3.21.
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Figure 3.21 Powder X-ray diffraction data of (a) Ba,Sc, 4Ga 35030545 and (b) Ba,ScGa,S,,053 after heating for 12
hours at 600 °C under flowing CO,

Unlike the phosphate doped compositions initial results suggested that the sulfate samples
were not stable, BaCO3; was formed, in a pure CO, atmosphere on heating for an extended
period of time at 600 °C. The same results were seen for heating at 800 °C, Figure 3.22,
however surprisingly there was no increase in the level of BaCO; for this more extreme
temperature condition. This is most likely explained by the presence of a small amount of
amorphous BaO/Ba(OH), (either from the Ba excess, or due to loss of some sulfate on

synthesis) which then picks up CO, to form BaCOs;, rather than CO, pick up from the

perovskite itself.
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Figure 3.22 Powder X-ray diffraction data of (a) Ba,Sc, 4Ga 35030545 and (b) Ba,ScGa,S,,0s53 after heating for 12
hours at 800 °C under flowing CO,

This suggests that the perovskite systems are stable to CO, atmospheres at SOFC operating

temperatures.

3.4 Conclusions

Powder X-ray diffraction data on Ba,Sc;.«.yGayP,Os., and Ba,Sc,.«.yGaySOs.3x» showed that
both compositions adopt a cubic perovskite structure with space group P m -3 m and a lattice

parameter in the range 4.12 A to 4.17 A.
Raman spectroscopy data confirmed the presence of phosphate and sulfate in the structure.

The water occupancies of hydrated samples were measured and found to be lower than
expected which may be due to a resistance of gallium to accommodate water into the oxide
ion vacancies around it. This was unable to be confirmed due to the lack of sensitivity of

powder X-ray diffraction to oxygen atoms and further work using gallium NMR would need

- 88 -



to carried out to confirm this. Modelling studies would also be of interest to examine the

energetics of the hydration reaction around the scandium and gallium in these phases.

The conductivities of selected samples were determined and it was found that they displayed
high total conductivities with a significant protonic contribution, albeit lower than the samples
without gallium doping. The samples were also found to exhibit a p-type contribution to the

conductivity at elevated temperatures in high p(O,).

The relative stabilities towards CO, were measured, and increasing the gallium content was
found to improve the stability of the samples to CO,, suggesting that despite the lower

conductivities, these phases could be used in technological applications.
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Chapter 4 Synthesis and Characterisation of
Oxyanion Doped Sr,Sc,.,Ga,0Os

4.1 Introduction

Acceptor doped SrCeO; has also been examined as an electrolyte material for proton
conducting SOFCs due to its high proton conductivity upon water incorporation.' However,
this system has an inferior conductivity to acceptor doped BaCeO3; while having a similar

stability to CO,, although the reaction speed is lower for SrCeOs compared to BaCeO3.>*

Oxyanion doping of strontium based perovskite materials for use in electrolytes has not been
previously examined, however silicon doping of electrode materials has been studied. It has
been shown that silicon can be incorporated into SrAO; (A = Mn, Fe, Co) and results in an
improvement in the electrical conductivity and the stability of these phases.*” Phosphate and
sulfate have also been successfully doped into SrCoOj5 leading to a structural change from a
hexagonal perovskite phase to a cubic perovskite phase and an improvement in the electrical

conductivity of this phase. '’

Therefore in this work, the extension of oxyanion doping to potential strontium based
electrolytes was attempted. In this respect while Sr,Sc,0Os does not exist, Sr,ScGaOs has been
reported.11 The latter adopts a brownmillerite-type structure, similar to Ba,In,Os, with the
scandium and gallium perfectly ordered over the octahedral and tetrahedral sites respectively.
Chernov et al extended this series and found that by substituting scandium for more gallium
to give Sr Sc25Gag 75025, a cubic perovskite phase (some of the gallium now occupies the
octahedral site) with a disordered oxygen lattice formed and conductivity studies showed a

protonic contribution to the conductivity.'
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In this chapter the effects of oxyanion doping Sr,Sc,,Ga,Os are analysed and the
conductivities and chemical stabilities are measured and compared with the data collected

previously for oxyanion doped Ba,Sc,.,Ga,Os.

4.2 Experimental Procedure

SrCO; (299.9%), Sc,05 (99.995%), Ga,03 (99.9%), NHsH,PO4 (298%), and (NH4),SO4
(99+%) were used to prepare SryScs..yGayPyOsix and SryScy..yGaySOsi3xn samples. The
powders were intimately ground in an agate pestle and mortar and heated initially to 1000 °C
for 12 hours. They were then reground and reheated to 1500 °C for 12 hours. The resulting
powders were then reground a second time and pressed as pellets (1.3 cm diameter) and
sintered at 1500 °C for 12 hours. Powder X-ray diffraction (Bruker D8 diffractometer with Cu
Ko, radiation) was used to demonstrate phase purity as well as for preliminary structure

determination. For the latter, the GSAS suite of programs was used."

Raman spectroscopy measurements were made in order to provide further evidence for the
successful incorporation of phosphate, or sulfate. These measurements utilised a Renishaw

inVia Raman microscope with excitation using a Cobolt Samba CW 532 nm DPSS Laser.

The samples were hydrated by heating up to 800°C under flowing wet N, and then slow
cooling (0.4 °C min™). The water contents of these hydrated samples were determined from
thermogravimetric analysis (Netzsch STA 449 F1 Jupiter Thermal Analyser). Samples were
heated at 10 °C min™' to 1000 °C in N,, and the water content was determined from the

observed mass loss.

For the conductivity measurements, the sintered pellets were coated with Pt paste, and then

heated to 800 °C for 1 hour to ensure bonding to the pellet. Conductivities were then
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measured by AC impedance measurements (Hewlett Packard 4192A impedance analyser) in
the range from 0.1 to 10° kHz with ac signal amplitude of 100 mV. The conductivities
reported are the total conductivity as it was not possible to reliably separate the bulk and grain
boundary arcs, Figure 4.1. Measurements were made in dry N, and wet N, (in which the gas
was bubbled at room temperature through water) to identify any protonic contribution to the
conductivity. Measurements were also made in dry O, to determine if there was a p-type

electronic contribution to the conductivity.
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Figure 4.1 Impedance spectrum for Sr,ScGay ;P(,0s5, at 440 °C in dry N,

The CO, stability of samples was determined using two experiments, the first involved
thermogravimetric analysis on a Netzsch STA 449 F1 Jupiter Thermal Analyser. Samples
were heated at 10 °C min™ to 1000 °C in a 1:1 CO; and N, mixture to determine at what
temperature CO, pick up occurred. The second experiment involved heating at 800 °C for 12
hours in a tube furnace under flowing dry and wet CO, gas (in which the gas was bubbled at
room temperature through water). The samples were then analysed for partial decomposition

by X-ray diffraction.
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4.3 Results and Discussion

4.3.1 Phosphate Doping
4.3.1.1 Structural Characterisation

4.3.1.1.1 Powder X-ray Diffraction

Initial attempts to prepare phosphate doped Sr;Sc,Os were carried out, as any attempt at the
synthesis of the undoped Sr;Sc,Os composition led to a mixture of phases containing the
starting materials, SrO and Sc,0s, Figure 4.2. A pure perovskite phase was obtained for 25%

phosphate doping, while for lower amounts of phosphate, impurity phases, such as SrSc,O4

and SrO, were observed, Figure 4.3.

Intensity (A.U.)

LT I
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Figure 4.2 Powder X-ray diffraction data of attempted synthesis of “Sr,Sc,05” showing starting materials alongside
other phases
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Figure 4.3 Powder X-ray diffraction data of (a) Sr,Sc; sP50s55 and (b) attempted synthesis of “Sr,Sc; gP(,05” showing
the presence of peaks from SrSc,04 and SrO along with a cubic perovskite phase

Rietveld refinement using the GSAS suite of programs was carried out on the collected
powder X-ray diffraction data to obtain lattice parameters and provide evidence in support of
the presence of phosphate. A structural model with space group P m -3 m was used with the
phosphorus and scandium atoms both placed on the /a site with the expected stoichiometric
weighed used as a starting point. The oxygen content was set to the expected value and the
occupancy was not refined due to the lack of sensitivity of oxygen to powder X-ray
diffraction. The refinement gave a good agreement with the collected powder X-ray
diffraction data. The refined phosphorus content was also in good agreement with the value
expected. The visual representation and the complete description of the refined model of

Sr,Sci 5Po.50s.5 is shown in Figure 4.4 and Table 4.1.
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Figure 4.4 Observed, calculated and difference plots for structural refinement of Sr,Sc; 5Py 5055 using X-ray powder
diffraction data

Table 4.1 Structural data for Sr,Sc; 5Py 5055

. . 100U
Site X y z Fraction ( AZ)
Ba 1b 0.5 0.5 0.5 1 3.04(6)
Sc la 0 0 0 0.76(2) 2.2(1)
P la 0 0 0 0.24(2) 2.2(1)
(0) 3d 0.5 0 0 0.9167 8.3(2)
Space Group =P m -3 m, a=4.03361(7) A
WR, =4.75%, R, = 4.48%, y* = 1.228

The data showed a decrease in lattice parameter of Sr;Sc;sPosOss compared to
Ba,Sc; 5Py 5055 in agreement with the smaller ionic size of Sr?t compared with Ba’".'* The
local coordination of the B site cations was unable to be determined due to the

aforementioned lack of sensitivity of oxygen to X-rays and the presence of both scandium and

phosphorus on this site.

After the successful synthesis of SrySci 5Py 5055, oxyanion doped Sr,Sc,.,Ga,Os compositions

were attempted. 15% phosphate doped compositions were attempted as this resulted in single
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phase compositions for the barium analogues, however multiple phases were obtained,

including a perovskite phase, unreacted Ga,O; and Srs(PO4)3;(OH), Figure 4.5.
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Figure 4.5 Powder X-ray diffraction pattern of attempted synthesis of “Sr,Sc; 4Ga(;P¢3053” with impurity peaks
indicated

Gallium doping was then attempted for 5% and 10% phosphate doped compositions and
resulted in the following single phases Sr>Sco9GaPy 05,1 and Sr,Sc 1Gag 7P 205, Figure 4.6.
For higher gallium contents, the gallium rich phase Sr;Ga,04 formed, and at lower gallium
contents other phosphate impurities were present, Figure 4.7. The lower phosphate content
required for increased gallium content is in agreement with the results seen for phosphate
doped Ba,Sc,.,Ga,Os, and is most likely due to the preference of gallium as well as the

phosphate to prefer a lower coordination than octahedral in these systems. 15

-97 -



Intensity (A.U.)
[
—

20 30 40 30 60 70
20 ()
Figure 4.6 Powder X-ray diffraction pattern of (a) Sr,Sc(GaP, 05, and (b) Sr,Sc;;Gay 7Py ,0s,
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Figure 4.7 Powder X-ray diffraction pattern of attempted synthesis of (a) “Sr,Sc¢; Ga,P,.10s,” and (b)
“Sr,S¢y6Gay 3Py 105, with impurity peaks indicated

As for Sr;Scy 5P sOs s, Rietveld refinement using the GSAS suite of programs was carried out
to determine the lattice parameters. The same structural model, space group P m -3 m, was

used with the gallium placed on the /a site along with scandium and phosphorus in the
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weighed out stoichiometric amounts. The refinement gave a good agreement with the
collected powder X-ray diffraction data. The following lattice parameters were obtained,
Table 4.2, and compared with Sr,Sc; 5Py 5055, and the visual fit representation and complete
description of the refined model of Sr;Sc; Gag7Py,0s, are shown in Figure 4.8 and Table

4.3.

Table 4.2 Lattice parameters for phosphate doped SrSc, (Ga,O5

Composition a (A)
SrS¢1.5P0.50s.5 4.03361(7)
SrZScl,lGaogPo,zOs,z 400462(2)
SI'zSC(),gGaPo,lOs,l 3 99485(4)
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Figure 4.8 Observed, calculated and difference plots for structural refinement of Sr,Sc; ;Gay,P(,0s, using X-ray
powder diffraction data
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Table 4.3 Structural detail for Sr,Sc; Gay7P(,0s,

. . 100U
Site X y z Fraction ( Az)

Sr 1b 0.5 0.5 0.5 1 2.81(4)
Sc la 0 0 0 0.55 3.31(6)
Ga la 0 0 0 0.35 3.31(6)
P la 0 0 0 0.1 3.31(6)

(0) 3d 0.5 0 0 0.867 7.7(1)

Space Group = P m -3 m, a = 4.00462(2) A
WR, = 5.88%, R, = 4.41%, y* = 2.457

The lattice parameter was found to decrease with increasing gallium content in agreement
with the smaller ionic radius of gallium, 0.62 A, compared to the scandium, 0.745 A
(coordination number equal to 6)."* The exact coordination of the B site cations was unable to
be determined due to the previously mentioned lack of sensitivity of oxygen to X-rays and
other techniques such as neutron diffraction or solid state NMR would be required to resolve

this.

4.3.1.1.2 Raman Spectroscopy

To confirm the presence of phosphate in Sr;ScisPysOss, SraSco9GaPy0Os; and
Sr,Sc.1Gag 7Py20s,, Raman data were collected on all samples, Figure 4.9. All three samples
showed a band at around 940 cm™, associated with the internal stretching mode of phosphate,
in agreement with the presence of phosphate. '®

Sr,Sc 5P 505 5 also showed a small band at 415 cm'l, due to the bending mode of phosphate,
which was not seen for the other compositions. The Raman peaks resulting from phosphate in
doped Sr;Sc,0s are broader and have a lower band height than those seen for the barium
compositions which may explain why the band at 415 cm™ is only seen for the composition
with the greatest phosphate amount. As has been seen in previous studies of oxyanion doped
systems the local structure is not perfectly cubic as broad peaks from 550 cm™ to 800 cm™ are

17, 18

seen. If the structure was perfectly cubic then these bands would not be seen, as all the
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lattice sites would have inversion symmetry; however it should be noted that incorporating

tetrahedral phosphate would remove this inversion symmetry at this particular site.
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Figure 4.9 Raman spectra of (a) SrZScLsPO.SOS.S, (b) SrZScMGaPo.IOSJ and (c) SrZScMGaMPo.zOm

4.3.1.1.3 Water Incorporation

The water contents of the hydrated samples were obtained using TGA analysis by measuring

the mass loss upon heating, Table 4.4.

Table 4.4 Water content for Sr,Sc,., ,Ga,P,Os,,

. % Mass Amount of water
Composition .
Loss per formula unit
SrZSc1_5P0,505,5 0.18 003(1)
Sr>Sc.90GaPy.10s4 0.23 0.05(1)
Sl'zSC],]Ga()jPo,zOs_z 0.19 004(1)

The collected data showed that for Sr,Sc; 5Py sOss, only a very small fraction of the oxygen

vacancies could be filled in agreement with phosphate adopting a lower coordination,
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tetrahedral rather than octahedral, and hence trapping vacancies around it, as observed by

Similarly for Sr,Scs.x.yGa,P,Os. there were low levels of water incorporation, attributed also
to a preference for gallium for a lower coordination than octahedral. Overall the water

contents were slightly lower than for Ba,Scy..yGayPyOs..

4.3.1.2 Conductivity Measurements

Conductivity data were collected on Sr;Sc;s5Pys0ss in dry and wet N, atmospheres to
eliminate any p-type contribution to the conductivity and to observe if there is any protonic
conduction. Sr;Sc;sPysOss showed a relatively high total conductivity with a significant
protonic contribution, Figure 4.10, with a total conductivity of 4.82 x 10° S cm™ and 4.01 x
10* S em™ at 500 °C and 800 °C respectively in dry N,, while in wet N the conductivities

were higher at 3.10 x 10 and 6.00 x 10™* S cm™ at 500 °C and 800 °C respectively.
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Figure 4.10 Conductivity data for Sr,Sc; 5P 5055 in dry (filled) and wet (empty) N,
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The values of the conductivities in both atmospheres were, however, found to be an order of
magnitude lower than for Ba,Sc; 5Py 5055 similar to the drop off in conductivity seen between
doped barium and strontium cerates. In order to examine how the conductivity of the
composition varies with decreasing phosphate content and increasing gallium content the

conductivities of Sr,ScgoGaPy 105 and Sr,Sc; 1Gag7Py20s, were also collected in dry and

wet Ny, Table 4.5 and Figure 4.11.

Table 4.5 Total conductivity data for Sr,Sc; . Ga,P,Os,y

Conductivity (S cm™)

_ Sample 500 °C 800 °C
(nominal composition)
Dl‘y Nz Wet Nz Dl‘y Nz Wet Nz
Sr,S¢1.1Gag.1Po.20s. 8.65x10° | 1.73x10°] 9.00x 10° | 1.15x 10™
Sr,S¢o.0GaPy 105 1.40x 10° [3.03x 10°] 4.91x10° | 495x10°
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Figure 4.11 Conductivity data for Sr,Sc,¢GaP, 05 (circle) and Sr,Sc; ;Ga, 7Py ,0s, (square) in dry (filled) and wet
(empty) N,

The collected data indicates that conductivity decreases with increasing gallium content,

similar to the barium based systems.
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As a p-type contribution to the conductivity was seen for oxyanion doped Ba,Sc,.,Ga,Os in
high p(O,), all the strontium compositions were also examined in a dry O, atmosphere, an

example shown in Figure 4.12.
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Figure 4.12 Conductivity data for Sr,Sc¢GaP 05 in dry N, (filled) and dry O, (empty)

All the compositions exhibited a p-type contribution to the conductivity due to the

incorporation of oxygen into the vacancies according to the equation Vo** + Og* + %40, <

200°.

4.3.1.3 CO: Stability

The first experiment examining the CO, stability, across the operating temperatures used in
SOFCs, was to heat the samples to 1000 °C at a rate of 10 °C min™' in a 1:1 mix of flowing
CO, and N,. All the compositions exhibited no mass gain under these conditions. Thus
S1,Sc;5Pps0s.5 showed a superior stability compared to Ba,Sc; 5Py 5055, which gained mass
after 800 °C using these experimental conditions. However this may be due to a slower

reaction rate of Sr,Sc; 5Py 5055 compared to Ba,Sc 5Py 5055 as seen for SrCeO; compared to
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BaCeOs.” The high stability of the gallium containing compositions was in agreement with

the stabilities seen for the higher gallium content Ba,Sc,.«.;Ga,P,Os:, compositions.

The second experiment involved heating the samples at 800 °C for 12 hours under flowing
dry and wet CO,, and using powder XRD to determine if partial decomposition had occurred.
The powder XRD patterns for Sr,Sc sPysOs.s and Sr,Sc; 1Gag 7Py 205, after treatment in dry

CO, are shown in Figure 4.13.

-
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Figure 4.13 Powder XRD patterns of (a) Sr,S¢; 5P 5055 and (b) Sr,S¢;.1Gay ;P 05, after heat treatment at 800 °C for
12 hours under flowing dry CO, with peaks due to SrCOj; indicated

The gallium containing compositions showed complete stability to CO, at 800 °C as no
SrCOj; was present in the XRD patterns. In contrast Sr,Sc; 5P 5055 was found to not be stable
to CO; at this temperature, as SrCO3 alongside other phases formed indicating that, as seen
for Ba,Scy.«yGayP,Os.x, the gallium improved the CO, stability. Data were then collected
under flowing wet CO, for the lowest gallium content composition to examine the effect of an

even more extreme environment, with the powder XRD pattern shown in Figure 4.14.
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Figure 4.14 Powder XRD pattern of Sr,Sc; ;Gay ;P ,0s, after heat treatment at 800 °C for 12 hours under flowing wet
CO,

The collected data showed that Sr,Sc; ;Gag 7Py 05, was also stable with respect to CO, under
these extremely harsh conditions. The conditions used in these experiments are much harsher
than those found in proton conducting SOFCs and show that these compositions have high
stabilities and are far superior to other perovskite proton conductors, such as BaCe9Y(.102.95

in this respect.19
4.3.2 Sulfate Doping
4.3.2.1 Structural Characterisation

4.3.2.1.1 Powder X-ray Diffraction

Following on from the preparation of the phosphate doped analogues, sulfate doping was
attempted in Sr»Sc,0Os. This proved unsuccessful for all levels of sulfate doping, Figure 4.15,
as unreacted starting materials, SrO and Sc,03, were present along with sulfate impurities as

well as peaks for other strontium scandate phases.
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Figure 4.15 Powder X-ray diffraction pattern for attempted synthesis of “Sr,Sc; ¢S¢ 405" with SrO, Sc,0; peaks
indicated

The preparation of sulfate doped Sr,Sc,,Ga,Os was then attempted. The compositions
S12S¢.0GaSg 10s.15, Sr2Sco6Gar3S0.10s5.15 and SraScpsGaS 053 resulted in cubic perovskite
phases with no impurities present, Figure 4.16. At lower levels of gallium unidentified
impurities were present, Figure 4.17, and higher gallium contents were not attempted due to

the previously shown negative effect of gallium on the conductivity.
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Figure 4.16 Powder X-ray diffraction pattern patterns for (a) Sr,ScyoGaS,. 10515, (b) Sr2Sc¢g6Ga;350.10s5.15 and (c)
Sr,S¢y 3GaS;,0s 3
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Figure 4.17 Powder X-ray diffraction pattern of attempted synthesis of “Sr,Sc¢; 4Gag 4S9 ,053” with impurity peaks
indicated

Rietveld refinement with the GSAS suite of programs was used to obtain lattice parameters
for the pure compositions. A structural model with space group P m -3 m was used with the
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gallium, scandium and sulfur placed on the /a site using the weighed out stoichiometric
amounts for the occupancies. The oxygen content was also fixed at the expected value. The
refinement gave a good agreement with the collected powder X-ray diffraction and the
following lattice parameters were obtained, Table 4.6, with the visual representation and the

complete description of the refined model of Sr,Scy9GaS) 1055 shown in Figure 4.18 and

Table 4.7.
Table 4.6 Lattice parameters for sulfate doped SrSc, ,Ga,05
Composition a (A)
SI’zSCo.9GaS(].1O5,15 400124(5)
Sl‘zSCo,sGﬂSo,zOs,_} 400854(3)
Sr2SC0_6G31_3S(),105_15 3.991 36(4)
T I I
o ]
¥
Q — —

4

0.0

20.0 30.0 40.0 50.0 60.0 70.0
2—-Theta, deg

Figure 4.18 Observed, calculated and difference plots for structural refinement of Sr,Sc,GaS, 05,5 using X-ray
powder diffraction data
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Table 4.7 Structural detail for Sr,Sc¢yGaS, ;055

. . 100U
Site X y z Fraction ( Az)

Sr 1b 0.5 0.5 0.5 1 3.04(8)
Sc la 0 0 0 0.45 3.57(9)
Ga la 0 0 0 0.5 3.57(9)
S la 0 0 0 0.05 3.57(9)

(0) 3d 0.5 0 0 0.858 8.9(2)

Space Group =P m -3 m, a=4.00124(5) A
WR, =5.70%, R, = 4.84%, y* = 1.945

The lattice parameter was found to decrease with increased gallium content in agreement with
gallium having a smaller ionic radius, 0.62 A, compared to scandium, 0.745 A.'* Increasing
the sulfate content was found to increase the lattice parameter despite S°” having a smaller
ionic radius than Ga’" and Sc¢’'; this is most likely due to the increased oxygen content
required with increased sulfate content as also suggested for the Ba;Scy.,GaySOs:3x2
compositions.14 To resolve the coordination of the individual cations on the /a site solid state
NMR studies are required due to the lack of sensitivity of oxygen to X-rays and the presence

of multiple cations on the B site.

4.3.2.1.2 Raman Spectroscopy
To provide confirmation that sulfate was incorporated into the structure, Raman data were

collected, Figure 4.19.

All the compositions contained a peak at around 990 cm™ (symmetric stretch) consistent with
the presence of sulfate, however as seen for the phosphate compositions this band was very
broad and this broadness may be the reason that the lower intensity peaks at 450 cm’
(symmetric bend) and 610 cm™ (asymmetric bend) are not seen.”' The broad peaks seen from

500 cm™ to 800 cm™ also show that the local structure in these perovskites is not cubic.
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Figure 4.19 Raman spectra of (a) Sr,Sc.0GaS, 105,15, (b) SryScy¢Ga; 35010515 and (¢) Sr,Scy3GaS, 053 with peak
showing the presence of sulfate indicated

4.3.2.1.3 Water Incorporation

The amount of water incorporated into the compositions was calculated from the mass loss of

the hydrated samples from TGA studies, Table 4.8.

Table 4.8 Water content for Sr,Sc,. ,Ga,S,0s.3,

. % Mass Amount of water
Composition Loss £ 1 .
per formula unit
SI‘zSCogGaSo.lOs,]s 0.14 003(1)
Sr,S¢0.6Ga1.350.105.15 0.19 0.04(1)
SI‘zSCo‘sGaSO_205,3 0.12 002( 1)

All compositions showed limited water incorporation, indicating that not all the oxygen

vacancies could be filled consistent with the results for the related phosphate doped systems.

4.3.2.2 Conductivity Measurements

Conductivities were collected in dry and wet N, atmospheres to remove any p-type

contribution to the conductivity, and to determine if there was a protonic contribution to the
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conductivity. Data was collected for all the compositions and all showed a reasonable ionic
conductivity as well as a protonic contribution at low temperatures, although this contribution

was significantly lower than that seen for the phosphate doped compositions, Table 4.9,

Figure 4.20 and Figure 4.21. At high temperatures Sr,Scy9GaS0s;5 and
S12Sco.6Ga; 35010515 exhibited no difference between conductivities collected in wet and dry

conditions showing there was no protonic contribution to the conductivity at this temperature.

Table 4.9 Bulk conductivity data for Sr,Sc,.,.,Ga,S,0s,3y,

Conductivity (S cm™)

(nominaslaclf)lII:[e)osition) S00°C 800 °C
Dry N, Wet N, Dry N, Wet N,
Sr,S¢g.0GaS.10s.15 6.26x10° | 1.16x10°] 9.59x10° | 1.01x 10"
Sr,8¢06Ga13S010s1s | 7.31x10° | 1.16x10° | 6.05x 10" | 6.46x 10
Sr,S¢ysGaSy,0s 3 5.04x10° [1.02x10°] 8.05x10° | 9.60x 10

Log 6T (SKecm')
r

_5 T T T
0.8 1.0 1.2 1.4 1.6 1.8

1000/T (K™)

Figure 4.20 Conductivity data for Sr,Scy9GaS, ;05 15 (diamond) and Sr,Scy¢Ga; 35910515 (Square) in dry (filled) and
wet (empty) N,
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Figure 4.21 Conductivity data for Sr,Sc,3GaS,,0s 3 (circle) in dry (filled) and wet (empty) N,

Unlike for the phosphate doped compositions there was an improvement in the conductivity
upon increasing gallium content, and this was also opposite to that observed for oxyanion
doped Ba,Sc,.,GayOs. The origin of this small improvement requires further investigation.
The effect of sulfate on the conductivity was also analysed as two different compositions
shared the same gallium content, and this showed that on increasing the sulfate content the
conductivity decreased slightly. This is in agreement with the sulfate trapping the oxygen
vacancies due to its tetrahedral coordination. There was also a much smaller difference

between the dry and wet conductivities which is most likely due to the low water contents of

these sulfate containing compositions.

The conductivities were then measured in a dry O, atmosphere to observe if there was any p-

type conductivity, Figure 4.22.
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Figure 4.22 Conductivity data for Sr,Sc,gGaS,,0s3 in dry N, (filled) and dry O, (empty)

While a small enhancement was seen at elevated temperatures in dry O,, consistent with a p-
type contribution, the conductivity at lower temperatures was slightly lowered. This requires

further study, but may be related to the presence of a small amount of water in the “dry”

gases.

4.3.2.3 CO: Stability

As with the phosphate doped samples, two experiments were carried out to determine the CO,
stability of the sulfate doped compositions. The first involved using TGA studies to observe if
a mass gain occurred (formation of SrCOs3) on heating from room temperature to 1000 °C at a

heating rate of 10 °C min™ under a flowing 1:1 mix of N; and CO,. All the compositions

showed no mass gain under these conditions.

The second experiment involved heating the compositions under flowing dry and wet CO»,
and using powder XRD to observe if any decomposition had occurred. All the compositions

showed no formation of SrCOj after heating under flowing dry CO, at 800 °C, Figure 4.23.
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Figure 4.23 XRD patterns for ((a) Sr,Scy0GaS 105,15, (b) SrySey¢Ga; 35010515 and (¢) Sr,Scy 3GaS,,05 5 after heating
in dry CO, at 800 °C for 12h

The composition with the lowest gallium content was then heated under flowing wet CO, to

mimic even more extreme conditions, Figure 4.24.
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Figure 4.24 Powder XRD pattern of Sr,Sc,3GaS,,0s; after heat treatment at 800 °C for 12 hours under flowing wet
CO,
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After treatment at these conditions Sr,ScysGaSy,0s3 showed no sign of any degradation
indicating that it shows excellent stability towards CO, as for the equivalent phosphate doped

systems.

4.4 Conclusions

Powder X-ray diffraction data on a range of SryScs..,GayPyOsiy and Sr2ScryGaySyOsizxn
samples showed that they adopt a cubic perovskite structure with a space group P m -3 m and
a lattice parameter in the range 3.99 A to 4.04 A. Raman data contained peaks that confirmed
the presence of phosphate and sulfate. The water contents of hydrated samples were measured
and shown to be low, attributed to the resistance of gallium and the oxyanions to

accommodate water into the oxide ion vacancies around them.

The conductivities of the samples were determined and all compositions exhibited a relatively
high conductivity but is inferior to BaCe Y1095 With a protonic contribution and is lower
than the barium based analogues; in addition increasing the gallium was generally found to

lower the conductivity.

The CO; stabilities were measured and it was found that increasing the gallium content
improved the relative stability, such that at operating temperatures for proton conducting
SOFCs the gallium containing compositions were found to be completely stable with respect
to CO,. However applications in this respect would be limited by the lower conductivities

compared to current generation acceptor doped Ba(Zr/Ce)O; systems.
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Chapter 5 Synthesis and Characterisation of
Phosphate Doped BaCe1.,(Y/Yb/IN),O3.4/»

5.1 Introduction

Acceptor doped BaCeOs is a high temperature proton conductor in wet atmospheres that has
attracted considerable interest as an electrolyte for proton conducting SOFCs since this
property was discovered by Iwahara et al." Substitution of cerium with a trivalent cation, for
example Yb, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Lu and In, was found to introduce
oxygen vacancies into the structure that could be filled with water according to the following

. 5-1
equation.”"’

VO.. + Oox+ HZO 2 OHO.

The major drawback for doped BaCeOs; is its instability to CO, atmospheres at fuel cell
operating temperatures, 500-800 °C, as it forms BaCO; under these conditions.® To
overcome this, co-doping with zirconium has been attempted, which while improving the

stability in CO, atmospheres was found to decrease the conductivity.'”

As noted previously by Soares et al., the effect of P additions in BaCeOjs is also of relevance,
since phosphate esters have been used as dispersants to prevent nanoparticle agglomeration in
the preparation of related perovskite materials.”” In this work it was shown that
(1 - x)BaY.15Zr98507.925:xP,05 mixtures contained the presence of Bas3(PO,), impurities
which had a negative effect on the conductivity. However this particular study effectively
takes compositions that would be A site deficient as P,Os is added to BaY 157219502925,

which could explain the presence of phosphate impurities.*'
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Therefore in this chapter phosphate doping for cerium was attempted in BaCe | 4(Y/Yb/In)xOs.
w2 With the aim of preparing single phase samples, in order to investigate if there was an
improvement in the stability of the composition to CO,, as seen for phosphate doped
Ba;Sc,0Os,  while retaining the high proton conductivities observed  for

BaCe/(Y/Yb/In)yO3.40.2

5.2 Experimental Procedure

BaCO; (299%), CeO, (99.9%), Y203 (99.99%), Yb,O3; (99.99%), InyOs (99.9%) and
NH4H,PO4 (>98%) were used to prepare Ba,Ces.y Y PyOg.ynix2, BarxCeryYbyP Og.y+x2 and
Ba,Ces.yIn,P,O¢.yn+x» samples using the standard ceramic synthesis method. A small (3%)
excess of BaCO; was employed, in order to overcome Ba loss at elevated temperatures as has
been seen in other studies synthesising similar Ba containing phases.”” The powders were
intimately ground in an agate pestle and mortar and heated initially to 1000 °C for 12 hours.
They were then ball-milled (350 rpm for 1 hour, Fritsch Pulverisette 7 Planetary Mill) and
reheated to 1400 °C for 12 hours. The resulting powders were then ball-milled (350 rpm for 1
hour, Fritsch Pulverisette 7 Planetary Mill) a second time and pressed as pellets (1.3 cm
diameter) and heated again at 1400 °C for 12 hours. The pellets were covered in sample
powder and the crucible was covered with a lid to limit the amount of Ba loss during the
sintering process. Powder X-ray diffraction (Bruker D8 diffractometer with Cu Ka,; radiation)
was used to demonstrate phase purity as well as for preliminary structure determination once

a pure phase was obtained. For the latter, the GSAS suite of programs was used.*

Raman spectroscopy measurements were made in order to provide further evidence for the
successful incorporation of phosphate. These measurements utilised a Renishaw inVia Raman

microscope with excitation using a Cobolt Samba CW 532 nm DPSS Laser.
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The samples were hydrated by heating up to 800 °C under flowing wet N, and then slow
cooling (0.4 °C min™). The water contents of hydrated samples were determined from
thermogravimetric analysis (Netzsch STA 449 F1 Jupiter Thermal Analyser). Samples were
heated at 10 °C min™ to 1000 °C in N,, and the water content was determined from the

observed mass loss.

For the conductivity measurements, the sintered pellets (>80%) were coated with Pt paste,
and then heated to 800 °C for 1 hour to ensure bonding to the pellet. Conductivities were then
measured by AC impedance measurements (Hewlett Packard 4192A impedance analyser) in
the range from 0.1 to 1.3 x 10° kHz. Measurements were made in dry N, and wet N, (in which
the gas was bubbled at room temperature through water) to identify any protonic contribution
to the conductivity. Measurements were also made in dry O, to determine if there was a p-
type electronic contribution to the conductivity. The impedance spectra typically showed the
overlapping of bulk and grain boundary components making separation of the bulk and grain
boundary components difficult, Figure 5.1. Therefore conductivities are reported as the total

conductivity.

- 120 -



-8000 A

SRR Capacitance = 8.12 x 10™
e Frequency = 3548 kHz
[&]
G
= -4000 -
N

.............
° %,
®
-2000 ¥
..
0 T T T T
0 2000 4000 6000 8000
Z'(Qem™)

Figure 5.1 Impedance spectra for BaCe 75Iny ;P 050,95 at 590 °C in dry N,

The CO, stability of the samples was determined using thermogravimetric analysis (Netzsch
STA 449 F1 Jupiter Thermal Analyser). Samples were heated at 10°C min™ to 1000°C in 1:1

CO; and N, mixture to determine at what temperature CO, pick up occurred.

5.3 Results and Discussion

5.3.1 Bacel-y-nyPxO3-y/2+x/2
5.3.1.1 Structural Determination

5.3.1.1.1 Powder X-ray Diffraction

Initial results found that for low levels of yttrium (y < 0.2) it was not possible to introduce
phosphate into BaCe;.,Y,Os.y,» in agreement with the results found by Soares et al. on P,Os
additions to BaYo_152r0_8502_925.20 For example the attempted synthesis of BaY ;CesPo 103
was found to contain Ba;o(PO4)s(OH),, Figure 5.2. The presence of this impurity can most

probably be related to the need for significant oxygen vacancies to accommodate phosphate,
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as phosphate adopts a tetrahedral coordination, and this stoichiometry nominally contains no

oxygen vacancies.

Intensity (A.U.)

w* * * * * * k
A “

20 30 40 50 60 70

20 ()
Figure 5.2 Powder X-ray diffraction data for attempted synthesis of “BaY ;Ce, Py ;03" with peaks for
Balo(PO4)6(OH)2 indicated

In agreement with this conclusion, increasing the yttrium content resulted in the formation of
single phase phosphate doped samples due to the increased number of oxygen vacancies,
showing that phosphate can be successfully doped directly onto the B-site. Therefore the
results indicated that provided the yttrium content is sufficiently high, phosphate can be
incorporated into this system. The powder X-ray diffraction patterns, Figure 5.3, showed

single phase compositions for (x=0.05, y=0.2, 0.25, 0.3; x=0.1, y= 0.3).
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Figure 5.3 Powder X-ray diffraction data of (a) BaCe 75Y,P.0502.925, (b) BaCeg 7Y 25P¢.0502.9, (€)
BaCe ¢5Y.3P0.0502.575 and (d) BaCe Y 3P.101.9

Higher yttrium contents were attempted but single phase compositions could not be obtained,
for example the attempted synthesis of BaCegsYo4Po.10,85 resulted in the formation of the

yttrium rich phase Ba;Y4Oo, Figure 5.4, alongside a doped barium cerate.
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Figure 5.4 Powder X-ray diffraction data of attempted synthesis of “BaCe5Y 4Py 10,35 with impurity peak
indicated

Rietveld refinement was carried out on the pure phases to determine the lattice parameters and
obtain structural information using the GSAS suite of programs.”* A structural model using
space group P m ¢ n, as reported by Knight et al. was used.” The cerium, yttrium and
phosphorus were placed on the 4b site using the expected stoichiometric amounts. The
oxygen sites had their fractional occupancies set to the correct amount for the oxidation states
of the cations. The work carried out by Knight er al. showed that the oxygen vacancies
preferentially occupied the O(2) site, however due to the coordination of the phosphate and
the lack of sensitivity of oxygen to X-rays, in these refinements the oxygen vacancies were
split across both oxygen sites. The refinements gave good agreement with the collected X-ray
diffraction patterns and showed a decreasing lattice parameter with increasing yttrium and
phosphate content. The decrease in lattice parameter with increasing yttrium content is
unexpected due to the smaller size of Ce*” (0.87 A) compared to Y** (0.9 A).?® Previous work

by Wu et al. had reported that B-site trivalent dopants could be partially substituted onto the
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barium site and so further refinements investigating this possibility were carried out.”” Such a
refinement did suggest reduced X-ray scattering at the Ba-site consistent with partial yttrium
substitution, although another possibility is simply the presence of A site vacancies. These
factors will be discussed further in section 5.3.1.1.3. The following lattice parameters were
obtained and compared with BaCesY0,0,9, Table 5.1, with the observed, calculated and
difference profiles for BaCe 7Y 25P0.0502.9 and the complete description of the refined model

shown in, Figure 5.5 and Table 5.2.

Table 5.1 Lattice parameters for BaCe.,..Y,P\O3 v+

.. Unit Cell
Composition a(A) b (A) c Q) Volume (A?)

BaCeysY0.2029 8.9137(9) 6.1815(6) 6.1793(7) 340.48(3)
BaCeo7sY02Po0sOroas | 8.7431(3) 6.1993(2) 6.2186(2) 337.0002)
BaCe(7Y25P0.0502.9 8.7363(3) 6.1978(2) 6.2188(2) 336.73(2)
BaCeoesYosPoosOrsrs | 8.7302(4) 6.1969(3) 6.2191(2) 336.46(3)
BaCeysYosPo1Oro | 8.7240(5) 6.1856(3) 6.2061(3) 334.90(3)

| T T T | T T T

i $ i
| | | | | | | |
20.0 30.0 40.0 50.0 80.0 70.0 B0.0 90.0

28, deg

Figure 5.5 Observed, calculated and difference plots for structural refinement of BaCe, ;Y 5P¢.050,.0 using X-ray
powder diffraction data
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Table 5.2 Structural detail for BaCe 7Y 25P.0502.9

. . 100 U
Site X y z Fraction ( A?)
Ba 4¢ 0.25 0 1 2.6(1)
Ce 4b 0 0.5 0 0.7 1.4(1)
Y 4b 0 0.5 0 0.25 1.4(1)
P 4b 0 0.5 0 0.05 1.4(1)
o 4¢ 0.25 0.4 0 0.9667 4.5(3)
0 8d 0.5 0 0 0.9667 4.5(3)
Space Group =P m c n,a=8.7363(3) A,b=6.1978(2) A, c = 6.2188(2) A,
unit cell volume = 336.73(2) A’
WR, =4.37%, R,=3.81%, x> = 1.611

As mentioned previously, the lattice parameters decrease with increased yttrium doping
despite the larger ionic size of yttrium compared with cerium, due to either some yttrium or A
site vacancies on the barium site, most likely associated with barium loss during the high
temperature synthesis. The collected data also shows that on increasing phosphate doping the
lattice parameter decreases, consistent with phosphorus having a smaller ionic radius (0.17 A)

compared to cerium (0.87 A).*

5.3.1.1.2 Raman Spectroscopy
To provide confirmation of the presence of phosphate in the compositions, Raman
spectroscopy data were collected on all the pure phosphate doped compositions and

Baceo.gYo.zoz.g, Figure 5.6.
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Figure 5.6 Raman spectra of (a) BaCe3Y 0.9, (b) BaCe 15Y2P.0502.925, (¢) BaCe 7Y 25P0,0502.9, (d)
BaCe¢5Y3P0.050,.875 and (e) BaCe(¢Y3Py.10,9 with the main peak showing the presence of phosphate indicated

The data showed that all the phosphate containing compositions had a band at ~940 cm', the
internal stretching mode of phosphate, which was not seen in the BaCe(3Y(,0,9 data,
consistent with the incorporation of phosphate.*® The series of bands in the range 300-375 cm’
" are assigned to bending modes of O-Ce/Y-O and the band at 630 cm™ is attributed to the

Ce/Y-O stretching mode of the perovskite.”” *°

The band due to the bending mode of
phosphate, 415 cm™, was not seen due to the low intensity of the Raman bands due to

phosphate, compared with the bands due to bending modes of O-Ce/Y-O.

5.3.1.1.3 Water Incorporation
The water uptake of the hydrated samples were determined from the resulting mass loss from

TGA studies with the data shown in Table 5.3.
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Table 5.3 Water content for BaCe,_,_ .Y P03y

Composition % Mass Amount of water

P Loss per formula unit
Bace()_sY()'zoz_g 0.58 0. 10(1)
BaCe.75Y0.2P0.0502.925 0.15 0.03(1)
BaCe0_7Y0_25PO,0502_9 0.68 0.11 ( 1 )
BaCey.65Y0.3P0.0502.875 0.56 0.09(1)
BaCe0.6Y0_3P0,102.9 0.33 005(1)

The results indicate that for 2 of the phases, BaCey3Y 20,9 and BaCey7Y25P0.0s02.9, all the
oxygen vacancies could be filled. However, as noted earlier, it is possible that there could be
some yttrium content on the A cation site or some A site deficiency. Given the fact that partial
yttrium substitution on the A site would significantly reduce the oxygen vacancy content and
hence the water incorporation, the observed water contents could indicate that the lower X-ray
scattering for the barium site is due to A site cation vacancies. Increasing the phosphate
content was found to reduce the water content in agreement with the tetrahedral coordination
of phosphate limiting the vacancies that can be filled, as seen by Shin et al. for phosphate

doped Ba,(In/Sc)Os and in work covered in the previous chapters.”> >

5.3.1.2 Conductivity Measurements

Conductivity data were collected on all the single phase compositions in N, atmospheres, to
remove any p-type conduction, and comparing wet and dry conditions to determine if any
proton conduction was present. All compositions showed a high total conductivity with a
protonic contribution; the conductivities of BaCe3Y (20,9 are also included for comparison,

Table 5.4, Figure 5.7 and Figure 5.8.
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Table 5.4 Total conductivity data for BaCey,.,Y P,Os.y5+x

Conductivity (S cm™)
_ Sample 500 °C 800 °C
(nominal composition)
Dl'y Nz Wet Nz Dl’y Nz Wet Nz
BaCeysY02019 3.7x10° | 3.7x10° | 2.4x107 1.9x 102

BaCey75Y0.2P0.0502.925 1.4x10° | 1.7x10° | 49x10° 59x10°
B3C60'7Y0_25P0_0502.9 14 x 10-3 2.1x 10-3 6.0 x 10-3 7.3x 10-3
BaCey5Y0.3P0.0502.575 20x10° | 25x10° | 6.8x10° 82x10°

BaCey sY03P0.102.9 12x10° | 1.4x10° | 33x10° | 4.1x10°
1.0 T T T T
0.8 4
0.6
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Figure 5.7 Conductivity data for BaCe 75Y (1P .0502.9,5 (circle) and BaCey ;Y 25P¢.050,.9 (square) in dry (filled) and wet
(empty) N,
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Figure 5.8 Conductivity data for BaCe ¢5Y3P.0502.375 (circle) and BaCe( Y 3P 10,0 (square) in dry (filled) and wet
(empty) N,

The collected data showed that increasing the phosphate content lowered the conductivity as
found for the Ba,Sc.«.yGa,POs. series, due to the reduction in the number of mobile oxygen
vacancies caused by the tetrahedral coordination of phosphate. All the compositions exhibited
lower ionic conductivities than non-phosphate containing BaCe3Y 20,9 suggesting that
phosphate doping is not a successful strategy for improving the oxide or proton conductivity
of BaCeOj; in contrast with the results found for phosphate doped Ba21n205.2 ! However this
comparison with BaCe(3Y 20,9 may not be fair due to the difference in oxygen coordination
around the B cation site. The data also showed that increasing the yttrium content improved
the conductivity in agreement with the increased number of oxygen vacancies improving the
ionic conductivity. The level of phosphate doping was found not to affect the activation
energy as the activation energies in wet N, were in the range 0.30 to 0.37 eV similar to the
activation energy of yttrium doped barium cerate, BaCe3Y (20,9 (0.44 eV).31 To determine if
a p-type contribution to the conductivity is present the conductivities of the samples were also

examined in a dry O, atmosphere and an example is shown in Figure 5.9.
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Figure 5.9 Conductivity data between 400 °C and 800 °C for BaCe 45Y 3Py.0502.375 in dry N, (filled circle) and dry O,

The collected data confirmed the presence of a p-type contribution to the conductivity at

elevated temperatures as seen for both the Ba,Sc,.«.,Ga,PyOs.x and SrScs.«.yGa,P,Os.« series.

The origin of this conductivity is due to the creation of holes according the equation Vo°* +

Oox‘f‘ 0502 <> 200..

5.3.1.3 CO; Stability

Due to the aforementioned lack of stability of doped barium cerate to CO, atmospheres, the

stability of these phosphate doped compositions was examined using TGA analysis to

determine whether the phosphate doping improved this stability. The temperature of mass

gain in a CO; atmosphere is shown in Table 5.5.

Table 5.5 Temperature for uptake of CO, for BaCe,.,.\Y,P,O; .y, from TGA studies up to 1000 °C

Composition Temperature of Mass Gain
BaCe3Y 2029 450 °C
BaCe.75Y0.2P0.0502.925 450 °C
BaCe.7Y0.25P0.05s02.9 450 °C
BaCe.65Y0.3P0.0502.875 450 °C
BaCeY0.3P0.102.9 450 °C
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These data showed that there were no improvements in the stability of BaCe_yxY yPxO3_yn+x2,

as all compositions showed a mass gain at 450 °C under a flowing 1:1 N,:CO, mixture.

5.3.2 BaCe1.yYbyO3.y/2

5.3.2.1 Structural Determination

5.3.2.1.1 Powder X-ray Diffraction

As phosphate doping of the yttrium containing compositions was not possible for low yttrium
contents, the initial compositions examined for the BaCe;.,.xYb,P Os.yn+x2 series were the
same stoichiometry that resulted in pure phases for yttrium doping, i.e. x= 0.05, y= 0.2, 0.25,

0.3; x= 0.1, y= 0.3). All these compositions resulted in single phase samples, Figure 5.10.
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Figure 5.10 Powder X-ray diffraction data of (a) BaCe 75Ybg,P¢50,.925, (b) BaCe(7Ybg 5P ¢50,.9, (€)
BaCey.65Yby3P.0502.875 and (d) BaCeg sYby3Py.102,9

Higher ytterbium contents were attempted but, as in the case for the yttrium doped analogues,
impurity phases, in this case Ba3;Yb4Oy, alongside a doped barium cerate phase were found to

form, Figure 5.11.
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Figure 5.11 Powder X-ray diffraction data of attempted synthesis of “BaCe(sYb 4P(0,35” with impurity peaks
indicated

Some further work showed that it was possible to synthesise an endmember phase, believed to
be BaYby.75P9250,.7s, containing only ytterbium and phosphorus on the B site, but it has so far
not been possible to prepare this phase pure, with significant Ba;YbsO9 impurities observed,
Figure 5.12. Further work including lower temperature synthesis routes are required to

overcome this problem.
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Figure 5.12 Powder X-ray diffraction data of attempted synthesis of “BaYb, ;5P,50,75” with Ba;Yb,O, peak
indicated

Rietveld refinement using the GSAS suite of programs was carried out on the pure phases.24
The same structural model, as for the yttrium phase, was used in these refinements, with space
group P m ¢ n. Cerium, ytterbium and phosphorus were placed on the 4b site using the
expected stoichiometry as the fractional occupancies. The oxygen occupancy was set to the
calculated amount from the cation oxidation states, with the vacancies split across both
oxygen sites as for the yttrium compositions, and not refined due to the lack of sensitivity of
oxygen to X-rays. The refinements gave good agreement with the collected X-ray diffraction
patterns and the following lattice parameters were obtained, Table 5.6, with the observed,
calculated and difference profiles and the complete description of the refined structural model

of BaCe ¢5Ybo3P0.0502.875 shown in Figure 5.13 and Table 5.7.
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Table 5.6 Lattice parameters for BaCe,_,.,Yb,P,Os_y.+\

.. Unit Cell
Composition a (A) b (A) c(A) Volume (A%)
BaCeysYby202.0 8.8637(5) 6.1677(4) 6.1682(4) 337.214
BaCey.75Ybo2P0.0sO2025 | 8.7267(6) 6.1815(4) 6.2113(4) 335.06(5)
BaCe0,65Yb0,3P0,0502,375 86973(5) 61714(4) 6. 1964(3) 33259(4)
BaCe6Yby3P¢.102.9 8.697(1) 6.1578(6) 6.1892(6) 331.49(7)
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Figure 5.13 Observed, calculated and difference plots for structural refinement of BaCe ¢sYbg 3P 950, 375 using X-ray
powder diffraction data

Table 5.7 Structural detail for BaCeO.ﬁsYb0.3P0.0502.s75

. . 100 U
Site X y z Fraction ( Az)
Ba 4c 0.25 0 1 1.6(2)
Ce 4b 0 0.5 0 0.65 1.4(2)
Yb 4b 0 0.5 0 0.3 1.4(2)
P 4b 0 0.5 0 0.05 1.4(2)
(0) 4c 0.25 0.4 0 0.9583 2.9(5)
(0) 8d 0.5 0 0 0.9583 2.9(5)
Space Group =P m c n,a=8.6973(5) A, b=6.1714(4) A, c = 6.1964(3) A,
unit cell volume = 332.59(4) A’
WR, =5.31%, R, = 4.56%, y° = 1.248

The collected data showed that the lattice parameter decreased on increased ytterbium and
phosphorus content. This is in agreement with both phosphorus (0.17 A) and ytterbium (0.868

A) having a smaller ionic radius than cerium (0.87 A).%° As cerium and ytterbium have very
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close ionic radii the difference in cell volume between the compositions can also be attributed
to the increased amount of oxygen vacancies as the ytterbium content is increased. In addition
Wu et al. found that ytterbium could be doped onto the barium site if the composition was
barium deficient, however further refinements on these samples suggested this not to be
happening with these samples; as whenever ytterbium was placed onto the barium site

negative occupancies for ytterbium were obtained and no barium deficiency was inferred.”’

5.3.2.1.2 Raman Spectroscopy
To confirm the presence of phosphate in BaCe.;.xYb,PO3.y»+x» Raman spectroscopy data
were collected on all the pure compositions, as well as BaCeysYby,0,9 for comparison,

Figure 5.14.
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Figure 5.14 Raman spectra of (a) BaCeygYD(,0,.9, (b) BaCeg 75YDg2Pg.0502.925, (€) BaCey7Ybg25Pg.0502.9, (d)
BaCe¢5Yby.3P0 0502875 and (e) BaCey sYbg 3P 10,9 with the main peak showing the presence of phosphate indicated

All the phosphate containing compositions had a band at ~940 cm™ which was not seen in
BaCesYby20,9. This band is due to the internal stretching mode of phosphate and thus

confirms the presence of phosphate.28 The bands seen between 300 and 375 cm™ are caused
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by bending modes of O-Ce/Yb-O and the band at 630 cm™ is caused by stretching mode of

Ce/Yb-0.>"

5.3.2.1.3 Water Incorporation
The amount of water in the structure was calculated by measuring the mass loss from

hydrated samples under heating in flowing N,, Table 5.8.

Table 5.8 Water content for BaCe,., ,Yb,P,O3.y5.\»

Composition % Mass Amount of water

P Loss per formula unit
BaCe3Yby203.9 0.47 0.09(1)
BaCe.75Yb2P0.0502.925 0.22 0.04(1)
BaCe0,7Yb0,25P0_0502,9 0.31 006( 1 )
BaCey.65Yb.3P0.0502.875 0.31 0.06(1)
BaCeo,6Ybo,3P0,1Oz_9 0.21 004(1)

The collected data showed that for the phosphate containing compositions not all the
vacancies could be filled as found for the yttrium doped samples due to the tetrahedral
coordination of phosphate. The water content was found to decrease with increasing
phosphate content, consistent with phosphate having a tetrahedral coordination, such that
some of the oxygen vacancies cannot be filled. Increasing the ytterbium content was found to
increase the amount of water due to the increased number of oxygen vacancies on ytterbium
doping. The ytterbium containing samples also had slightly lower water contents than the

yttrium containing samples, which may also correlate with a lack of barium site vacancies.

5.3.2.2 Conductivity Measurements

Conductivity measurements were recorded using AC impedance measurements in wet and dry
N, for the pure compositions of BaCei.y.xYbyPyOs.y+x». All compositions showed a high total
conductivity with a protonic contribution in wet atmospheres, Table 5.9, Figure 5.15 and

Figure 5.16.
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Table 5.9 Total conductivity data for BaCey_,.\Yb,P,O3

Conductivity (S cm™)
_ Sample 500 °C 800 °C
(nominal composition)
Dl'y Nz Wet Nz Dry Nz Wet Nz
BaCe5Yby201.9 27x10° | 28x10° | 1.1x107 1.1x107

BaCey75Ybo2P00s02025 | 8.6x10* | 20x10° | 64x10° | 72x107
BaCe7Yby25P0.0502.9 1.7x10° | 25x10° | 1.2x107 1.2x 107

BaCeossYbosPoosO2s7s | 8.5x10% | 1.6x10° | 43x10° | 4.6x107
BaCey¢YbosPo1O2o | 44x10° | 63x10" | 2.6x10° | 2.8x10°
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Figure 5.15 Conductivity data for BaCey 75YbyPg.050:.025 (circle) and BaCey;YDbg 5P 95019 (Square) in dry (filled) and
wet (empty) N,
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Figure 5.16 Conductivity data for BaCe ¢5Yb 3Py 050375 (circle) and BaCe sYbg 3Py 0,9 (square) in dry (filled) and
wet (empty) N,

The collected data shows that increasing the phosphate content lowers the conductivity in
agreement with phosphate lowering the amount of mobile oxygen vacancies, with
BaCe7Ybg25P0.0502.9 having the highest conductivity of the doped samples. The activation
energies in wet N, were in the range 0.35 to 0.53 eV similar to the activation energy of 0.39
eV in air of BaCegsYbo.1s02.025.°> These activation energies indicate that the mechanism of

conduction in the synthesised samples is the same as that of BaCe 35Ybo.1502.925.

To determine if there was a p-type contribution to the conductivity, measurements were also
made in dry O,, and an example is shown in Figure 5.17. These data showed that there was a
p-type contribution to the conductivity at elevated temperatures, as seen for the yttrium doped

analogues.
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Figure 5.17 Conductivity data between 400 °C and 800 °C for BaCe ¢5Yby.3P¢ ¢50,.875in dry N, (filled circle) and dry
O, (empty circle)

5.3.2.3 CO; Stability

As for the yttrium doped samples, TGA studies were carried out to determine the CO,

stability by identifying the temperature of mass gain under a flowing mix of 1:1 CO;:N,, with

the results shown in Table 5.10.

Table 5.10 Temperature for uptake of CO, for BaCe;.,,\Yb,P,O; ., from TGA studies up to 1000 °C

Composition Temperature of Mass Gain
BaCe3Yby.,02.9 450 °C
BaCe.75Ybo.2P0.0502.925 450 °C
BaCey.7YDy.25P0.0502.9 450 °C
BaCe.65Ybo.3P0.0502.875 500 °C
BaCe6YDy.3P0.102.9 500 °C

The collected data showed that unlike the yttrium case, there was an improvement in the CO,
stability with increased trivalent doping on the B-site, although the improvements were small.

The phosphate appeared to have no effect on the CO, stability.
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5.3.3 BaCe1.yIny03.y,2

5.3.3.1 Structural Determination

5.3.3.1.1 Powder X-ray Diffraction
After phosphate doping into yttrium and ytterbium doped barium cerate phosphate, the BaCe;.
yInyOs.y» series was examined, as phosphate doping had proven successful for Ba,In,0Os, and

21, 33 . .
*°° The same stoichiometries as for

also proven to improve the CO, stability in this system.
the yttrium and ytterbium doped samples were used, so as to make a direct comparison

between the dopants (x= 0.05, y= 0.2, 0.25, 0.3; x= 0.1, y= 0.3). These compositions resulted

in the formation of single phase orthorhombic perovskites, Figure 5.18.

d
9 N A )
x|
< (c)
S ———e . L L h A A .
7]
g
B (b)
JL 14 L A A A
(@)
JL A A A A A
20 40 60 80
20

Figure 5.18 Powder X-ray diffraction data of (a) BaCe ;5Iny ;P ¢50,.9:5, (b) BaCe 7Ing 25P( ¢50;.9, (€)
BaCey 51Ny 3Pg.0502.375 and (d) BaCe ¢Ing3Py,,0,.9

Rietveld refinement was carried out on these phases using the GSAS suite of program.
Chupakhina et al. used the space group P b n m for BaCe; 4In,Os.x» however this space group

differs from P m ¢ n via a simple transformation, (P m ¢ n to P b n m is represented by a to c,
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b to a and ¢ to b) so the space group P m ¢ n was used in line with the other series analysed in
this chapter.** The indium, cerium and phosphorus were all placed on the 4b site with the
expected stoichiometry used for the occupancy. The oxygen vacancies were split across both
oxygen sites with the fractional occupancy set to the correct amount for the cation oxidation
states, and the oxygen occupancies were not refined due to the lack of sensitivity of oxygen to
X-rays. The refinement gave good agreement with the collected X-ray diffraction patterns and
the following lattice parameters were obtained, Table 5.11, with the observed, calculated and
difference profiles and the complete description of the refined model of BaCe 7Ing25P0.0502.9

shown in Figure 5.19 and Table 5.12.

Table 5.11 Lattice parameters for BaCey.,..In,P,Os3.y/51y

oo Unit Cell
Composition a () b (A) c(A) Volume (&%)
BaCeysIng 02, 8.7204(2) 6.1899(2) 6.2094(1) 335.17(2)
BaCe0,751n0,2P0_0502,925 8.713 1(2) 61935(1) 61697(2) 33295(2)
BaCey.7Iny.25P0.0s02. 8.7002(3) 6.1592(2) 6.1799(2) 331.16(2)
BaCe0,651n0,3P0_0502,375 86896(3) 6. 1450(2) 6. 1634(2) 329. 12(1)
BaCeyIngsPo.1029 8.6674(4) 6.1482(3) 6.1283(3) 326.57(2)
™ - | |
Q — —
2
uj- — —
'3. — —
o -
= “ [
L=l o ] 1 L I N O I B B | (I ] [ I | l ram 11 IIIII ] IIIIIIII 1 . [ My IIIII nu I —
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Figure 5.19 Observed, calculated and difference plots for structural refinement of BaCe;Ing ;5P 950, using X-ray
powder diffraction data
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Table 5.12 Structural detail for BaCe ;Ing ;5P 05039

. . 100 U
Site X y z Fraction ( Az)
Ba 4¢ 0.25 0 1 2.2(1)
Ce 4b 0 0.5 0 0.7 0.8(1)
In 4b 0 0.5 0 0.25 0.8(1)
P 4b 0 0.5 0 0.05 0.8(1)
o 4¢ 0.25 0.4 0 0.9667 2.4(3)
0 8d 0 0.75 0.25 0.9667 2.4(3)
Space Group =P m c n,a=8.7002(3) A, b=6.1592(2) A, ¢ = 6.1799(2) A,
unit cell volume = 331.16(2) A’
WR, = 4.52%, R, = 3.96%, x> = 1.706

The data from the refinements show that the lattice parameters decrease with an increase in
indium and phosphorus content, in agreement with the smaller ionic radii of indium (0.8 A for
6 coordinate) and phosphorus (0.38 A for 4 coordinate) compared to cerium (0.87 A for 6
coordinate).”® Due to the smaller size of indium compared to ytterbium and yttrium it was not
thought that indium could doped onto the barium site and further refinements confirmed this,

with no change in barium site occupancy when this was refined.

5.3.3.1.2 Raman Spectroscopy
To confirm the presence of phosphate in the compositions, Raman spectroscopy was carried

out on all the phases, as well as BaCe 3In,0,9 for comparison, Figure 5.20.

All the phosphate containing compositions contained a band at ~940 cm™, which was not seen
in BaCe glng,0,9. This band is due to the internal stretching mode of phosphate confirming
the presence of phosphate in these systems.*® These phosphate bands look to be two different
peaks, which may relate to different environments, e.g. close to either cerium or indium. The
bands seen between 300 and 375 cm™ are caused by bending modes of O-In/Ce-O and the
band at 630 cm™ is caused by stretching mode of In/Ce-O.%” ** These bands broaden with
increased indium content which may be due to the composition becoming more cubic as

found by Giannici et al. for high indium contents in indium doped barium cerate.'”
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Figure 5.20 Raman spectra of (a) BaCe glng ,0,., (b) BaCe 75Ing ;P 50925, (¢) BaCey 7Ing 5P 95029, (d)
BaCe ¢sIng 3P 050,575 and (e) BaCe gIng 3Py 10,9 with the main peak showing the presence of phosphate indicated

5.3.3.1.3 Water Incorporation

The water contents of the hydrated samples were determined using TGA studies from the

mass loss under heating, Table 5.13.

Table 5.13 Water content for BaCe,_,_,In,P,O3_y/+y

Composition % Mass Amount of wate.:r
Loss per formula unit
Baceo.slno‘zozg 0.25 004(1)
BaCe0,751n0_2P0_0502_925 0.20 004( 1)
BaCey.7Iny.25P.0502.9 0.18 0.03(1)
BaCey 65In¢.3P¢.0s0.875 0.13 0.02(1)
BaCe¢Ing ;P10 0.23 0.04(1)

The collected data shows that not all the oxygen vacancies could be filled, as found for the
ytterbium doped samples. The levels of water incorporation were slightly lower than those

found for the yttrium and ytterbium analogues, which implies a greater degree of oxygen
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vacancy trapping occurring for these indium containing samples. There was no obvious effect

of phosphate content on the water incorporation.

5.3.3.2 Conductivity Measurements

Conductivity data were collected as for the yttrium/ytterbium doped samples. All
compositions showed a conductivity that was lower than that seen for the yttrium and
ytterbium analogues, with a protonic contribution in wet atmospheres and are compared with

BaCe glng 0,9 in Table 5.14, with the plots shown in Figure 5.21 and Figure 5.22.

Table 5.14 Total conductivity data for BaCe,_,.,In,P,O3.y.y»

Conductivity (S cm™)
_ Sample 500 °C 800 °C
(nominal composition)
Dl'y Nz Wet Nz Dry Nz Wet Nz
BaCeosIng,0,.0 74x10° | 53x10% | 1.6x10° 24x10°

BaCe7sIng,PosO202s | 1.8x10° | 25x10* | 28x10" | 87x10"
BaCe7Ing25P0.0s02.9 14x10* | 24x10* | 13x10° 13x 107
BaCesIngsPoosO2s7s | 2.1x10° | 24x10* | 62x10% | 1.2x10°

BaCelngsPo1029 85x10° | 1.1x10* | 23x10* | 47x10"
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Figure 5.21 Conductivity data for BaCe, 75Ing ;P 50,.925 (circle) and BaCe ;Ing ;5P 050, (square) in dry (filled) and
wet (empty) N,
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Figure 5.22 Conductivity data for BaCe ¢sIny ;P 950, 575 (circle) and BaCe¢Ing ;P 10,9 (square) in dry (filled) and
wet (empty) N,

Log 6T (S Kem)

The conductivity data shows that increasing the phosphate content lowers the conductivity, as
found for the yttrium and ytterbium analogues, which is attributed to the decreasing amount

of mobile oxygen vacancies on phosphate doping. The results showed the highest
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conductivity of the phosphate doped samples was for BaCe7Ing 5P 05029, similar to the
results found for ytterbium doping. This may be due to increased vacancy trapping occurring
around the indium, as indium can adopt a lower coordination as seen in Ba;In,Os. EXAFS
could be used to determine the local structure as used by Nguyen et a/ and O'Dell et al >
The activation energies in wet N, were in the range 0.30 to 0.39 eV similar to the activation

energies found for other proton conducting perovskites.

To determine whether there is a p-type contribution to the conductivity as found for the
yttrium and ytterbium analogues, conductivity measurements were also carried out in dry O,
an example of which is shown in Figure 5.23. The conductivity measurements in a dry O,
atmosphere showed there was a p-type contribution to the conductivity for all the

compositions at elevated temperatures.

0.0

LogoT(SKcm')
o
[4,]

1.0 4
) 1 ) 1
09 1.0 1.1 1.2 1:3
1000/T (K™)
Figure 5.23 Conductivity data between 500 °C and 800 °C for BaCe ¢sIng 3P ¢sOs.475in dry N, (filled circle) and dry
O, (empty circle)
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5.3.3.3 CO; Stability
The CO, stabilities of BaCe;.In,P,O3.y»+y> were measured using TGA by observing the

temperature of mass gain under a flowing 1:1 mix of CO,:N,, Table 5.15.

Table 5.15 Temperature for uptake of CO, for BaCe,_,.In,P,O; .y, from TGA studies up to 1000 °C

Composition Temperature of Mass Gain
BaCeyglng 0,9 450 °C
BaCe.75Ing.2P0.0502.925 525°C
BaCey.7Ing.25P0.05012.9 550 °C
BaCe5Ing.3P0.0502.875 550 °C
BaCeIng ;P10 575°C

The collected data shows that increasing the phosphorus content was found to improve the
stability of the compositions to CO, atmospheres in agreement with the data found for
phosphate doped Ba,;Sc,05 and Ba,In,0s." *° Indium doping was also found to improve the
stability of the compositions to CO; unlike in the case of yttrium doping. Further work would
be required to clarify this, but the CO, stability could be affected by different degrees of local
order between the trivalent dopants and the phosphate group, and in this respect computer
modelling studies may provide some insight. These data show that while lowering the
conductivity, indium and phosphate doping are found to improve the stability of barium

cerate.

5.4 Conclusions

The collected data show that it is possible to dope phosphate into various trivalent doped
barium cerate compositions provided enough oxygen vacancies are present to accommodate
the tetrahedral phosphate group. All the compositions had a cell volume between 326 and 338
A® and adopted a perovskite structure with a space group P m ¢ n. Raman spectroscopy data
showed the presence of phosphate in all the compositions as a band at ~940 cm™, internal

stretching mode of phosphate, was seen in these compositions but not found in the non-
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phosphate analogues. The water contents of hydrated samples were measured and showed that
in general not all the oxygen vacancies could be filled which can explained by the
requirement for tetrahedral coordination of phosphate. Similarly for the indium doped
samples, the water contents were lower than expected and potentially some oxygen vacancy
trapping is occurring around indium, although further work is required to confirm if this is the
case. In this respect, modelling studies would be of interest to examine the energetics of the

hydration reaction around the cerium and trivalent dopants.

All the compositions exhibited a high conductivity with a protonic contribution, although the
values were lower than their non-phosphate analogues, suggesting that phosphorus doping is
detrimental to the conductivity in these systems. The indium containing compositions had the
lowest conductivity which could potentially also be due to some oxygen vacancy trapping

occurring around the indium, consistent with the lower water contents of these samples.

The stabilities of the samples to CO, were also measured, with little improvement for the
Bacel_y_nyPx03_y/2+x/2 and BaCel_y_benyO}y/zwz, while for the BaCel_y_xInnyOg_y/zwz

series a small improvement in CO; stability was observed.

Overall reduced conductivities indicate that phosphate doping in BaCeO; is not a viable

option to improve the performance of these systems for fuel cell applications.
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Chapter 6 Synthesis and Characterisation of
Oxyanion Doped Ba,Sn;,Tix(Y/Yb)Os 5

6.1 Introduction

Ba,SnYOs 5 was first reported by Paulose et al., who discovered it as an impurity phase in the
yttrium barium copper tin oxide system.' They reported that this phase possessed a
perovskite-type structure with a doubled unit cell (8.42 A) and claimed that it could only be
stabilised using impurity phases, in their case CuO. Later Murugaraj et al. investigated the
potential of Ba,SnYOs s as a proton conducting electrolyte for proton conducting SOFCs due
to its high number of oxygen vacancies.’ They found the sample could be made single phase
with no impurity phase needed to stabilise it. It crystallised as a cubic perovskite with a
doubled unit cell with some degree of Sn/Y ordering on the B cation site. The sample
exhibited a similar conductivity to doped BaCeO3 and was found to be stable with respect to
carbonate formation. However the structure was found to change in reducing atmospheres

forming the brownmillerite structure.

Wang et al. extended this work on Ba,SnYOss and reported that it formed a single cubic
perovskite phase with no ordering of the tin and yttrium and a lattice parameter of 4.241 A.’
They confirmed the high conductivity and CO, stability of this phase and found that the

sample was a p-type conductor in high p(O;) atmospheres.

In this chapter the possibility to dope oxyanions (borate, phosphate and sulfate) into
Ba,SnYOs s has been investigated, along with titanium and ytterbium doping, in the hope of
retaining the high ionic conductivity whilst improving the stability of the phase to reducing

atmospheres.
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6.2 Experimental Procedure

Oxyanion doped Ba,Sn; Tix(Y/Yb)Os s was synthesised using the standard ceramic synthesis
method. Stoichiometric amounts of BaCO; (=99%), SnO, (99.9%), Y>0; (99.99%), Yb,03
(99.99%), TiO; (99.7%), NH4H,PO4 (=98%), H:BO; (99.5+%), Si0; (99.6%) and (NH4),SO4
(99+%) were ground together in an agate pestle and mortar and heated at 1000 °C for 12
hours. A 3% excess of BaCO; was used to overcome Ba loss at elevated temperatures and
eliminate Ba deficient impurities as has been seen in other studies.” The mixtures were then
ball-milled (350 rpm for 1 hour, Fritsch Pulverisette 7 Planetary Mill) and reheated to
1400 °C for 12 hours. The resulting powders were then ball-milled (350 rpm for 1 hour,
Fritsch Pulverisette 7 Planetary Mill) a second time and pressed into pellets using a 13 mm
die set and heated at 1400 °C for 12 hours. The crucibles had lids placed on them to lower Ba
loss during the sintering process. When powder X-ray diffraction (Bruker D8 diffractometer
with Cu-Ka, radiation) confirmed the presence of a single phase, the GSAS suite of programs

was used to obtain unit cell parameters.’

Raman spectroscopy measurements were carried out to confirm the presence of the oxyanion
in the compositions. These measurements utilised a Renishaw inVia Raman microscope with

excitation using a Cobolt Samba CW532 nm DPSS laser.

For conductivity measurements the sintered pellets were coated on either side with platinum
paste, platinum electrodes were attached to both faces, and the sample was then heated at
800°C for 1 hour to ensure bonding to the pellet. The conductivities were then measured in a
temperature range of 350 °C to 800 °C by AC impedance measurements (Hewlett Packard
4192A impedance analyser) in the range 0.1 to 10° kHz with ac signal amplitude of 100 mV.

Measurements were carried out in dry and wet N, (in which gas was bubbled at room
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temperature through water) to identify any protonic contribution to the conductivity.
Measurements were also made in dry O; to determine if there was a p-type contribution to the
conductivity. Some of the impedance spectra showed two overlapping semicircles indicative
of an overlapping of bulk and grain boundary arcs whereas others, especially at lower
temperatures could be resolved, Figure 6.1. The conductivity reported represents the total
(bulk and grain boundary) conductivity. The differences in densities of the samples was taken

into consideration in the calculations used for the final conductivity data.
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G Frequency = 31 kHz
a
= -40000 -
N
A 2 KX
.0..'. See,
-20000 -
0 * T T T T
0 20000 40000 60000 80000
Z' (Qcm?)

Figure 6.1 Impedance spectrum for Ba,Sn,gYS(,0s.7 at 350 °C in dry N,

The CO, stabilities of the phases were determined using 2 methods. The first was
thermogravimetric analysis with a Netzsch STA 449 F1 Jupiter Thermal Analyser. Samples
were heated at 10 °C min™ to 1000°C in a 1:1 CO; and N, mixture to determine at what
temperature CO, pick up occurred. The second method involved heating the samples at 800
°C for 12 hours in a tube furnace under flowing CO, gas. The samples were then analysed for

partial decomposition by X-ray diffraction.

154 -



The stability to reducing atmospheres was determined by heating the samples at 1000 °C for
36 hours under a flowing 10%/90% H, nitrogen mix and then analyzing the samples by X-ray
diffraction for the presence of extra peaks indicative of the brownmillerite structure or partial

decomposition.

The water incorporation was not able to be calculated accurately since at the temperatures at
which water loss occurred an additional mass loss was observed, most likely due to oxygen

loss.

6.3 Results and Discussion

6.3.1 Oxyanion doped Ba:SnYOs 5
6.3.1.1 Structural Determination

6.3.1.1.1 Powder X-ray Diffraction

The initial compositions were prepared by doping with an oxyanion (borate, phosphate and
sulfate) content of 10% to replace either the tin or yttrium on the B site. Phosphate and sulfate
doping for tin resulted in the formation of a single phase cubic perovskite. The XRD patterns
are shown in Figure 6.2 and compared with Ba,SnYOss which formed a non-ordered cubic
perovskite phase as found by Wand ez al.” For borate doped compositions, small additional
peaks were observed due to Y,0s, Figure 6.3. All the phases that involved oxyanion doping
for yttrium resulted in the formation of a cubic phase alongside additional peaks due to the
formation of Ba3;Sn,O; as an impurity phase (albeit at low levels for the sulfate doped
composition), Figure 6.4. Higher levels of phosphate and sulfate doping for tin were not
attempted due to the fact that this would significantly decrease the number of oxygen

vacancies, and it is these oxygen vacancies that are required for the ionic conduction.
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Figure 6.3 Powder X-ray diffraction data of attempted synthesis of “Ba,Sn,gYB,,054” with Y,O; impurity peaks
indicated
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Figure 6.4 Powder X-ray diffraction data for the attempted synthesis of (a) “Ba,SnY3B(,0s54”, (b)
“Ba,SnY 3Py 105" and (c) “Ba,SnY3S,0s,” with Baz;Sn,0, impurity peaks indicated

The three pure phases synthesised were analysed further to determine the lattice parameters
using the GSAS suite of programs.’ Space group P m -3 m was used in agreement with the
results found by Wang et al. and for other oxyanion doped compositions studied in this
thesis.” The tin, yttrium and the oxyanion were placed on the Ia site using the expected
stoichiometry from the weighed out amounts. The oxygen content was set to the expected
value from the oxidation states of the cations and was not refined due to the lack of sensitivity
of oxygen to X-rays. The refinement gave a good agreement with the collected powder X-ray
diffraction data. The following lattice parameters were obtained, Table 6.1, with the visual
representation of the observed, calculated and difference profiles for Ba;SngsYP(,0s¢ shown

in Figure 6.5 with the full structural data in Table 6.2.
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Table 6.1 Lattice parameters for BaSn,_,YX,0s5.,

Composition a (A)
Ba,SnYOs 5 4.24507(8)
Bazsno.sYP()_zosﬁ 42442(1)
Bazsno_sYSO_zosj 42597(1)
I I I I
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Figure 6.5 Observed, calculated and difference plots for structural refinement of Ba,Sn;gYS,,05; using X-ray
powder diffraction data

Table 6.2 Structural detail for Ba,SngYS(,05 7

. . 100 U
Site X y z Fraction ( Az)
Ba 1b 0.5 0.5 0.5 1 2.9(1)
Sn la 0 0 0 0.4 0.7(1)
Y la 0 0 0 0.5 0.7(1)
S la 0 0 0 0.1 0.7(1)
[0) 3d 0.5 0 0 0.95 2.9(3)
Space Group=P m -3 m,a=4.2597(1) A
WR, =5.02%, R, = 4.63%, y* = 1.168

The calculated lattice parameters showed changes on phosphate and sulfate doping consistent
with successful doping. For phosphate doping a decrease was observed, with an increase
observed on sulfate doping. The decrease in lattice parameter on phosphate doping can be
correlated with the smaller size of P (0.17 A) compared to Sn*" (0.69 A), which outweighs

the effect of the increased oxygen content.® The increase in lattice parameter on sulfate doping
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may be due to the higher charge of sulfate, leading to a larger increase in the oxygen content,
and this increased oxygen content outweighs the effect of the smaller size of S®" (0.12 A)

compared to Sn*".

6.3.1.1.2 Raman Spectroscopy
To confirm the presence of the oxyanions in the compositions, Raman spectroscopy data were

collected for Ba,SnggYPy,0s56 and Ba;SngsYSy20s7 and compared with Ba,SnYOs s, Figure

6.6.
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Figure 6.6 Raman spectra of (a) Ba,Sn;3YP;,05, (b) Ba,Sn;3YS,057 and (c) Ba,SnYOs 5 with bands due to
oxyanions indicated

The collected data showed a peak at 940 cm™ for Ba,Sng sYP»0s.¢ and a peak at 990 cm™ for
Ba,;Sny Y Sp,0s.7; these peaks are due to the stretching mode of phosphate for the former and
sulfate for the latter.”” ® As these peaks were not visible for Ba,SnYOs s they confirmed the

presence of oxyanions, however in this undoped phase additional peaks were seen at 390 cm™
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and 880 cm™ potentially due to an impurity phase; although this phase was not seen in the

powder XRD pattern.

The spectra of all the compositions show the presence of a range of Raman active bands;
these bands should not be Raman active if the composition was a perfect cubic perovskite as
the lattice sites all have inversion symmetry. As these bands are present, this indicates that the
structure for all the compositions is not locally cubic and further studies, for example total

scattering experiments are required to investigate in more detail this local structure.

6.3.1.2 Conductivity Measurements

Conductivity measurements were collected in dry and wet N, on all the samples, and
compared with Ba,SnYOss. All the compositions showed a high total conductivity with an
enhancement in wet atmospheres, indicative of a protonic contribution, Table 6.3 and Figure

6.7.

Table 6.3 Total conductivity data for Ba,Sn; ,YX,Os 54,

Conductivity (S cm™)
_ Sample 500 °C 800 °C
(nominal composition)
Dl’y Nz Wet Nz Dry Nz Wet Nz
Ba,SnYOs 5 1.0x10* | 32x10* | 74x10* |81x10™
Ba,SngsYP(,0s 48x10° | 12x10* | 2.8x10* 6.8x 10
Ba,SngsY S 205 7 43x10° | 12x10* | 23x10* 57x10™
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Figure 6.7 Conductivity data for Ba,SnygYP,,05¢ (circle), Ba,Sny3Y S ,057 (square) and Ba,SnY Os 5 (triangle) in dry
(filled) and wet (empty) N,

The collected conductivity data showed that on oxyanion doping the conductivity decreased.
This can be correlated with the lower number of oxygen vacancies due to the higher oxidation
states of phosphorus and sulfur compared to tin, and the tetrahedral coordination of the
oxyanions, which can lead to trapping of oxide ion vacancies. The difference between the
conductivities of the oxyanion doped compositions in wet and dry N, increases with
temperature whereas for Ba,SnYOss the difference decreases; further work is required to

understand why this is occurring.

As a p-type contribution to the conductivity was seen by Wang ef al. measurements were

carried out in dry O, to determine if there was also a p-type contribution to the conductivity in

the oxyanion doped samples, Figure 6.8.
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Figure 6.8 Conductivity data for Ba,Sn,gYP,,05¢ in dry N, (filled circle) and dry O, (empty circle)

The collected data showed that all samples exhibited a p-type contribution to the conductivity
at elevated temperatures, as found for the other electrolyte compositions in this thesis, due to

oxygen incorporation into the vacancies according to Vo**® + 0"+ 40, <> 200°.
6.3.1.3 Chemical Stability

6.3.1.3.1 CO; Stability

The first experiment to test the CO, stability was to use TGA to monitor the temperature at

which mass gain, formation of BaCOs, occurred under heating to 1000 °C at 10 °C min™

under a flowing mix of 1:1 CO;:N,. None of the compositions showed any mass gain under

these conditions.

The second experiment carried out involved heating the samples at 800 °C for 12 hours under

flowing CO; and then using powder XRD to observe if any decomposition had taken place,

Figure 6.9.
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Figure 6.9 Powder X-ray diffraction data (a) Ba,Sn,sYbP(,05¢ and (b) Ba,Sny3YbS,,0s; after heating for 12 hours
at 800 °C under flowing CO,

The XRDs show that the compositions are completely stable with respect to CO, at standard
operating temperatures for proton conducting SOFCs at this temperature, with no sign of

BaCO; formation.

6.3.1.3.2 Stability to Reducing Atmospheres

Murugaraj et al. found that under reducing conditions there is a change in the structure of
Ba,SnYOs s leading to oxygen vacancy ordering and the formation of the brownmillerite
structure, the same structure as Ba21n205.2’ ? Therefore Ba,SnpsYP( 1056, BasSngsYS20s5.7
and Ba,SnYOs s were heated under flowing 10% H; in N; at 1000 °C for 36 hours and powder

XRD was used to observe if there had been any change in the structure, .
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Figure 6.10 Powder X-ray diffraction patterns of (a) Ba,SnYOs 5, (b) Ba,Sn(3Y S ;057 and (c) Ba,Sn,gYP,,05 ¢ after
heating under 10% H, for 36 hours

The collected data showed that the structure of all three compositions changed to
brownmillerite from a cubic perovskite, although the sulfate composition did not seem

undergo complete change, with evidence for a mixed perovskite/ brownmillerite phase.

6.3.2 Oxyanion doped BazSnYbOs s

6.3.2.1 Structural Determination

6.3.2.1.1 Powder X-ray Diffraction

Following on from examining oxyanion doped Ba,SnYOss, it was decided to attempt
oxyanion doping of Ba,SnYbOss. Ba,SnYbOss has not been previously examined but
oxyanion doping of ytterbium doped barium cerate had proven successful in the previous
chapter. Initial compositions involved 10% oxyanion (borate, phosphate and sulfate) doping

for tin as proved successful for phosphate and sulfate doping of Ba,SnYOs 5 (section 6.3.1).
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Powder XRD patterns of the compositions after synthesis showed the formation of cubic

perovskites for all the attempted oxyanion doped phases, Figure 6.11.
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Figure 6.11 Powder X-ray diffraction data of (a) Ba,Sn,gYbB,,054, (b) Ba,SnysYbP,,05¢ and (c) Ba,Sny3YbS,,05;

Higher oxyanion contents were not attempted but following on from the successful
incorporation of boron, silicon doping was also attempted, which had proven successful for
Ba,In,Os. While the attempted silicon doped composition resulted in the formation of a cubic
perovskite phase, there was also the formation of Ba,SiO4 as an impurity phase, Figure 6.12,

and so this system was not examined further.
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Figure 6.12 Powder X-ray diffraction data for attempted synthesis of “Ba,Sn, 3YbSi;,055” with impurity peaks
indicated

Oxyanion doping for ytterbium was not attempted as oxyanion doping for yttrium had proven

unsuccessful, Figure 6.4.

Rietveld refinement was carried out on the three single phase compositions using the GSAS
suite of programs in order to obtain the lattice parameters.” The same space group, P m -3 m,
was used as for the yttrium analogues. The tin, ytterbium, phosphorus, sulfur and boron were
placed on the /a site using the expected stoichiometries and these occupancies were not
refined. The oxygen content was set to the expected amount from the cation oxidation states
and the occupancy and atomic positions were not refined. The refinement gave a good
agreement with the collected powder X-ray diffraction data. The following lattice parameters
were obtained, Table 6.4, with the visual representation and the complete description of the

refined model of Ba;SngsYbS(,0s5.7 shown in Figure 6.13 and Table 6.5 respectively.
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Table 6.4 Lattice parameters for Ba,Sn,_,YbX,Os 5.,

Composition a (A)
Bazsno_sYbBo_205_4 4.23 89(1)
Bazsno'sYbPo'zosﬁ 42290( 1)
Ba;SnosYbSy20s7 | 4.23936(6)

0.0

2.0 20.0 40.0 50.0 60.0 70.0 &na 90.0
28, deg
Figure 6.13 Observed, calculated and difference plots for structural refinement of Ba,Sn,sYbS, ;057 using X-ray
powder diffraction data

Table 6.5 Structural detail for Ba,Sn,gYbS,,05,

. . 100 U
Site X y z Fraction (A%

Ba 1b 0.5 0.5 0.5 1 1.94(9)
Sn la 0 0 0 0.4 0.87(8)
Yb la 0 0 0 0.5 0.87(8)
S la 0 0 0 0.1 0.87(8)

0 3d 0.5 0 0 0.95 3.1(2)

Space Group =P m -3 m, a=4.23936(6) A
WR, =4.00%, R, =3.60%, y° = 1.477

The compositions had a smaller lattice parameter than their yttrium analogues, consistent with
the fact that Y>* (0.9 A) has a larger ionic radius than Yb*>" (0.868 A).® The lattice parameter
was larger for Ba;SngsYbS(,0s5.7 than Ba,SngsYbPy,0s6, as seen for the yttrium analogues,
due to the lower number of oxygen vacancies in the sulfur composition. Ba;SnggYbB,0s 4

has a larger lattice parameter than Ba,Sng sYbP(,0s ¢ despite having a smaller ionic size and a
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larger number of oxygen vacancies and further work probing the local structure of these

compositions is required to explain this.

6.3.2.1.2 Raman Spectroscopy
To confirm the presence of oxyanions in the samples, Raman spectroscopy studies were

carried out on all the compositions, Figure 6.14.
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Figure 6.14 Raman spectra of (a) Ba,Sny3YbB,,054, (b) Ba,Sn,3YbP,,05¢ and (¢) Ba,Sny3YbS,,0s; with bands due
to oxyanions indicated

The Raman spectra of Ba,Sng g YbP;,0s¢ and Ba,SngsYbS( 2057 show the presence of a band
at 940 cm™ for the former, due to the internal stretching mode of phosphate, and 990 cm™ for
the latter, the symmetric stretch of sulfate, confirming their presence.” ¥ The spectra of
Ba,;SnsYbP,05¢ also contains a peak at 415 cm™! due to a bending mode of phosphate and
Ba,;SnsYbS 057 has two additional peaks at 450 cm'l, symmetric bend of sulfate, and 610
cm'l, asymmetric bend of sulfate.” ® The spectra of Ba,;SngsYbB(,0s54 does not contain a

separate clearly observed peak from borate doping, however there is a shoulder at 835 cm™
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which could be attributed to the symmetric stretch of borate consistent with the incorporation

of borate in the structure.'”

There are additional bands present, as seen for the yttrium compositions, which mean that the

structure is locally not cubic.

6.3.2.2 Conductivity Measurements

Conductivity measurements were collected in dry and wet N, to observe if there is a protonic

contribution in wet atmospheres to the conductivity. All the compositions showed a high

conductivity with a protonic contribution, Table 6.6 and Figure 6.15.

Table 6.6 Total conductivity data for Ba,Sn; ,YbX,Os 5.,

Conductivity (S cm™)

(nominaslacrtr)lrl:llgosition) S00°C 800°C
Dry N, Wet N, Dry N, Wet N,
Ba,SngsYbBy,0s.4 14x10% | 54x10* | 1.0x10° | 84x10"
Ba,SnysYbP,,0s,6 13x10° | 6.0x10° | 34x10* | 46x10"
Ba,SnsYbS),0s7 29x10° | 1.1x10* | 12x107 1.4x 107
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Figure 6.15 Conductivity data for Ba,Sn,gYbB,,0s 4 (triangle), Ba,Sn, sYbP,,05 4 (circle) and Ba,Sny3YbS,,05 5
(square) in dry (filled) and wet (empty) N,

Ba,SngsYbP( 056 had the lowest conductivity of the three compositions, however this could
be attributed due to the poor sinterability of this composition (60%) compared to the other
two (~75%) and heat treatments at a higher temperature failed to resolve this issue.
Ba,;SngsYbBy,0s4 had the best conductivity at lower temperatures however at higher
temperatures it had a similar conductivity to the sulfate doped composition. The
conductivities at 800 °C for the sulfate and borate samples were found to be superior to

BazsnYO5,5.

As a p-type contribution to the conductivity was seen for other samples in this thesis the
conductivity of the samples were collected in dry O, and compared with the results from dry

N, the data for Ba,;SnysYbS( 057 are shown in Figure 6.16.
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Figure 6.16 Conductivity data for Ba,Sn,gYbS,,0sin dry N, (filled circle) and dry O, (empty circle)

All the compositions showed a p-type contribution to the conductivity due to the introduction
of holes from the filling of the oxygen vacancies by oxygen according to the equation in

section 6.3.1.2.
6.3.2.3 Chemical Stability

6.3.2.3.1 CO; Stability

As CO, stability is an issue for perovskite proton conducting electrolytes for proton
conducting SOFCs, two experiments to determine the samples stability were carried out. The
first of which involved heating the samples (10 °C min™) under a flowing mix of 1:1 CO»:N,
to 1000 °C and observing using TGA at what temperature mass gain occurred. All these

compositions showed no mass gain under these conditions.

The second experiment involved heating the samples at 800 °C in a furnace for 12 hours
under flowing CO, and examining the powder XRD patterns for partial decomposition, Figure

6.17.
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Figure 6.17 Powder X-ray diffraction data (a) Ba,Sn,gYbB,,054, (b) Ba,Sny3sYbP,,056 and (c) Ba,SnygYbS,,0s .,
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after heating for 12 hours at 800 °C under flowing CO,

The collected data shows that all the compositions are completely stable to CO, under these

conditions.

6.3.2.3.2 Stability to Reducing Atmospheres

As the yttrium containing compositions all showed a change in structure upon heating in a
reducing atmosphere the ytterbium compositions were also heated at 1000 °C for 36 hours

under flowing 10%/90% H, in N, and the powder XRD patterns were examined for partial

decomposition/ structural change, Figure 6.18.
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Figure 6.18 Powder X-ray diffraction patterns of (a) Ba,Sn,gYbB,054, (b) Ba;Sn,sYbP,,056 and (c)
Ba,Sny 3YbS,05 7 after heating under 10% H, for 36 hours

Ba,SngsYbPy,0s56 and BarSngsYbSp,0s- formed a brownmillerite structure under these
conditions as seen for the yttrium analogues. However Ba,SngsYbB(,0s4 was found to be
completely stable under these conditions as it retained the cubic structure and showed no
change of this structure to a brownmillerite phase. This shows that Ba,;SngsYbB(,0s4 not
only retains the high conductivity seen for Ba,SnYOss, but it also has a better chemical
stability and suggests that Ba,SngsYbBy,0s4 has superior properties as an electrolyte in an

SOFC. Further work is required to investigate the conductivity of this phase in H,/N,
6.3.3 Oxyanion doped Ba:Sn1xTixYOs5
6.3.3.1 Structural Determination

6.3.3.1.1 Powder X-ray Diffraction
Titanium doping for tin was attempted to observe how this affects the properties of the
Ba,SnYOs s series. Initial doping was carried out at the 10% and 20% levels for tin giving
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compositions Ba;SngsTip2YOss and Ba,SngTip4YOss with the XRD patterns shown in

Figure 6.19.
(b)
< L L
> p— A A R v
2
Q
=
=8
o —L _L A A ~ A
20 40 60 80

20

Figure 6.19 Powder X-ray diffraction patterns of (a) Ba,Sn,gTi,,YOss and (b) Ba,Sng ¢Tiy4YOs 5

Higher titanium contents were also attempted, Figure 6.20, however this resulted in the

presence of Ba,TiO4 impurity alongside the cubic perovskite phase, showing that titanium

could not be incorporated above the 20% level.
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Figure 6.20 Powder X-ray diffraction pattern for the attempted synthesis of “Ba,Sn, 4Ti, Y Os5” with the peaks
related to Ba,TiO, indicated

After demonstrating that titanium could be incorporated successfully into the Ba,SnYOs s this
work was extended to doping oxyanions into this phase. Initial oxyanion doping was carried
out with 10% titanium and oxyanion content for borate, phosphate and sulfate, giving the
following compositions Ba,Sng 6Tip2YB 2054, Ba,Sng 6Tip2YP) 2056 and
Ba,;SngTip2YSp20s7. These stoichiometries resulted in the formation of pure cubic
perovskites although some peak broadening occurred at the base of the peaks in

Bazsn0.6Ti0_2YS()_205_7, Figure 6.21.
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Figure 6.21 Powder X-ray diffraction data of (a) Ba,Sng ¢Tiy,YBy 054, (b) Ba,Sny¢Tiy,YP(,05¢ and (c)
Ba,Sny ¢Tiy;YS).20s.7

As with Ba;SnYbO:s s silicon doping was attempted and resulted in the formation of Ba,;SiO4

impurity alongside a cubic perovskite phase, Figure 6.22, so this phase was not analysed

further.
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Figure 6.22 Powder X-ray diffraction data for attempted synthesis of “Ba,Sng ¢Ti,,YSij,0s5” with Ba,SiO4 impurity
peaks indicated

Rietveld refinement was carried out on the single phase samples synthesised using the GSAS
suite of programs to determine the lattice parameters. A structural model with space group P
m -3 m was used with the tin, yttrium, titanium and respective oxyanion placed on the /a site
with the expected stoichiometry from the weighed out amounts. The oxygen content was set
to the expected amount from the cation oxidation states. The refinements gave good
agreement with the collected data and the following lattice parameters were obtained, Table
6.7, and the observed, calculated and difference profiles for Ba,Sng¢Tip2YBy 2054 shown in

Figure 6.23 along with the complete structural details for this phase in Table 6.8.

Table 6.7 Lattice parameters of Ba,Sn;_, ,Ti,YX,Os 3.,

Composition a (A)
Bazsno‘sTio_zYOS‘s 42599(1)
BaZSn0_6Ti0.4Y05_5 4.2551 ( 1 )

Bazsno.ﬁTio_zYBo_zosA 4.24051 (4)
Bazsn0,6Ti0,2YP0_205_6 423406(9)
BaZSn0_6Ti0_2YS0,205_7 4.261 2(9)
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Figure 6.23 Observed, calculated and difference plots for structural refinement of Ba,Sn, ¢Ti,,YB,,0s4 using X-ray
powder diffraction data

Table 6.8 Structural detail for BastO.ﬁTiO.zYBO.205.4

. . 100 U
Site X y z Fraction ( Az)
Ba 1b 0.5 0.5 0.5 1 2.49(9)
Sn la 0 0 0 0.3 0.05(9)
Ti la 0 0 0 0.1 0.05(9)
Y la 0 0 0 0.5 0.05(9)
B la 0 0 0 0.1 0.05(9)
(0) 3d 0.5 0 0 0.9 4.1(3)
Space Group = P m -3 m, a = 4.24051(4) A
WR, =5.72%, R, = 4.99%, y* = 1.413

The cell parameter data showed some unusual variation with titanium content and oxyanion

doping which require further study to rationalise.

6.3.3.1.2 Raman Spectroscopy
To provide further confirmation that the oxyanions are incorporated in the structure Raman

spectroscopy data were collected on all the pure samples, Figure 6.24 and Figure 6.25.
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Figure 6.24 Raman spectra of (a) Ba,Sn,¢Ti,YOs5 and (b) Ba,Sn, ¢Tiy4YOs 5
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Figure 6.25 Raman Spectra of (a) BaZSn0.6Ti0'2YB0.205.4, (b) B32Sn0.6Ti0.2YP0'205.6 and (c) Bazsn0.6Ti0'2YSO'205.7 with
bands due to phosphate and sulfate indicated

The Raman spectra of the compositions with no oxyanions showed no peaks present due to

oxyanions, with the exception of a small peak at 990 cm™ that may indicate the presence of a
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small amount of carbonate in Ba;SnsTip2YOss. The phosphate composition showed a peak
at 940 cm™ due to the internal stretching mode of phosphate and the sulfate composition
showed a peak at 990 cm™ due to the symmetric stretch of sulfate, confirming the presence of
both oxyanions in their respective compositions. Ba;Sng¢Ti92YBo20s.4 showed no large peak
at 835 cm™ due to the symmetric stretch of tetrahedral borate, however on closer inspection a
shoulder at 835 cm™ on the band at 810 cm™ was observed when compared with the spectrum

for Ba;Sn gTip,YOs s, Figure 6.26, consistent with the incorporation of borate. 10
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Figure 6.26 Raman spectra of Ba,Sn,3Tij;,YOs5 (black) and Ba,Sn,¢Ti;,YB,0s4 (red) with the shoulder due to
borate indicated

As for the other compositions examined in this chapter, the presence of bands in the Raman
spectra indicate that the local structure is not cubic, despite powder XRD showing an average

cubic cell.
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6.3.3.2 Conductivity Measurements

Conductivity measurements were carried out on all the pure compositions in dry and wet N.
All the compositions exhibited a high conductivity with a significant protonic contribution in
wet Ny, Table 6.9, Figure 6.27 and Figure 6.28. At 800 °C the resistance of the composition

Ba,Sng ¢Tip2YP( 2056 was unable to be resolved however at 750 °C the conductivity was 7.8

x 107,
Table 6.9 Total conductivity data for Ba,Sn;.,,Ti,YX,Os s,
Conductivity (S cm™)
_ Sample 500 °C 800 °C
(nominal composition)
Dry Nz Wet Nz Dl'y Nz Wet Nz
Ba,Sng sTip,YOs 5 3.5x10° | 1.8x10* | 53x10™ 5.1x10*
Ba,Sng ¢ Tip4YOs 3.8x10° | 1.6x10* | 57x10" 56x10™
Ba,SngTig,YB20s.4 1.1x10% | 49x10* | 1.1x10° 7.2x10*
Ba,SngTig2YP205.6 57x10° | 2.4x10° - 1.5x10™
Ba,SngTip>YS205.7 33x10° | 1.7x10* ] 4.7x10* 6.1 x10™
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Figure 6.27 Conductivity data for Ba,Sn, gTi,,YOs5 (circle) and Ba,Sn¢Tiy4YOs 5 (square) in dry (filled) and wet
(empty) N,
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Figure 6.28 Conductivity data for Ba,Sn, ¢Ti,,YB,,0s 4 (triangle), Ba,Sn, ¢Ti;,YP(,0s5¢ (circle) and
Ba,Sny ¢Tiy,YS(,0s.7 (square) in dry (filled) and wet (empty) N,

The data for the conductivities found that doping with titanium for tin had little effect on the
conductivity values, most likely due to only a small change in the lattice parameter and no
change in the amount of oxygen vacancies. As seen for the oxyanion doped ytterbium
compositions, Ba,Sng¢Ti9p2YPy20s¢ had a lower conductivity than its sulfate and borate
analogues; however with these samples there was no difference in the densities of the pellets
suggesting that the phosphate compositions for both series have an inherently lower

conductivity. The origin of this needs further investigation.

As the other series investigated have shown a p-type contribution to the conductivity the

conductivities of the samples were collected in dry O, and compared with the results collected

in dry Ny, the data for Ba,;Sng ¢Tip,YPy,0s¢ are shown in Figure 6.29.
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Figure 6.29 Conductivity data for Ba,Sng ¢Ti,,YP(,05¢ in dry N, (filled circle) and dry O, (empty circle)

All the compositions showed a p-type contribution to the conductivity at elevated

temperatures due to oxygen incorporation according to the equation shown in section 6.3.1.2.
6.3.3.3 Chemical Stability

6.3.3.3.1 CO; Stability

The first experiment using TGA studies showed that none of the titanium compositions

gained mass under a flowing 1:1 mix of CO, and N, up to 1000 °C, similar to the results for

the other series in this chapter.

Similarly XRD analysis showed no evidence for decomposition after heating for 12 hours at

800 °C under flowing CO,, Figure 6.30 and Figure 6.31.
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Figure 6.30 Powder X-ray diffraction patterns of (a) Ba,Sn gTi,,YOs s and (b) Ba,Sn,¢Ti,,YOs s after heating for 12
hours at 800 °C under flowing CO,
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Figure 6.31 Powder X-ray diffraction data of (a) Ba,Sny ¢Tij,YB( 1054, (b) Ba,Sny¢Tiy,YP,,05¢ and (c)
Ba,Sng ¢Tij,YS .05, after heating for 12 hours at 800 °C under flowing CO,
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6.3.3.3.2 Stability to Reducing Atmospheres

As all the previous samples, apart from Ba,SngsYbB;,0s4, showed a change in structure
when heated in a reducing atmosphere, the titanium containing samples were also heated at
1000 °C for 36 hours under H,/N», and powder XRD was used to examine if there was any

brownmillerite formation, Figure 6.32 and Figure 6.33.
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Figure 6.32 Powder X-ray diffraction patterns of (a) Ba,Sn(gTi,,YOss and (b) Ba,Sn,Tij,YOs s after heating under
10% H, for 36 hours
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Figure 6.33 Powder X-ray diffraction data of (a) Ba,Sng ¢Tiy,YBy 1054, (b) Ba,Sn,¢Tiy,YP,,05¢ and (c)
Ba,Sn, ¢Tij,YS(,0s5.7 after heating under 10% H, for 36 hours

The data show that compositions with a titanium content of 10% were able to retain the cubic
structure under the reaction conditions used. However increasing the titanium content to 20%

was found to cause brownmillerite formation under reducing conditions.

Ba,Sng ¢Ti9,YBo2054 and Ba,Sng ¢Ti2Y So2057 were shown to retain the cubic cell, however
there is a change in the lattice parameter (the unit cell becomes larger) as the peaks shift to
lower angle relative to the phosphate compositions, and also the appearance of small peaks
that do not appear in the cubic structure. These small peaks match the peaks seen by
Murugaraj et al. suggesting that there may be some Sn/Y ordering occurring in these samples,

although this needs further investigation.”

6.4 Conclusions

Powder X-ray diffraction data collected on Ba,Sn;YXyOss:,, BaSn;YbX(Oss, and

BaSnj_yT1,YXOs 5+, showed that the compositions that formed a single phase had the space
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group P m -3 m and a lattice parameter in the range 4.22 A to 4.27 A. The lattice parameter
was found to decrease with increasing titanium, phosphate and borate content, but was found

to increase on sulfate doping.

Raman spectroscopy was carried out on all the samples and confirmed the presence of
oxyanions in the structure. The presence of peaks in the Raman spectra showed that the

structures were locally not cubic.

The conductivities were collected and all the compositions showed a high conductivity with a
significant protonic contribution in wet atmospheres. Titanium doping was found to have little
effect on the conductivity, while the oxyanion doped compositions were found to have a
lower conductivity, most likely due to a lower number of oxygen vacancies and/or trapping of

the oxygen vacancies by the oxyanions.

All the samples were found to be stable with respect to CO,.

Doping with phosphate and sulfate was found not to prevent the change to the brownmillerite
structure on heating in reducing conditions; however on borate doping an improved stability
was observed. Doping with 10% titanium was also found to lead to no change of the cubic
structure but increasing this level did lead to brownmillerite formation when heated under

reducing conditions.

The collected data suggests that these compositions do have potential for use as electrolytes in
proton conducting SOFCs, due to their improved stability alongside their high proton
conductivities. Further work is however needed to measure the conductivities of these

systems under H, and improve their sintering characteristics.
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Chapter 7 Synthesis and Characterisation of
(Cal/Sr).MnFe;4SiyO¢.5

7.1 Introduction

Perovskite structures have dominated recent research into new electrode materials for Solid
Oxide Fuel Cells (SOFCs) due to their generally high electronic conductivities and good
catalytic performance. Traditionally the substitution of the A-site cation, e.g. Sr for La, has
been the focus of doping studies.'™ In this work an alternative strategy is carried out, where
silicon is doped onto the B site as the silicate unit. Previous work has shown that on silicon
doping, StMnQO; adopts a cubic perovskite structure (for > 15% doping) whereas the undoped
analogue has a hexagonal perovskite structure.® This work was then extended to silicon doped
Sri.,Ca,MnOs, and the doping strategy was again found to improve the conductivity by
stabilising the more highly conducting cubic phase, due to the generation of oxygen vacancies
associated with silicon preferentially adopting a tetrahedral coordination, which led to the

partial reduction of Mn*" to give mixed valence Mn®'/Mn*"."®

Silicon doping has also been carried out on SrFeQOj3.5, which was shown to adopt a cubic unit
cell on doping, whereas the undoped composition had a tetragonal unit cell.” It was found that
the silicon doped compositions showed an improvement in conductivity and electrode
performance. This introduction of silicon to improve the conductivity is interesting as silicon
is usually considered detrimental to the conductivity of SOFC materials as it has been
reported to congregate at the grain boundaries to give insulating siliceous phases decreasing

the conductivity and lowering performance. 10-16

In this chapter we extend these silicon doping studies to examine the mixed Mn/Fe systems

(SriyCay)>:MnFeOg.5 to attempt to make new low-cost cathode materials (non rare-earth
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containing materials). Previous work carried out on undoped Ca,MnFeO¢s found that it
formed a cubic perovskite phase."” This work was extended to other compositions,
(Sr1.yCay)>:MnFeOg.5 by Nakahara et al., and for y = 0.8, 0.9 and 1 a brownmillerite structure
was observed, unlike the earlier study by Coates et al., while for lower values of y, a cubic
perovskite structure was observed.”® In this latter work there was no clear trend in
conductivity with composition according to the authors. The iron in Ca,MnFeO¢_s was found
to occupy the tetrahedral site and manganese the octahedral site. This formation of the
brownmillerite phase for Ca,MnFeOg_s was confirmed through further work by Ramezanipour
et al, and further studies by this group also found that CaSrMnFeOg.; formed an oxygen
vacancy ordered phase.lg’ 20 1n this chapter Ca,MnFeOg_5, StCaMnFeOg.5 and Sr,MnFeOg_5

were prepared and doped with silicon to examine the effect on structure and conductivity.

7.2 Experimental Procedure

(Ca/Sr),MnFe; SixO¢.5 were synthesised using a standard ceramic synthesis method.
Stoichiometric amounts of CaCOs (99%), SrCO; (99.9%), MnO, (99%), Fe O3 (99%) and
Si0, (99.6%) were ground together in an agate pestle and mortar and then heated at a
temperature of 1000 °C for 12 hours. The samples were then reground and fired at 1250 °C
for 12 hours. The resulting samples were then reground a second time, and pressed into a
pellet using a 13mm die set and a force of 10000 kg cm™, before heating at 1250 °C for 4
hours. The sample was then cooled to 350 °C and held at this temperature for 12 hours to
ensure full oxygenation. When powder X-ray diffraction data (Bruker D8 diffractometer with
Cu-Kao, radiation) confirmed the presence of a single phase, the GSAS suite of programs was

used to obtain unit cell parameters.”!
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Oxygen contents were estimated using thermogravimetric analysis on a Netzsch STA 449 F1
Jupiter Thermal Analyser by heating the samples at 10 °C min™ up to 1200 °C under N and
then held at this temperature for 30 minutes to reduce the iron and manganese oxidation states
to 3+, and thus allow the average metal oxidation state and the original oxygen content to be

calculated from the mass loss.

Conductivity data were collected using the 4 probe dc method. 4 platinum electrodes were
attached to the sample pellets using platinum paste and then heated at 800 °C for 60 minutes.
The samples were heated at 350 °C for 12 hours in air to ensure similar oxygenation

conditions. Conductivity measurements were taken from 800 °C to 350 °C at 50°C intervals.

In order to examine the potential of these materials for use as a SOFC cathode material,
chemical compatibility studies were performed with CGO. The compatibility studies
examined a 1:1 mixture of the sample and CGO, which were thoroughly mixed. The mixture
was then heated at 900 °C for 24 hours and then examined by XRD to determine if any

reaction had occurred.

To elucidate the potential of these materials as SOFC cathodes, symmetrical electrodes were
coated on both sides of dense CGO (CGO10 Sigma Aldrich) pellets (sintered at 1500 °C for
12 hours) using a suspension of the electrode and Decoflux™ (WB41 Zschimmer and
Schwartz) as binder material. The symmetrical cells were fired at 900 °C for 1 hour in air.
Afterwards platinum paste was painted on both sides and platinum electrodes were attached
and then heated at 800 °C for 60 minutes. Area-specific resistance (ASR) values were then
obtained under symmetrical air atmosphere in a two electrode configuration in a temperature

range of 350 °C to 800 °C by AC impedance measurements (PSM 1735 NumertriQ 35MHz
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phase sensitive multimeter) in the range 0.0001 to 10* kHz with AC signal amplitude of 100

mV, Figure 7.1.
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Figure 7.1 Impedance spectrum for CaSrMnFe 5Si ¢sO¢.5 at 350 °C in air

7.3 Structural Determination

7.3.1 CazMnFe1xSix0¢-5

7.3.1.1 Powder X-ray Diffraction

Powder X-ray diffraction data were collected and indicated the formation of a cubic
perovskite with a space group P m -3 m consistent with the formation of single phase
CaMnFe 4SiyO¢5 (for x = 0.05, 0.1, 0.2 and 0.4), Figure 7.2. At higher values of x an
impurity phase, which was unable to be assigned (but believed to be a calcium silicon oxide
phase), is formed alongside the cubic perovskite phase, Figure 7.3. This impurity phase did

not disappear with further heat treatments.
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Figure 7.2: Powder X-ray diffraction data of (a) Ca,MnFe ¢5Siy 050¢.5, (b) Ca,MnFe¢Siy 0.5, (¢) Ca,MnFe, ¢Sij,04.5
and (d) CazMnFEO.SSi‘)AO@g
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Figure 7.3: Powder X-ray diffraction data of “Ca,MnFe, sSi;50¢.;” with impurity peaks indicated

The synthesis of undoped Ca,MnFeOg¢_s was also examined and resulted in the formation of a

perovskite phase according to the powder XRD pattern, Figure 7.4.
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Figure 7.4: Powder X-ray diffraction data of Ca,MnFeQyq_;

The collected data suggested the formation of a cubic perovskite in agreement with Coates et
al. rather than the later published work by Nakahara et al. and Ramezanipour et al., this
difference in structure may be caused by differences in the oxidation state of manganese/iron,
in particular there was a low temperature anneal in the present study to maximise the oxygen
content.'®? Despite the appearance of a peaks relating to a cubic phase there was some peak
broadening occurring compared to the silicon doped compositions, potentially indicating a

small deviation from cubic symmetry.

7.3.1.2 Thermogravimetric Analysis
Thermogravimetric analysis (TGA) was carried out to determine the oxygen content and
hence the average B-site metal cation oxidation states for Ca,MnFe;SixO¢.5, Table 7.1 by

observing the mass loss under heating in a N, atmosphere.
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Table 7.1 Oxygen content and B-site metal oxidation state of Ca,MnFe, Si,Oq_;

X % Mass Loss | Oxygen Content Aveor)a:ig(;eatl?(—;lt; tl,:[[:tal
0 2.52 5.44 3.44

0.05 1.86 5.34 3.33

0.1 1.92 5.38 3.35

0.2 1.71 5.39 3.32

04 1.57 5.46 3.33

Ca,MnFeOg_s was found to have an average B-site metal oxidation state of 3.5 consistent with
manganese not being reduced to Mn®" and thus preventing the formation of the brownmillerite
structure, as Nakahara et al. found the average B-site metal oxidation state in brownmillerite-
type Ca;MnFeOg_; to be 3.06." On addition of silicon the average B-site metal oxidation state
was found to decrease, although all the silicon doped samples had similar average Mn/Fe

. . 7
oxidation states.

While the silicon reduces the average transition metal oxidation state, it does not form the

brownmillerite structure, as the overall oxygen content remains significantly above 5.

7.3.1.3 Rietveld Refinement

A structural model with a space group of P m -3 m was successfully refined, using the GSAS
suite of programs, against the collected diffraction patterns of the pure phases. The
manganese, iron and silicon were all placed on the /a site using the expected stoichiometric
amounts. The oxygen content was set to the amount calculated from the TGA analysis. Lattice
parameters and goodness of fit parameters are presented in Table 7.2. The refined data for
CaMnFe( ¢Si,0s5.39 are shown in Table 7.3, with the profiles showing observed, calculated

and difference plots in Figure 7.5.
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Table 7.2 Cell and goodness of fit parameters for Ca,MnFe,_,Si,O¢ 5

X a(A) WR, R, XZ
0 3.7789(7) 4.45% 3.60% 1.655
0.05 3.77171(5) 3.05% 2.40% 1.063
0.1 3.77162(4) 3.04% 2.38% 1.200
0.2 3.77399(4) 3.87% 3.07% 1.144
0.4 3.77584(4) 4.21% 3.32% 1.099
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Figure 7.5 Observed, calculated and difference plots for structural refinement of Ca,MnFe,¢Si;,05 39 using X-ray
powder diffraction data

Table 7.3 Structural detail for Ca,MnFe,¢Si; ;0539

. . 100U
Site X y z Fraction ( Az)

Ca To 0.5 0.5 0.5 T 2.1(1)
Mn la 0 0 0 0.5 0.75(1)
Fe la 0 0 0 0.4 0.75(1)
Si la 0 0 0 0.1 0.75(1)

(0] 3d 0.5 0 0 0.898 5.5(2)

Space Group = P m -3 m, a=3.77399(4) A
WR, = 3.87%, R, = 3.07%, > = 1.173

The lattice parameter was found to decrease from Ca,MnFeOg; to the 1* silicon doped
compositions although with further increases in silicon content the data shows an increase in
lattice parameter in disagreement with the smaller ionic size of silicon (0.26 A) compared to
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manganese (Mn®* 0.645 A and Mn*" 0.53 A) and iron (Fe’* 0.645 A, Fe** 0.585 A).”* As the
oxidation state stays constant with increased silicon doping this increase cannot be explained
by a reduction of Mn*" and Fe*" to the larger Mn®* and Fe’" ions. However the oxygen
content has increased on increasing silicon content reducing the amount of oxygen vacancies
in the system and therefore this maybe the origin for the small increase in the lattice

parameter.
7.3.2 CaSrMnFe1-xSix0¢-5

7.3.2.1 Powder X-ray Diffraction

Powder X-ray diffraction data were collected and show the formation of a cubic perovskite
phase with a space group of P m -3 m for CaSrMnFe, SixO¢.s5, where x = 0.05, 0.1 0.2 and
0.25, Figure 7.6. Higher values of x were not attempted due to the decrease in conductivity

seen as the silicon content increased past 0.2, section 7.4.2.1.

Intensity (A.U.)

20 ()
Figure 7.6: Powder X-ray diffraction data of (a) CaSrMnFe ¢5Siy 95055, (b) CaSrMnFe ¢Siy 1O, ()
CaSrMnFe, §Sij ,04_5 and (d) CaSrMnFe 75Sij,504.5
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Undoped CaSrMnFeOg.5 was also synthesised and was found to adopt a cubic perovskite

phase, Figure 7.7, in agreement with the results found by Nakahara ez al.'®
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Figure 7.7 Powder X-ray diffraction data of CaSrMnFeOQyg_;

7.3.2.2 Thermogravimetric Analysis

Thermogravimetric analysis was carried out on the compositions to determine the oxygen
content, from which the average B-site metal cation oxidation state could be calculated, the
results of which are shown in Table 7.4, indicating no systematic trend in oxygen content on

silicon doping.

Table 7.4 Oxygen content and B-site metal oxidation state of CaSrMnFe,_,Si,O,

X % Mass Loss | Oxygen Content Avg;g;agc-);ltse tl;f[[eetal
0 2.27 5.46 3.46

0.05 2.46 5.53 3.51

0.1 2.15 5.48 3.46

0.2 1.63 5.42 3.36

0.25 1.72 5.47 3.39
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7.3.2.3 Rietveld Refinement

A structural model with space group P m -3 m was refined using GSAS against the collected
powder X-ray diffraction data. As with the Ca,MnFe; Si,O¢5 compositions the manganese,
iron and silicon were all put onto the 1a site with the expected stoichiometric amounts. The
calcium and strontium were put onto the 1b site with the occupancies set at 0.5, and the
oxygen fractional occupancy was set to the value calculated from the TGA data. The cell
parameter data from these refinements are shown in Table 7.5. The refined structural data of

CaSrMnFe sSi,0s 4, are shown in Table 7.6, with the profiles showing observed, calculated

and difference plots in Figure 7.8.

Table 7.5 Cell and goodness of fit parameters for CaSrMnFe,_,Si,O,

X a(A) WwR, R, X
0 3.80826(9) 2.62% 2.03% 1.281
0.05 3.80942(5) 2.76% 2.10% 1.616
0.1 3.81074(5) 2.64% 2.06% 1.233
0.2 3.81263(4) 2.59% 2.04% 1.254
0.25 3.80908(6) 2.94% 2.30% 1.127
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Figure 7.8 Observed, calculated and difference plots for structural refinement of CaSrMnFe gSij ,05 4, using X-ray

powder diffraction data
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Table 7.6 Structural detail for CaSrMnFe gSiy ,05 .4,

. . 100 U
Site X y z Fraction ( A?)

Ca 1b 0.5 0.5 0.5 0.5 0.33(8)
Sr 1b 0.5 0.5 0.5 0.5 0.33(8)

Mn la 0 0 0 0.5 0.70(9)
Fe la 0 0 0 0.4 0.70(9)
Si la 0 0 0 0.1 0.70(9)

[0) 3d 0.5 0 0 0.903 2.2(1)

Space Group = P m -3 m, a=3.81263(4) A
WR, =2.59%, R, =2.04%, > = 1.254

The lattice parameter was found to increase with increased silicon doping, with the exception
of CaSrMnFe 75519250547, which had the lowest lattice parameter. Further work is required to

investigate these samples in more detail to explain these results.

7.3.3 SrzMnFe1xSix06-5

7.3.3.1 Powder X-ray Diffraction
Powder XRD data were collected on SroMnFe; SiO¢5 compositions for x = 0.05, 0.1 and
0.2, showing the formation of a pure cubic perovskite phase, Figure 7.9. Higher values of x

were not investigated, due to a silicon content greater than 0.1 lowering the conductivity.
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Figure 7.9: Powder X-ray diffraction data of (a) Sr,MnFe 5Sig ¢sOy, (b) Sr,MnFe,Siy 10, and (c) Sr,MnFe,sSi),0y

Undoped Sr;MnFeOgs was also successfully synthesised and formed a cubic perovskite

phase, Figure 7.10, in agreement with the work of Nakahara et a
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Figure 7.10 Powder X-ray diffraction data of Sr,MnFeOq_5
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7.3.3.2 Thermogravimetric Analysis
To determine the average oxidation state of the B-site metal cations thermogravimetric
analysis was carried out and the resulting mass loss was used to calculate the average

oxidation state of the B-site metal cations, Table 7.7.

Table 7.7 Oxygen content and B-site metal oxidation state of Sr,MnFe,_,Si,O¢_5

Average B-site Metal

0
X % Mass Loss Oxygen Content Oxidation State
0 2.22 5.52 3.52
0.05 1.91 5.47 3.46
0.1 2.10 5.54 3.51
0.2 1.41 5.42 3.36

On increasing the silicon doping there was no clear trend in the B-site metal oxidation state as
the intermediate silicon content sample, Sr,MnFe¢Siy 035, has the highest oxygen content

and B-site metal oxidation state.

7.3.3.3 Rietveld Refinement

Rietveld analysis, using the GSAS suite of programs, was carried out on powder X-ray
diffraction data of the silicon containing compositions using a model with a space group of P
m -3 m. As for the previous series the manganese, iron and silicon were placed on the /a site
using the expected stoichiometric amounts and the oxygen fractional occupancy set to the
amount calculated from the TGA data. The unit cell lattice parameter and goodness of fit
parameters are shown in Table 7.8. The refined structural data for Sr,MnFe(gSip,0s.4, are
shown in Table 7.9, with the profiles showing observed, calculated and difference plots in

Figure 7.11.
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Table 7.8 Cell and goodness of fit parameters for Sr,MnFe,_,Si,O¢_s

X a(A) WR, R, ¥
0 3.84527(5) 3.44% 2.55% 2.125
0.05 3.84363(4) 3.66% 2.62% 1.836
0.1 3.85107(2) 3.40% 2.61% 1.345
0.2 3.85502(5) 4.26% 3.17% 1.762
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Figure 7.11 Observed, calculated and difference plots for structural refinement of Sr,MnFe ¢Si, ,05 4, using X-ray
powder diffraction data

Table 7.9 Structural detail for Sr,MnFe, gSi;,05.4,

. . 100 U
Site X y z Fraction ( Az)

Sr 1b 0.5 0.5 0.5 1 0.30(7)

Mn la 0 0 0 0.5 0.6(1)
Fe la 0 0 0 0.4 0.6(1)
Si la 0 0 0 0.1 0.6(1)

(0) 3d 0.5 0 0 0.903 0.5(1)

Space Group = P m -3 m, a =3.85502(5) A
WR, =4.26%, R,=3.17%, y* = 1.761

Initial silicon doping appears to lower the lattice parameter, in agreement with the smaller
ionic radius of silicon; however the lattice parameter increases with further increasing silicon

content as seen for the calcium analogues. This trend is unusual, and cannot be explained by

-203 -




an increasing oxygen content or the oxidation state of the B-cation metals as there was no
clear trend found for the TGA data of the Sr,MnFe;.,Si\Oy series. Therefore further

investigation is required to explain these cell parameter variations.

7.4 Conductivity Measurements

7.4.1 CazMnFe1xSix06-5

7.4.1.1 Conductivity Measurements
The conductivities of the silicon doped samples, along with undoped Ca,MnFeOg¢;, were

measured in air, Figure 7.12.

The data shows an improvement in the conductivity upon silicon doping up to
CaMnFe(6Siy10s 38, after which the conductivity decreased upon increasing silicon doping
with the lowest conductivity observed for Ca,MnFe ¢Sig40s.46. The decrease in conductivity
upon higher dopant levels is most likely due to the silicon disrupting the Mn/Fe-O network.
The initial improvement upon silicon doping is potentially due to Ca,MnFeOg s having some

local Mn/Fe or oxygen vacancy ordering, which disappears upon silicon doping.
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Figure 7.12: Temperature dependence of the electronic conductivity data for Ca,MnFe,_Si,O¢_5
7.4.1.2 Compatibility Tests
In order to determine if these materials could be used in high temperature SOFCs the

compatibility of all the samples with CGO was measured with the results for

Cale’lFCO.QSiOJOi}g shown in Figure 7.13.
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Figure 7.13 Powder X-ray diffraction pattern of Ca,MnFe,Sij ;0533 and CGO with CGO peaks indicated

The data show that at 900 °C the Ca,MnFe;,Si,O¢_5 series does not react with CGO and thus

suggests that it could potentially be used as a cathode material with a CGO electrolyte.

7.4.1.3 Area Specific Resistance
To determine the cathode performance of these materials, they were deposited on a sintered
CGO pellet as outlined in the experimental procedure. The area specific resistances were then

collected and are shown in Figure 7.14 and Table 7.10.

-206 -



0.8 - S
-
¥
0.6
0.4 T T T T T
0.90 0.95 1.00 1.05 1.10 1.15 1.20

1000/T (K)
Figure 7.14 Temperature dependence of the area specific resistance of Ca,MnFeOg_; (star), Ca,MnFe 95Sij,95s05.34
(circle), Ca,MnFe, ¢Sij ;0535 (square), Ca,MnFe, §Si ,05 39 (diamond) and Ca,MnFe ¢Sij 405 4¢ (triangle)

Table 7.10 Area specific resistance of Ca,MnFe,_ ,Si,O¢.; at 700 °C

< Area Specific
Resistance (Q cm™)
0 35.9
0.05 18.5
0.1 8.8
0.2 23.6
0.4 19.4

CayMnFe(4Siy10s538 was found to have the lowest area specific resistances below 800 °C in
agreement with it having the best conductivity at these temperatures. Undoped Ca,MnFeOg_ 5
had the worst area specific resistance showing that silicon improved the cathode performance
in all the samples. The performance of Ca,MnFeSip40s4¢ was better than the
Ca,MnFe ¢S1),0s 39 samples despite the lower electronic conductivity, and further work is
required to investigate why this is the case; possible explanations could be an improved oxide
ion conductivity or electrode morphology, and so further studies including microscopy studies

are warranted.
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7.4.2 CaSrMnFe1-xSix06-5

7.4.2.1 Conductivity Measurements
Conductivity measurements were carried out in air on the silicon doped samples, and

compared with undoped CaSrMnFeOg_s, Figure 7.15.
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Figure 7.15 Temperature dependence of the electronic conductivity data for CaSrMnFe,_Si,O¢_5

The collected data shows no obvious trend with increasing silicon content. The undoped
system has a cubic perovskite structure and on initial silicon doping there is a reduction in
conductivity. There is then an increase in conductivity for CaSrMnFesSip,0s4, before a
decrease for the highest silicon content. The unusual variations in conductivity warrant further

study.

7.4.2.2 Compatibility Tests
To determine if these samples can be used as cathodes in SOFCs their compatibility with the
electrolyte CGO was investigated with the data for CaSrMnFe 9Sij 105 45 after heating at 900

°C with CGO shown in Figure 7.16.
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Figure 7.16 Powder X-ray diffraction pattern of CaSrMnFe ¢Siy 10543 and CGO with CGO peaks indicated

All the samples showed no reaction with CGO after heating at 900 °C indicating that these

compositions are potentially suitable for use as cathode materials in a CGO SOFC.

7.4.2.3 Area Specific Resistance
The materials were deposited on CGO pellets as outlined in the experimental procedure
section and their performance as cathode materials was analysed by measuring the area

specific resistance data, Figure 7.17 and Table 7.11.
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Figure 7.17 Temperature dependence of the area specific resistance of CaSrMnFeO, (star), CaSrMnFe, ¢sSij 9505 53
(circle), CaSrMnFe ¢Sij 1 Os 45 (square), CaSrMnFe gSij,0s 4, (diamond) and CaSrMnFe, 15Si 2505 47 (triangle)

Table 7.11 Area specific resistance of CaSrMnFe,_,Si,O¢_; at 700 °C

< Area Specific
Resistance (€2 cm'z)
0 2.21
0.05 10.3
0.1 8.8
0.2 27.9
0.25 16.6

In this case increasing the silicon content was found to increase the area specific resistance.

Despite CaSrMnFe Sip,0s.4> having the best conductivity it was found to have the highest

area specific resistance across the temperature range measured. Further work is required to

clarify these results; including microscopy studies to investigate changes in morphology as

well as the possible presence of amorphous secondary phases.
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7.4.3 SrzMnFe1xSix06-5

7.4.3.1 Conductivity Measurements
Conductivity measurements were carried out in air on the silicon doped samples and

compared with undoped Sro,MnFeOy, Figure 7.18.
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Figure 7.18 Temperature dependence of the electronic conductivity data for Sr,MnFe,_Si,O¢_5

The data showed that doping with silicon at low levels initially improves the conductivity
before a decrease at higher levels, the latter attributed to the silicon disrupting the Mn/Fe-O
pathways and so decreasing the conductivity. Nonetheless the conductivities of all the silicon

doped systems were higher than the undoped system.

7.4.3.2 Compatibility Tests
To determine if these samples could be used as cathode materials their compatibility with

CGO was analysed with the data for Sr,MnFe(9Sij.1Os.54 shown in Figure 7.19.
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Figure 7.19 Powder X-ray diffraction pattern of Sr,MnFe Si; ;0554 and CGO with CGO peaks indicated

The samples all showed no additional peaks, indicating no reaction between the perovskite
and CGO, thus suggesting that the SroMnFe;SiyOs; series could be used as a cathode

material with CGO as the electrolyte up to 900 °C.

7.4.3.3 Area Specific Resistance
To determine the cathode performance of the samples the area specific resistances of the

samples were measured and compared with SroMnFeOy, Figure 7.20 and Table 7.12.
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Figure 7.20 Temperature dependence of the area specific resistance of Sr,MnFeO, (star), Sr;MnFeg ¢5Sig 9505 34
(circle), Sr,MnFe ¢Siy 10533 (square) and Sr,MnFe Siy 0530 (diamond)

Table 7.12 Area specific resistance of Sr,MnFe, ,Si,O¢ ; at 700 °C

< Area Specific
Resistance (Q cm™)
0 24.7
0.05 11.0
0.1 2.9
0.2 0.5

The collected ASR values were found to decrease with increasing silicon doping. Thus
SroMnFesSip,0s39 has the lowest area specific resistance despite having an inferior
electronic conductivity to Sr,MnFe(¢Sig 105353, which may relate to either improved oxide ion
conductivity or improved electrode morphology. Further work is needed to investigate these

results in more detail to rationalise these observations.

7.5 Conclusions

Powder X-ray diffraction showed that silicon could be doped into CaMnFeOgs,

CaSrMnFeOg_5 and Sr;MnFeOg_; and resulted in the formation of cubic perovskites with space
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group P m -3 m. Thermogravimetric analysis was used to determine the oxidation states of the
manganese and iron and found that the compositions had mixed valences, average B-site
cation oxidation state in the range 3.32 to 3.51. In this respect Mdssbauer studies would be
useful to determine the iron oxidation states and hence by inference the manganese oxidation

state.

Conductivity measurements showed that for Ca,MnFeOgs and SroMnFeOgs there was a
general improvement on initial silicon doping, with a decrease at higher silicon contents
attributed to the silicon disrupted the Mn/Fe-O network. For the CaSrMnFeOg_; series there
was no systematic trend in conductivity with increasing silicon content. These conductivities

are however inferior to those found for other silicon doped electrode materials.

Chemical compatibility tests with CGO showed that all the samples showed no evidence for

reaction with CGO at 900 °C.

The area specific resistances of the compositions on a CGO pellet were measured and showed
some interesting results, with the lowest values observed for the SroMnFe; ,SixO¢.5 series.
Further work is, however, required to examine these series in more detail; this would include
different synthesis routes to yield higher surface area samples, as well as examining
composite electrodes with a CGO electrolyte. Microscopy studies are also required to

investigate the morphologies of the electrodes.
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Chapter 8 Conclusions and Further Work

8.1 Conclusions

Phosphate and sulfate were shown to be successfully incorporated into Ba,Sc,.,Ga,Os and
adopted a cubic perovskite structure P m -3 m. The conductivities of selected samples were
collected and showed a high ionic conductivity with a protonic contribution and the water
occupancies were obtained and showed that not all the oxygen vacancies could be filled. The
stabilities of the samples in CO, atmospheres was found to superior to doped barium cerate

and improved with increasing gallium content.

This work was then extended to the strontium analogues which also adopted a cubic structure
and a higher gallium content could be incorporated than for the barium series. The samples
were found to be stable with respect to CO, at standard operating conditions for SOFCs. The

conductivity data showed a lower ionic conductivity than seen for the barium series.

It was shown that phosphate could be doped into various trivalent doped barium cerate
compositions and adopted a perovskite structure and that not all the oxygen vacancies could
be filled with water. All the samples exhibited a high conductivity with a protonic
contribution albeit lower than their non-phosphate analogues and there was no improvement
seen in the CO; stability of the compositions apart from for the indium doped samples which

showed an improvement with increasing indium content.

BaySni_«YXOs 547, BasSn;YbX,Oss+, and Ba,Sn;,Ti,YX,Os5:, were analysed and were
found have formed a single phase with the cubic perovskite structure. The conductivities
showed that on oxyanion doping the conductivity was lowered although on borate doping the

stability of the system to reducing conditions was improved.
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Silicon doping into Ca,MnFeOg_5, CaSrMnFeOg 5 and Sro;MnFeOg.5 was shown to lead to the
formation of single phase cubic perovskites with a mixed oxidation state on the B-site. The
conductivities were generally found to improve with initial silicon doping and then decrease
at higher silicon contents. Chemical compatibility tests were carried out with CGO and the

compositions showed no reaction with CGO.

8.2 Further Work

To improve the understanding of the local structure of all the oxyanion doped electrolyte
materials solid state NMR could be carried out. This would enable the oxygen atom positions
to be determined and help explain some of the conductivity and water content results. Neutron
powder diffraction could also be used on dry and wet samples to determine the vacancy
positions and also the positions of protons in the hydrated samples. Modelling studies to

examine the energetics of the hydration reaction around the cations would also be of interest.

The specific fuel cell performance of all the samples could be determined by running full fuel

cell tests and therefore determine the viability of these materials for use in SOFCs.

The barium stannate samples conductivities under flowing H, should be collected to
determine how reducing conditions affect the conductivity and working on improving their

sintering characteristics and how this affects the performance.

The specific oxidation states of iron and manganese in Ca,MnFeO¢;5, CaSrMnFeOgs and
SryMnFeOgs could be determined using Mossbauer spectroscopy. To improve the
understanding of the area specific resistance tests microscopy could be used to investigate the
morphologies of the samples. Also different synthesis methods to increase the amount of

surface area or using composite electrodes, with CGO, could also be analysed.
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