UNIVERSITYOF
BIRMINGHAM

Anion Substitution in Perovskite Related
Materials For Fuel Cell Applications

By
Cathryn Hancock

Supervisor: PraPeter Slater

Collaborative Supervisor: Dr John Varcoe

A thesis submitted to The University of Birmingham

for the degree of Doctor dPhilosophy

The 8hool of Chemistry
College of Engineering and Physical Sciences
The University of Birmingham

Sept2012



il. Abstract

The work presented in this thesis focuses on two different structures, the Ruddlesden Popper
and perovskite which have shown promise as catalysts in fuel cell devices.

The Ruddlesden Popper materials have interesting structural properties allowimpgps$iséle
incorporation of anions within the interstitial site§he possible incorporation evater and fluorine
into these interstitial sites was investigated for the systeb@NiO., N&NiQ.., LaCuQ. and
SkFe0y.,. Successful fluorination was achieved for each system, leading to a range of new oxide
fluoride phases. In the case of water incorgtion, the most interesting resulte/ere observedin
LaNiO.. . For this system, largemounts of water wereshown to beincorporated usingan indirect
method which involved fluorination of the material®llowed byion exchangeThis is the first time
such a method has been demonstrated.

The work on the perovskite materials (SrCeOSrMnQ, SrFe@and CaMnG) focused on
doping with various oxyanionglfosphate, silicate and sulphate). It was discovered that small
amounts of oxyanion dopingould be achieed, whichcaused dargeincrease in the conductivity.
This increase wasorrelated either to a phase change on doping or in the case of the CaMnO
material due to theresultant electron doping. The phase changes were analysed by diffraction
techniqueswhich also showed evidence of thermal stability issuesofganion dopedsrCoQ@ This
thermal instability could be overcomby codoping with iron albeit to the detriment ofthe
condulctivity.

Electrochemical tests were performed to determine if the matkr would be of uses
cathode materialgn fuel cells. From preliminary tests CaMndas detemined to have the most
promise as it had the highest onset potential compared to the other materidsrther
improvements in this material could be achievedaigh doping with Run situfuel cell testswere

performedwhich produced encouraging resultsterms of the power densities obtained
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1. Introduction

1.1. The Need for New Energy Production

Currently moselectricalenergy is produced from the burning of fossil fuels as seé&igure

1. This is leading to problems in terms of increasing greenhouse gas emissions.

O Oil B Gas O Coal O Nuclear B Hydroelectricity O Renewable energy

Figurel: Worlds enegy consumption by resources 20[).

Moreover, assupplies of these fossil fueldwindle and the populationincreasesit is

necessary tamprove the efftiency of our energy productida)].

Tablel: Population and energy demands, 4].

Year World Population (Billions) Energy (Million tonnes of oil equivalent)
1965 3.3 3766.9
1970 3.7 4945.3
1975 4 5766.7
1980 4.5 6624.0
1985 4.85 7137.5
1990 5.3 8108.7
1995 5.7 8577.9
1999 6 9151.4
2006 6.5 11087.8
2009 6.8 11363.2

With further research liere are many different types of enerdgchnologiesthat could
replaceour reliance onfossil fuels Examples includeenewable energiesuch as solar and wind

1



farms Such renewable sources are, however, limited by tm@rmittency of supply, and so there is
still the need for other means of electrical energy generasoch asusing hydrogen in fuel cells.
These fuel cells are highly efficiedévices for the convsion of chemical energy into electrical
energyand can beadapted to both small and large scale applications.

1.2. History of the Fuel Cell

Despiterecentinterest in fuel cellsthey are not a new technology as they have been around
for 200 yeard5-7]. Research in this area can be dated backh® 180G with work by two British
scientists Sir Anthony Carlisle and William Nicholson. These tenatists discovered the inverse of
the fuel cell process, the decomposition of water into its constituent pdryslrogen and oxygen
using electricity5, 8].

By 1838 another British scientist named William Grove, who is considered to be the father of
the field, created the first fuel ce[b, 6, 9, 10]. He disovered that by immersing two platinum
electrodes into sulphuric acidand with the other ends sealed in a hydrogen and oxygen
atmosphere a constant current would be produced along with a rise in the water &y, 8]. He
realised that the next step of combining pairs of electrodes in series wealdt in a higher voltage
He called his creation a gas batteapnd this waghe first fuel cell.

Grove thought the process of his battery occurred at the point of contact between the
electrolyte, electrode and gasgsut could not explain this furthei8]. The processes involved were
later explained by Friedrich Wilhelm Ostwald in 1893 anditispiredfurther researcH8].

The next main accomplishmeoame from Thoms Francis Bacorin 1933 he had begun his
research into alkaline fuel cells using hydrogen and oxygefuel and oxidant respectivelg, 9]. In
1939 he managed to produce a fugdll usinga nickel electrode at a high pressure of 28 which
was used aboard World War Il submarii8. This research was carried on further to produce
expensive but reliable cejlsvhich caught the attention of Pratt and Whitney in 1958. These cells

were then used to power the on board electrosiforthe Apollo space missiofS, 6]. With funding



from Marshall Aerospace, Bacon managed pduce a5kW fuel cell consisting of40 cells
operating with60% efficiency8].

The development ofpolytetrafluoroethylene PTFIEin the 195G helped developedthe
aqueous electrolyte fuecell to its current formand in 1959 a 15kW, 1008 cell systemas made for
use in a tractor by Harry Ihri®, 9]¢ . & GKS mMdpcnQad RAFFSNByld FdzS¢
different electrolytes such as molten salts by Baur, G H. J Broers and .JA. A Ketelaar with
further developments using ceramic materials bWeissbart and RRuka[6, 8, 10].

In the past 10 yeaa there has been an increasepnblicawareness ofuel celswith the first
fuel cell cars becoming availabl&aple 2). Mobile applications such as methanol fuel cells for
powering of laptops and mobile phones have also been devel§®etll]. In addition natural gas
fuelled systems (opeting at elevated temperatures >580) are also being developed for the

household market as replacement for gas boilers.

Table2: Types of fuel cell cafs].

Manufacurer Year Fuel Cell Autonomy/Speed
DaimlerChrysler 2008 Hybrid Fuel Cell and battery =~ 483 km185 km/h
FiatPanda 2007 Nuvera 200 km130 km/h
Ford HySeries edge 2007 Ballard 491 km160 km/h
GM Provoq 2008 GM 483 km160 km/h
Honda FCX Clarity 2007 Honda 570 km160 km/h
Hyundai {Blue 2007 Fuel Cell 600 km165 km/h
Morgan LIFECar 2008 QinetiQ 402 km137 km/h
Peugeot H20Origin 2008 Intelligen Energy 300 km
Renault Scenic FCV H2 2008 Nissan 240 km161 km/h
Mitsubishi SX4CV 2008 GM 250 km150 km/h
Toyota FCHddv 2008 Hybrid Fuel Cell and Battery =~ 830 km155 km/h

1.3. How Fuel Cells Work

All types of fuel cell operate in the same way. Fuel cells consist of two electrodes, an anode
and cathode thathave an electrolyte sandwiched between them. The fuel cell operates in the same
way as a batteryn that an electrochemical reaction tek place. However the difference between

them is that in afuel cell the fuel and oxidant arsupplied continuouslywhereas inthe battery

o



these are stored in limited quantities in the electrod&3nce ths supply has been exhausted the
battery then needs to be recharged or thrown aun contrastfor fuel cells operation iscontinuous
as long as the fuel and oxidant are supplied.

In order to explain how duel cell operatesthe proton conducthg polymer electrolyte
membrane fuel cell will be used. The fugbically hydrogen gass supplied at the anode where the
hydrogenis oxidisel. The electronpass through an external electrical circuit (producing the power
for many different applications) to the cathode. Meanwhile the protangyrate through the
electrolyte to the cathode. Once the electrons and protons arrive at the cathoele whll combine

with the oxygerto produce water. This is demonstratedfigure2.

Load
2 Y 2e
=1 P . i
CR— e Anode: 2H, — 4H* + 4e
N Cathode: O; + 4H* + 4e- — 2H,0
N - Overall: 2H; + O; — 2H,0 + Electrical Energy
H B
gp 9| ®
e wf
> [0

Figure2: Diagramto showhow a fuel cell operates.

1.4. Types of Fuel Cells

There are 5 main types of fuel ceFuel cells are classified by the type of electrolyte that
they use anckach type haglifferent main applications. These 5 fuel cells can be split into high or
low temperature classesvhich are determined by their temperaturef operation. A summaryf

the 5 types of fuel cell ishown inFigure3.



Cathode
Fuel Cell Anode Cathode
H, <= O,
AFC/ 2H, + 40H — 0, + 4e + 2H,0 —
AAEMFC 4H,0 + 4e 40H-
H,/ICO ¢ ©2/C0; MCFC 2H, + 2C0;% — 0,+ 2C0, + 4 —
2H,0+ 2CO; + de- 2C0;%
H, O, PAFC 2H, — 4H" + de O;+4e +4H -
H,0 2H,0
H, 0, PEMFC Hy—2H*+2e- | 0.50;+2H *+ 2" —
H,0 H,0
SOFC | 2H,+20% - 2H,0 | O, + 4e — 202
H,/CO 0, +de-
Figure3: Summary othe different fuel cell types.
1.4.1. Alkaline Fuel Cell (AFC)
Francis Thomas Bacon started experimenting with alédfidzSf OSf t &[5]AHE (G KS ™

first working large scal@uel cell was created in the 195@nd it provided 5kW power using a nickel
anode, lithiated nickel oxide cathode and 30 wt% aqueous KOH 4200 5MP§7]® . & (G KS wmdc r
Pratt and Whitney had licensed Ba®rpatents and won the National Aeronautics and Space
Administration (NASA) award tpower the Apollo spacecrafts]. Other applications usingFG
included a farm tractor equipped with an Allis Chalmers AFGFR Ay GKS wmMpTtnQa Iy |
operated by Karl Kordeshl2]. However this success was short lived. Evevugih the system
performedwell, there was a sigficant problem with it being commercialised as it is very sensitive to
carbon dioxide poisoningand has since largely beesupersededdy the development othe PEMFC
[12]. However, the AFC was used for many years by the space industz$  (r&iabiity( Buf
recently NASA hdscused orthe PEMFCL3].

The electrolyte of this fuel cell ia potassium hydroxidesolution, which has typical
concentrations of 30%KOH[12]. There are foudifferent types of AF@nd some of thesdawe
mobile electrolyteg14]. Mobile electrolyte systems pump the electrolyte around the system as seen

in Figure4 [12] and[14].
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Figure4: Schematic of the mobile electrolyte system
According to R€f12] Elsevier permissian

This systenhas advantageas the water and heaby productcan be removedl12]. It also
allows the electrolyte to be easily replaced. The electrolyte has to be removed and chaggéstly
because if carbon dioxide is introduced into the system from the air intakell react with the KOH
to produce BCQ as seen irequationl and2 [7] and[12].

Equatonl  CQ+ 20HMy 63* i HO
Equation2 2KOH + GO ,CQ¥ HO [7],[12] and[14]

This reactiorcauses problemas it lowers the amount of Olih the electrolyte meaning the
conductivity decrease§l4]. In addition he carbonate is less soluble so precipitates out, which
blocks the pores in the cathode and redadée surface areaand so in turn the reaction rate
decreaseq14]. Scrubbers can be used to decrease the amount of carbon dioxide entering the
system, but it will never remove all of it. It also means that eraipment is needed, which will
increase costsThe fact that the electlyte is liquid based means thabdre aremore chances of
leaks while the concentrated KOH electrolyisalsocorrosive[14].

The secondtype adopt astatic electrolyte Figure5), where the electrolyte is held in a
matrix, usually asbestos, which gives it excellent porosity, strength and corrosion resistance.

However there are safety issues due to e ofasbestosand alsohigh cost factorsdue to the



need to use pure oxygenms it is very difficult to remove the electrolyte if it reacts with the carbon
dioxide. The water is removed by circulating hydrogen through the electrolyte, but therstidire

problems wih managing the water level44].

Electrical
load
S — 48 —

f 7
/T = O
\ Hz + Hy0 H0 WE
. < i D
W'E_:::_:!t <] |: T‘;Z?E
7 Z

Asbestos membrane
filled with KOH

Figure5: Schematic of an alkaline fuel cell with a static electro]§ts.

Thethird type ofliquid electrolyteAFC that uses KOHs the dissolved fuel alkaline fuel cell
(Figure6). It is one of the easiest to manufacture as there is only one seal between the air cathode
and the electrolyte and the electrolyte is very easy to refill. However the fuel used is sitala
hydrazine,and sincethese compounds can be toxic and explosités type of fuel cell isot used

for high power generatioybut only for demonstrationg14].
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Figure6: Schematic of a dissolved fuel alkaline fuel.cell
According to R€f16] Elsevier permissian

The final type of AFC whidtasrecently generateda lot of researchis the alkaline anion
exchange membrane fuel cell which is analogous toREMFCbut with an alkaline rather than
acidic polymer electrolyteThe membraneontairs positive ionic groupgypically with a quaterngy
ammonium functional groups, for example pdyMe;, with mobile negatively chargetydroxide
ions A membrane which has shown promising results is Sufrgg A @S Nd@nayiirign€hyl
FYY2yAdzY O2yidlAyAy3 {ynX {pn IFoRe 7){ which HdleRA | (A 2
thermochemical stability up to 8C, and conductiviies that reach 0.06Scthat 66°C when fully

hydrated(comparable with proton conducting polymérs

Poly

H T N*Me,
H

Figure7: Chemicaktructure of the Benzyltrimethylammonium.



C 2 NJ 'heré @deamany different materials théiave been used ithe electrodes to get
desirable results. At firshickel electrodes were usedind now other metals like copper and
platihum have been impregnated into the electrofig and [12]. Alloys with platinum havealso
been investigated and given good results with only bn@adings of the platinumlgss than
0.3mgcn?) [7]. In determining the best material a number of factors need to be considered,
particularly thebalance between price and performanfE7]. There areno standard materials but
the most common electrodes are rolled electrodéd], which are carbon supported catalysts mixed
with PTFE and rolled onto a matersaich asickel mesH14].

As already mentionedhe AFQraditionally hasbeen shown to haveome disadvantages in
that it needs pure oxygen and hydrogen to prevent carbon dioxide poisoning, the electrolyte has to
be replenished and the water has to be removed from the anodi&8]. However with the
introduction d polymer electrolytesnary of these problems are negatelbr examplethis negates
the use of KOH which means that there is no need to replace the electrolyte as it will not be affected
by the carbon dioxide poisoninghis éso has the benefit of makirtpe fuel cell entirely solid state
meaning that there are no leakagéhere arealsomany advantages to these of AFG, due to the
fact that the dectrodes and electrolyte argenerallyinexpensiven that they may contaimon Pt
group metal catalystdor both the anode (e.g. Ni) and cathode (e.g. A§) 20]. This can be related
to the fact thatthe catalytic processes are more favourable under alkaline conditicoragared to
acidic)especially for the oxygen reduction reaction attbathode[18]. Finally AAEMFGg#lkaline
Anion Exchange Membrane Fuel Cai§ muchY 2 NB (0 2 f S NLgydsi diz2NJ] aBenHNELSt S
reformed from ammoniat generally contains traces of Ni¥hich can poison the PEM compared to
the tolerant alkaline membrang21].

There are many applications that AF@an be used for. Mostl they are used in low
temperature applicationswith the majority being in theportable andtransport area as stated

before.



1.4.2. Polymer Electrolyte Membrane Fuel Cell (PEMFC)

¢tKS LRfe@YSNI St SOUNRtR@GS YSYONYyS TFdzfeétricOST ¢
in the USA for use by NASAaimanned space vehicle, Gemjgj 17]. The Gemini spacecraft used a
1kW fuel cell stack as an auxiliary power souwsnd it also provided cleanrihking water for the
astronauts[7]. Unfortunately there were problems with the water management in the electrolyte, a
polystyrene sulfonate polymewhichcaused NASA tthange taalkaline fuel cellnstead[2, 7].

In the 1980s and 19%0there were significant advances in PEBIBYCtwo companies Balh
Power Systems of Vancouver, Canada and Los Alamos National Laboratory in fig]U%dday
current densities of 8504 are achieved at 0.7V per cell with the hydrogen and oxygen at 65psi
while over 500A/ft is obtainedusing air at the sampressure[17] compared to the 74A/ftat a cell
voltage of 0.65V that was produced on the Gemini spaaé [22].

The electrolyte used is a solid polymer membrane. The membmrarst commonlyused is a
fluorinated sulfonic acid polymecalledNafion® which is produced by DuPorit;has a fluorocarbon

backbone with sulfonic acid groups attached &&gure8 [2].

_[(c:cmFQ)X—((leCFz);}n
OCF2-(|3F—OCFQCF2—SO3H
CF,

Figure8: Chemical formulaf Nafior®[23].

This ion exchange membrane is an excellent conductor of protons and is an electronic
insulator[2]. The acid groups af@mly attached to the polymer but the protons frorhése groups
are free to move througithe membrane provided the membrane is suitably hydrateehich is why
it is a good proton conductd®]. There are other membranes that have been developed by DOW,

Aciplex, Gore and Asahi Chemjtait Nafior®is still the most widely used].

10

2}



These membranes are usually saturatedth water to keep the conductivity highas
conduction is mainly via#9". It is a problem to keep the membrane properly hydrated as when
each proton igdragged through the membrane it brings with it some water moleguidsch dries
out the anode and over saturates the cathod@. This sensitivity ovater management means that
the temperature cannot go over 6G, asotherwiseit will causethe electrolyteto dry out One way
of improving the water management is to humidify the gases going into th¢7gell

Both of the electrodes have to be porous to ensure that the reactant gases get to the active
zone which is thethree phase boundary between the gas, catalyst and dtextrolyte The best
materials for the reaction at the cathode arplatinum based catalysts gisrsed on carbolij7]. As
these catalysts are expensjvether less expensive cayats have been researched, although Pt
remains the dominant material commercially.

The anode also uses platinum based catalystg because ofpotential poisoning from
impure hydrogen it camot use pure platinum. This means usually an alloy of platinud an
ruthenium is usedthe latter will help to oxidiseany carbon monoxideontaminant in the fuel gaat
lower temperatures. A way to prevent using alloys and have just platinum is to have a gas clean up
system which cabe built inbetween the fuel suppland the fuel cel[7].

From research intdhe alloying of platinum andurther developments with the Nafia®
conducting membranethe power densityhas been graduallyimproved while the loading of
platinum has beendecreased.n additionby optimising the catalyst and electrode structure the
platinum loadings were further decreased fromm@@cn? to 0.2mg/cnf while maintaining current
densities in excess of 1A/érat 0.7V[17].

As mentionedthe cost of the platinum is a disaaintage as well as the poahing of this
catalystby impurities in the fuelbut progress in mitigating these problems has been mbgeising
the alloyed materials. Water management is also a problem due to the conductivity loss which was

explained earlief18]. There are however many advantages to this type of fuel cell as it has the
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highest power density of all fuel cell types, it has good s&iop capabilities and it is a good
portable devicedue to the lowtemperature operatior{18].

The applications are primarily suited for residential/commercial (business) and transport
applications[2]. In 1993 the first fuel cell powered bus was demonstrated asidce then others
have beemrmade whichhavethe same capabilities as a normal §ag]. Such buses have undergone
detailed trials in many cities worldwide.

1.4.3. Solid Oxide Fuel Cell (SOFC)

E Baur and HPreis were the first to experiment with solakide electrolytesn the 193G.

They experimented with zirconium, yttrium, cerium, tanum and tungsten oxide. Thfrst
operation of their fuel cell at 106C was achieved in 1938]. Unfortunately unwanted chemical
reactiors occurred between the components]. This however, did not stop progress orsolid oxide
fuel cells as in the 1958 researchwasaccelerated at the Central Technical Institinethe Hague,
Netherlandg6].

The firstcommercialdemonstrationmodel was operatedn the Netherlands in 1998. The
demonstration finished in 2000 but in this time 16,612 hours had been accumulated by the 100kW
unit built by Siemens Westinghou$&7]. Sibsequentlya newdemonstrationfuel cellwas built by
Siemens Westinghousi a year of operation the 220kW SOQR@ich ran on natural gaschieved
an efficiency of 60%®].

The dectrolyte of this fuel cell is solid, specifically a hard non porous ceramic compound.
Due to the high temperature(500-100C°C)used in SORCmanyceramics are conductive enough to
give good overall cell performancEhere are three maistructure typesexamined for use aSOFC
electrolytes, which include the fluorite, perovskite and more recently the apatite structukégufe

9).
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Figure9: Structures of different electrolytes for solid oxide fuel del-fluorite, b=perovskite and
c=apatite)

The most commoly usedis the fluorite systemwith the ionic conductivitydue tooxideions.
One of themost favoured materialsis yttria stabilised zirconia {8% ¢ stabilised ZrQ YSZJ6]. In
ZrQ there are 2 oxide ions to every zirconium ion but y®sYthere are 1.5 oxide ions to each
yttrium ion. This means thahe introduction of Y in place of Zr leadsuwacancies in the structure
These vacancies allow the conductionoadide ions from the cathode to the anode the fuel cell
system while the dopant also stabilises the cubic lattice, which further improves conductivity over
undoped Zr@|[6]. There are other stabsing dopants which can be used which include CaO, MgO,
Y05, Se0s, NAO;, SmO; and YBO; [6]. Other popular fluorite materials include CeQ based
systems e.g. (C&gsSMm 1501025 (CQIGHh1)Or o5 (CR85Y0.15)O1o25 and (Ce edC@12)O1gs TO a large
extent CeQbased systems are replacing Z&3 the favoured fluorite electrolyte, due to the higher
conductivity of the former. Perovskite materials have also proved popularincludng
La.SkGa.,M0,Os./.,> and BECe o5Yy 05Oz 975 and newer systems such apatite materialshave
attracted attention. The latterare typically doped lanthanum silicates/gesimates, such as
Lay.o(SiQ)s. AMgQ)0.302.4, La 5(GeQ)s s(AlG,)0.s0, and Lay(SiQ)s(GaQ)O.5[6, 24-28].

SOFC anodes are usuallyeMictrolyte cermets. Generally an anode material of NiO/YSZ is
usedwith an electrolyte of YSZvhereas NiO/SDC $D@&Cerium oxide doped with samarium) and
NiO/GDC GDCGCerium oxide doped with gadolinium) anode materials ased with ceria based
electrdytes [6]. On exposure to the fuel at the SOFC operating temperature (€50@he NiO
reduces to Ni metal hich provides the required electron conductivity and catalytic performance.
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The cathode has to be stable laigh temperaturesn oxidising atmosphereso only noble
metals or electronially conducting oxides can be used. Perovskites mamlybeen invesigatedin
this respect. &nthanum strontium manganites L&kMnO; (LSM) and lanthanum calcium
manganites LaCaMnO; (LCM) give good thermal expansioratch to the electrolyteand have a
good performance at high temperaturefg], although at temperatures below 0D°C their
performance drops significagtl Consequently for the lowebQ0-700°C) regionalternative Fe and
Co based perovskites have been investigated

There have been many differeBOF@esigngo allow thesuccessfuproduction of fuel cell
stacks.These different SOFC designs can be split into 2 different types: the supported and the self
supporied. The supporteddesignusesa substrate to provide the cellvith mechanical stability
whereasthe self supporteddesignusesone of theelectrodes as a support structure for the other
components in the ce[l7].

One designype is the tubular desig(Figurel0) developed by SiemenA#/estinghouse. The
advantageof the tubular design is that it has a self sealing structure which improves the thermal
stability and also means that gooskalantsare not necessary. Tubular SOFCs can be supported or

self supported and the gas flow can be either parallel or perpendicular to the axis of thigtuthe

Cathode interconnection

) Electralyte
Air
electrode
(cathode)

Ar Tl o Fuel electrode (anode)

FigurelO: A self supported tubular SOFC design with parallel gaq 28w
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The planar designF{gurel11) is howevermore efficient and cheapeto producethan the
tubular designas its current path is shortgleads to dbwer | R lossand it is easier to stack. However
finding good sealantfor such cellds a problem. This design, isowever,being developed by

number of companies

Current flow

interconnect
anode
‘ electrolyte
Fue/
cathode
Repeat interconnect
Unit

Figurell: SOFC planar desi¢#0].

A design which combines the advantages of the previous two designs is the long monolithic
planar cdl (see Hgure 12). The cathode and the interconnection material are shaped into a long
planar structure with the electrolyte sprayed optovering thecathode completelyand finally the
anode is placed onto the electrolyte film. This gives it a short current pathhaaias iteaser to

stack[7].
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Exterior view of
the fuel cell

Anode
Electrolyte

;Current collector

\ Ni felt
—_
_\_
Cathode

Interconnection Air Fuel

Fgure 12: SOFC long monolithic planar cell
According to Reff7] Elsevier permission

There are nany alvantages and disadvantages 80OFE& Carbon monoxide and carbon
dioxide arenot a problemallowing greater fuel flexibility @¢-br hydrocarbon fuels, .g. hatural gas)
in operation In additionthere isno need forexpensive catalysts due to the high temperature
operation The main problem is théigh temperatures of around 60Cto 1000°C, which causes
problens due to materials degradation, cell sealing &melneed for goodnsulation.

There are many applicationtbat SOF€are usedfor, e.g. generators for large scale power
plants or smaller scale power plant®r emergency power generato®]. They arealso being
developed for transport applicationspecifically auxiliantruck power unitsto provide electric
power for on road useand heating and cooling when thé&uck has stopped[17]. The main
commercial target at gesent though is the housing market, as combined heat and power systems to
replace gas boilers.

1.4.4. Molten Carbonate Fuel Cell (MCFC)

Molten carbonates were used as electrolyiesfuel cellssince the mid 20 century[7]. By
the 196G two scientists named G. HBjoers and J. A.. Ketelaar reported to have made a molten
carbonate fuel cell which ran for 6 months. At the same time Francis Bacon wasalsog on

developing his moltecarbonatefuel cell[5].
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Molten carbonate fuel cells have coma long way since then,with the largest
demonstation model in SantaClara. A 2MV unit was un on natural gas from 1996 to 199i
achieved a maximum output of 1.BBN with an efficiency of 43.6%and was connected to the grid
for 4100 hourq17]. This efficiency can be significantly increased if the waste heat produced by the
cell is used for other power generatiolm this way he efficiency could be increased to 8%2h This
fuel cell plant was built by the Energy Research Corporadiad theyare now building smaller units
of 250V [17].

Many different fuels can be used for the MCR@ich include hydrogen, carbon monoxide,
natural gas, propane, landfill gas, marine diesel and simulated coal gasification pri@jlucts

The electrolyte is a verynportant component in the MCEQ provides the ionic transport of
the CQ® and it alsoseparates the reactant gas and gives it a perimeter seal form§&tjnIn the
past the electrolyte was a XdQ/K,CQ mix. This, however, was too corrosiveas most of the fuel
cell components degraded in this melt. The mikat was used & a replacementwas a
LL,CQ/Na,CQ melt, which is slightly more alkaline making the dissolution of the anode and the
cathode lowel[7]. Theelectrolyte is suspended in an inert matrik2 & i O 2 YLYAR2f 7831]

The standard operating temperature of a MCFC is around780fC. It is optimal to work at
the higher temperature end, asven a small change of temperature from 668@ 600°C can cause
the cell voltage to drop 15%ue to increased ionic and electrical resistance and a reduction in
electrode kinetic42]. Due to the high temperatures thare needed for this fuel celthe selection
of materials for the fuel cell isnportant. Important things to consider are the degradation, sealing
and thermal expansion. Nickel, cobalt and iron based alloys or chromium/aluminium alloys have
been proverto be most stabldor the electrodeq7].

Due to the high temperature that occurs within the fuel ce#ixpensive platium based
metals are not neededsince cheaper non precious metal catalysts have good catalytic activity at
these temperaturesThe cathode is usually made from N7, 31]. There is a problem with using

NiO as its particles grow over time leaching into the electrolyte which may cause short circuiting of
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the cellresulting n a fuel loss and also a decrease in the active surface [@r&&d]. To solve this
problem small amounts of magnesium can be added to the cathode and the electrolyte to increase
stability [7]. The electrolyte matrix could be changed which could decrease the problem or the
cathode material could be changdd]. Alternatives have been found in doped lithiunansition
metal oxide materials like LiFeOLIMNQ and LiCo@and they can also be combined with NiO to
form double layered electroddg, 31].

Anodes are also made out of nickel but are alloyed with eitheorACr to stop the Ni
leaching outas it does in the cathode. This combinatimfithe ceramic and the metdlelps toavoid
the sintering, pore growth and shrinkage of the Ni mdtgl There is a disadvantage as these
materials are expensive to fabricate so a éwwost process isequired[7].

As inother fuel cellghere are many advantages and disadvantigethis specific fuel cell.
The main advantages includiee factthat many different fuels can be used, the waste heat can be
used for cogeneration applicationand finally that expensive platim catalysts are not needed
[18]. However there are disadvantages which include the corrosiveness of the molten electrolyte,
degradation and lifetime issues because of the corrosive materials, the relatively expensive materials
(such as the current collectors made from nickel clad on Iletsénsteel)to combat the high
temperature of the fuel celland finally carbon dioxide recycling has to be implemented from the
anode to the cathod¢18§].

The best applicationf this type of fuel celis for stationary continuous ugd 8], but in the
YAR MbppnQad GKS ! { I N¥yeé& az2oAfAide 9ldALIYSyld wSasStk
to use in theirmobile applications[5]. In general, however MCFCs have bsapersededy SOFCs
as the favoured high temperature fuel cell.
1.4.5. Phosphoric Acid Fuel Cell (PAFC)

Acid electrolytes have been used for years in fuel cells. Grove hiosadf sulphuric acid
(HSQ0 FT2NJ KAa abDlFa .| GGSNEE¢ elegfrolyey whichare hshdiirgfdey | £ £ & 1

cells today were not that attractive due to the phosphoric acid @RPQ) not being as good a
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conductor of electricityas other acid$5]. Now, however, the PAFC is the most widely uskglid
acid electrolyte fuel celind one of the fewypes offuel cells thais commercially availablEs, 32).

{AYyOS GKS mMdpTtTnQa Y2NB GKFIYy pnn t! C/ LR&SN LI
Some of the most important developers include UTC ¢edls, Toshiba and Fuji Electric. One of the
largest to be built is a 11MW PAFC power plant for Tokyo Electric Power Co inwhighnwas
operated for more than 230000 hours for a 6 year period between 1991 and 1887 32]. The
typical efficiencies of these types of fuel cells are around 4@hough theefficiency increases to
over 70% in combied heat and power applications, 18, 32].

The electrolyte usedas already mentioneds HPQ. The HPQ is contained in a Teflon
bonded silicon carbide matrix to malseire that the reactant gas crossover is minimisasiwell as
to keep the electrolyte in plageand also preide its mechanical strengtlp2, 18]. In the past the
electrolyte wasnot pure because otherwise material corrosion would occur, but nove doi
developments in material synthesis 1004 Q, can be used32]. Due to pure BPQ being usedthe
temperature of the fuel cell must be above °@asotherwise the HPQ would solidify, whilegoing
above 216Cresults inan unfavourable phase transition which renders it use&8§ this means the
ideal operating temperaturés between 18210°C[2].

Both the anode and the cathode ardgtinum base catalysts dispersed on a carbon based
support[7]. The cathode has ligher loading of around 0.5m@n? compared with he anode which
is around 0.1rg cm? [33]. A hydrophobic backing layer of polytetrafluoroethylene (PTiEEsedto
prevent flooding of the electrodesvhile ensuring the best degred gas diffusionj7, 32].

PAFG have their advantages and disadvantages with the other types of fuel cellh&
electrolyteis cheapwhich is an advantagéut the disadvantage is that thplatinum electrodes are
SELISYyardSd ¢KS 2GKSNJ Ry GlF3Sa 2F t! Cc/ Qa AyOf d:
and electrochemical stability, low electrolyte volatil[], reliability andthe fact that it is anature
technology[18]. The disadvantages include the corrosive electrolyte and the susceptifilitye Pt

catalyststo carbon monoxide poisoning§g].
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The applications of this fuel celle for premiumreliable power applications (eg. backup
power systemswhich include banks antospitals and computing. Most of theAFCplants are
between 50 to 200kVéystemd18§].

1.5. Materials for Use asElectrode Catalysts in Fuel Cells
1.5.1. Platinum

Platinum so far is the best catalyst for use in low temperature fuel cells. Unfortunately due
to the expense of this material it is highly desirable to find a cheaper replacement.

Generallythe platinumcatalystis formed of small particles on a surface of a lasydystrate
typically a carbon powder which acts as a support. This means that the platinum is highly divided
and spread out so there is a higlurface area in contact with the reactant. This allows a lower
catalyst loaihg which helps to reduce coster example from 28mg/cimwhen the fuel cells were
first being developegto 0.2mg/cnf in the more recent fuel cell84].

Apart from the control of the particle sizehdre are other methods to improve the
performance ofplatinum, for example reports have indicated that by tuning the particle shape to
hexagonalthere is an enhanced activity for the oxygen reduction react[84].

Another method that can be used is alloying the platinum with other elements. This is
necessary for the anode electrodas if carbon monoxide enters the cell it will absorb to the
platinum which blocks the sites and reduces the efficiency of the fuel cell. One of the most used
elements to combat this problem is rutheniyrand while itimproves the efficiency it is alsan
expensive materigi34].

1.5.2. Perovskites

The perovskite structure, named after the Russian mineralogist Lev Aleksevich von Perovski,

who discovered CaTids frequently adopted bgnaterials with the general formula ABO
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Figurel3: Cubic grovskite structurdGreen = A, Blue octahedral = B and Red = Oxygen)

In an ideal cubic perovskit&igurel3) the larger A cation is eardinated to 12 anions and
located in the body centre of the unit cell. The smaller B cations are located at the corner of the unit
cell and are octahedrallgo-ordinated to 6 anions. The oxygen anions are found halfway along the
unit celledges

To determine whether the perovskite structure is feasible for a particular compound the
Goldschmidt tolerage factor (t) can be calculated from the ionic ra@R)of the A, B and O ions as

seen inEquation3 [33, 35-37].
Equation3

This tolerance factoallows a prediction of the relevant strain withthe structure and the
consequent symmetry of the system. For a perfect cubic perovskite, the tolerance factor should be
close to 1. If the B ion is too large the tolerance factor will decrease resultisigain relief by in
tilting of the octahedron and hence an orthorhombic cell is typically observed where t is in the range
0.8<t<0.9. However if the size of the B ions are smaller than the A ions it results in a higher tolerance
factor t>1.0 which,typicaly gives rise to a hexagonal structure containing face sharing of the
octahedra rather than corner sharing as for the ideal perovdidg: 35-38]. For verylow tolerance
factors the perovskite structure will not form.

Many perovskites can alter their symmetry when heated. An example of this is SkGmD

can exist as three different structurg®rthorhombic, hexagonal and cubidepending on the
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temperature Figurel4) [39, 40]. The origin of these changes, particljaat the high temperature
region, is loss of oxygen leadito partial reduction of C6to Cd* and a consequent change in B
cation site size and hence tolerance factdrhe orthorhombic phase is metastable and cannot be
obtained by slow cooling buinly by quenching the high temperature cubic phase from 1206
liquid nitrogen. Tks brownmillerite-type structure (a perovskite type material with alternating layers
of octahedra and tetrahedra due tordered oxygen defects resulting in a general formula &@s)

is stabilised by high spin £oOnce heated tére is an intake of oxygen awdidation of C3 to Cd"*

to produce the hexagonal pha$&9d].
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Figurel4: Different structures of perovskite bas&tCoQ@at different temperatures.

Perovskites are promising materials for use as solid oxide fuel cell cathodes due to their
many advantageous properties. The most relevant of these tneir generally high electronic
conductivities and catalytic activittowards oxygen reductiorf41-45]. One feature that makes
perovskites so attractive to researchers is their ability to accommodate a wide vafiggtions,
which gives a wide range of doping possibilitigkich can be explored to optimise the properties

Perovskites used in solid oxide fuel cells include thehkmim strontium manganates

(LasnNMnQy (LSM), lanthanum strontium ferrates (La, 8k (LSF) and lanthanum strontium
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cobalt iron oxides (La,Sr)(€Ee)Qy (LSCF) and other Co, Fe and Mn containing syqtemd1, 42,
46-48]. While nost of the researclon perovskite systembas focused ortathode applications in
SOFCs,there is growing interest in perovskite ¢$gms for SOFC anodes for example
L&75Sh.2ChsMNos0s  [49],  SE(Y,LaTiQ  [50, 51, LasSc:SeiTodds [52, 53,
La;SkTi;iMny sGay 50575 [54] and BaZyCe 1Yo.1Yh 105, [55, 56]. In addition there has been growing
interest in the potential to use perovskite systems in low temperature fuel cells. In partitidar
improved catalytic activity in alkaline conditions over acidic has promoted interest in their potential
application in alkaline fuel cells. In this respect promising preliminary results have been reported for
L&sSksCoQ, LaoeShoNiO; [57], La,ACOQ (A=Ca,SH58], Cada3MnO; [59] and PpeCa MnO;
and Lg¢CaCoQ[60, 61].
1.5.3. Ruddlesden Popper Phases

Ruddlesden and Popper were the first to investigate the series of titanategeneral
formula Sk.1ThOsn41[62, 63]. A range of other systems can be prepared with similar structures and
this led to he series of compounds with the general formulg®,0s,.1 being known as the
Ruddlesden Popper plses. Generally the A cationeigher an alkalinesarth or rare earth metal ion
with B atransition metal. The structure is made of gonsecutive perovskite layers (AN
alternating with rock salt layers (AO) along the c direction. This formula can be represented as
(AO)(AM@), with n representing the number of connected N Octahedralayers(Figurel5) [33,
64]. Thevalue ofn can be increased from Which corresponds to the,KliF; structure, all the wayto
YT Kk & reprédéntsthe perovskite structure Rigure 15) [37, 65, 66]. Sincethe perovskite
structure isso stable, the higher the value of fespecially above)3the more the phase becomes
thermodynamically unstablevith respect to phase separation to lower order Ruddlesden Popper

phases and the perovskite
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n=1 n=2 n=3 n=e
Perovskite
AMO;

Figure 15 lllustration ofthe structures of the Ruddlesden Popper phaség.:M,Os,.1 Where n=1
represents the KNiF; structure and ng the perovskite(Green = A, Blue octahedraM and Red =
0).

These materialscan potential show many different interesting properties. The physical
properties include superconductivity and ionic/electronic conduction. These physical properties are
dependenton the size n, of the perovskite layer, the nature of the A ion, the®lbond distance,
the M-O-M bond angleas well as the oxygen contef&6].

A feature of great interest witlin these materials is that they have an open structural
framework because of the rock salt layers, which can altbe/incorporation of interstitialanions
(Figure 16) [65, 67]. This has a profound effect on the structural and physical properties of the
system. The most notable of these properties are the electronic properties, which include
superconductivity which can be achieved after the insertion of fluorine ionght@xyge deficient
KNiF systemSrCuQ to give SfCuQR.., and also with incorporation of extra oxygen inCaQ to
give LaCuQ. [64, 68]. In addition to gaining interesting electronic properties, the introduction of
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interstitial anions offers interesting ionic conducting properti€he fast oxygeion conductivityin
oxygen excessaNiQ, +, has resulted in theenickelates being considered for high temperat@@®FC
cathodes Many other propertiehave been displayeih systemswith this structure typejncluding

colossal magnetoresistanesda rang ofinterestingmagnetic propertie$69-72].

Interstitial
Anion
Positions

Figurel6: Ruddlesden Popper structure showing ghesition of interstitialanions.

As noted aboveRuddlesden Poppephasesare generatingsignificantinterest for use as
cathode materials irsolid oxidefuel cells.In this respect dot of researchhas been performedhto
IT-SOFC cathodes using materials such g8iQga , La,SKCoQ +,.La,SkNiOy, .and LaNiy¢Ch 4O «

[65, 70, 7375].
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2. Project Objectives

Perovskite and perovskite related materials (Ruddlesden Popper) have been identified as
promising materials for use as cattie electrode materials in SO&:’he aim of this project wao
improve the suitability of these materials for use snchfuel cells, as well akb examine their
potential for use irthe lower temperature AAEMFC.

To try and improve the properties &uddlesden Poppéanaterials,the potential to increase
the interstitial anion content & known phases(e.g. LaNiOy. ), which have already demonstrade
promise for use in fuel cells, has been examined

In the perovskite area aange of well know materials have been investigatédr use in
both high and low temperaturduel cdls. These studietiave included novel oxywnion doping
strategies to improve the stabilisation, conductivity and electrochemical properties. In addition
fluorination ofsuchmaterialshas beerstudied to determine the effect this has on the structure and

properties.
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3. Experimental

3.1. Synthesis Routes
3.1.1. Solid State
The most widely used method in materials chemistry is the solid state synthesis, route

42YSGAYSE NBTFSNNBR G2 | iKS a{KF1{S FyR .1 18¢

QX

oxides/carbonates are ground together in the correct stoichiometric ratio. This mixture is then
placed into a crucible and heated at high temperatures in a furn@lce.temperature and duration
of the synthesis idependenton the material being synthesised. Generally the temperature is above
80C°C and the reaction time longer than hdurs[44, 76] The reason for such high temperatures is
to provide the reagent marials with enough energy to break thdionds migrate to reaction sites
and form new bonds. In order to speed up the process it is usual to regrind the samples
intermittently to give the reagents fresh reaction sites. This regrinding and reheatirepéated
until the materialbecomessingle phase. The advantages of this method are that it is easy to perform
and usually effective. However it does have some disadvantages, which include the high
temperatures and long reactiotimes Theseare due to thelong diffusion distances and slow
reaction kinetics, which hinder the formation of single phase samples and limit particle size and
surface area control.
3.1.2. Sol Gel

In the sol gel method employed in this work the relevant metal nitratesvarighedin the
correct stoichiometric ratio and added to deionised water. The metal nitrates are dissolved in the
water by gentle heating. Chelating and gelation materials are added to firstly form an arganic
polymeric complex between the metal ions and then to facilitdie formation of the polymeric
resin[77-79]. The most common materials used are citric acid for the chelating material and this is
combined wih ethylene glycol as the gelation materiaiterature onthis subject showshere is not

an universabptimum ratio of these materials to the metal nitrateas some papers report using
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ratios of 11:1-6 for glycol citric acid: metal molepl6, 77, 78with many other variationseported
in the literature[42, 80, 81]

Once the chelating and gelation materials are addedy are heated on a hot plate until
sufficientwater evaporates and the mixture has turned into a gel. Thistlsan be transferred to a
furnace and heated to 60C for 12 hoursn order forall the organianaterialto be burnt off. Once
cooled the productis ground and analysed by XRD to determine if it is pure; if inig heated at
higher temperatures until aingle phase sample is obtained.

This method does have its advantages, which include lower temperatures required
compared to the solid statenethod, and the fact thatit can produce smaller more homogeneous
particle sizes. It also has the capacity to form films or fibres. However there are disadvantages, which
are typically higher reagent costs and lengrocessing times.

Another method which is very similar to thelsgel method is thesol gelcombustion
method. This method follows the same procedure as in the sohgeghod, but instead of having
both a chelating and gelation materials, only one is used. This one material chelates with the metal
andis also used as fuel for combustion. As for the sol gel method, there is more than one material
that provides this reaction which include glyci7&, 8285], urea[86] or alanine[86]. In some cases
a chelating meerial and a fuel for combustion is needed. An example of this is using citric acid and
EDTA. Again various ratios can be used with EDTA:Citric acid:metal mole ratios [#21:271and
2:2:1reported[46, 79, 88] This method produces small homogeneous partideslike the sol gel
technique.

3.1.3. Co-Precipitation

This technique is one of the oldest techniques for the preparation of mixed metal oxides. It
consists of preparing an aqueous solution of metal cations generally by using metal nitrates. To this
mixture aprecipitating solution is addedsxamples of precipitating agents include, ammonia, urea

and oxalic acidi77, 89, 90] Once the two solutions haugeenmixed together and the precipitated
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product is seenthe product can be removed from the solom and thermally decomposed to
produce the desired product.

Several parameters must be controlled to get desirable results; these include the pH, mixing
rates, temperature and concentration. When these parameters are optimigedd composition
control, purity and morphology can be achieved. However due to different rates of precipitation for
each compoundit may lead toin homogeneityand agglomerates formingn the subsequent
calcinationtreatments[77, 91]

3.1.4. Hydrothermal

The hydrothermal synthesis of mixed metal oxides can employ many different routes. In
general all reactions occur at high pressures andhearmediate temperaturesusually between
100-25C°C.

The general methodised in this work involvethe reaction of metal nitrates or salts with
high concentrations of KOH or NaOH solution. Reacting these nitrates or salts at different
concentrations ofbbase and with a range of temperatures and durations can give different results.
These include having different produ@s well as the shape and size of the particles being different
[92-95].

Other methods can besed to synthesise materials hydrothermally. Recently Wadibal
have producd lithium niobates via a one step reaction using various concentrations of LiOH and
solid NBGs, and heating them at different temperatures and duratidas].

There are many advantages uising hydrothermal synthesishe most notable being the
lower temperature conditions that are needed compared to other synthesis routes. This method
also has the capability to control the particle shape and, sifthough, this can besometimes
difficult to determine. h most cases there mlsono need fora further calcinatiorstep, which again
means that it is less energy intensive and heide more cost effective. Another advantage is that
high quality products can be produced framwide variety ofraw materials[91, 97, 98] A key

disadvantage is that not all materials can be prepared by this route.
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3.1.5. Fluorination Methods

The high temperature reaction of metal fluoride and oxides cannot usually be used to
produce mixed metal oxide fluoridessince theseare commonly not thermodynamically stable
compared to the starting materials. Consequentiyyw temperature fluorination of oxide precursors
istypicallyperformed to kinetically stabilise these phases.

There are numerous differenfluorinating agents use for these low temperature
fluorination reactions Depending on the method used, the fluorination either proceeds by a
substitution process (2Feplace 13) with no change of oxidation state, or an insertion process
where oxidation of one or more of theations occurs, or a mixture of both these processes. In some
cases a process in which tEplaces 16 can occur leading to reduction of the cation oxidation
states. Eachfluorination method has its own advantages and disadvantages which are discussed
here.

One of the methods used is the reaction of the sample witlhds or a #N, gas mixture
The temperature used depends on the sampdeat generally the reaction temperature doesot
needto be any higher than 25IC. The extent of fluorination requiredietermineshow long the
sample is heatedas he longer the reaction times the higher the extent of fluorination. The problem
with this technique ighat it is difficult to control the level of fluorinatiothroughout the sampleas
the surface willtypically have higher fluorination levelshan the bulk. In additionat higher
temperatures decomposition occurs resulting in, AR=Alkaline earth) impurityn the case of
fluorination of alkaline earthmetal containing systemsA final disadvantage dhis technique is the
handling difficultiesassociated with the usef toxic fluorine gas. Howeveahe advantage of using
this fluorine insertion techniques that it can produce novel highly oxidised mixed metal oxide
fluoride materialg75, 99104].

An easier technique to use is the fluorine substitut{@f replace 13) reaction with NHF.

The NHF is ground with the material and then heated at low temperatures betweeli@380°C

for a number of hours with intermittent grinding. The teemature and duration islependenton the
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material being fluorinated, while the level of fluorination can be controlled by the amount gfF NH
used. However as with i gas for alkaline earth containing systentbere are typically AR
impurities,due to thepartial decomposition of the samp[@9, 100, 105L07].

Another technique that has the sam&F, impurity problem as the NHF technique is the
reaction of the materials with XeFThisleads typically to a mixture dfluorine insertionand
substitution although thereaction is very sensitivto the presence of waterConsequentlyor the
best results the material and the fluorinating agent must be mixed together in a glove box and
sealed in a copper tubavhich is then heated to temperatures between 2a8t00°C for a number
of hours. Theamain disadvantage here is the handling problesnsl the higher cost of XgRvhich,
when considering that the N technique can give the same quality of data but without the
handling difficultiesmeans that it is1ot as often used108].

Fluorination by CyHs arother easy technique to usevhereby the Cufis added to the
material, ground together and heatl at a temperature around 358G for at least 12 hours. In this
technique both insertion and substitution reactiomsn occur, but at higher temperatures the
substitution mechanism will dominate. Agaas with the other techniquesxaminedthere can be a
small impurity of Af-but typicallynot as much as with the NA technique. Howevethere is a large
amount of CuO impurity from the CuFeagent This CuO impurity can be eliminatéfl the
fluorination is performed in an autoclave, as tlilowsthe Cuk to be keptseparate from the
precursormaterialto be fluorinated[99, 100, 105L07].

The final techniquds the reaction withpoly(vinylidene fluoride) (PVDF). This technique
typically follows the same reaction mechanism as with the;NHhe substitution of two fluorine
atomsfor eachoxygen. However due to this being an organic compound, the organic component
can be burnt off at around 35Q giving a more or less pure sample with negligibleirpurities at
lower amounts of fluorinating agenthepresence of thearbon compoent can result in a reducing

environment, which can lead to 1Feplacing 1& and accompanying reduction of the metal(s)
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oxidation state.For very highfluorination levels AFmpuritiescan be formed due to the increasing
instability of the oxide fluorid products at higher F levdts09].

Inthe work performed in this thesthie Cukand PVDHuorinationtechniques were used
3.1.6. lon Exchange

lon exchange reactions can be used to synthesigeel materials, for exampl&arious
layered perovskites. This can be accomplished by first preparing the parent phase (usually which
contains sodiumwhich will be the e#ment exchanged) in a standard solid state reaction. After this
has been prepared it will be reacted in a molten mixtaosmtaining the ion to be exchangedhis is
left to react at temperatures around 300 for numerous dayfl10, 111] A lower temperature
technique by mixing the parent material and ion exchange material in water for a few days around
50°C has also been achievid 2].

Most of the work in this area has focused on cation exchahgthis projectthe potential of

anion exchange wasexamined, namely thexchangeof F by OHions In this way, it was hoped to
produce novel metastableytdroxide containing Ruddlesdempper phases, by exploiting the ready
ability of such phases to accommodate highels of Fand then exchanging this fer OH. This was
accomplished by placing the fluorinated sample in a hydrothermal bomb. To this a 1M potassium
hydroxide solution was added artlde closed vesseilaced in the oven at 20Q for 48 hous. Once
cooledthe sample was vacuum fited and washed with copious amounts of distilled wat&he
sample was then analysdtly thermogravimetric analysisd determine the degree of exchangé.

further exchange was necessary then the process was repeated.
3.2. Structural Characterisation

Both X-ray and neutrorpowder diffraction wasused in this project to determine theurity
and structures of the different materiak studied In the next few pages, the key features of these

techniques as well as crystal structures wdldiscussed.
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3.2.1. Crystal Symmetry

A crystalline solid has a regular three dimensional arrereyg of atomgions. The simplest
part of the structure that can be repeated by translation and still shows the full symmetry of the
systemis called the unit cell. The angles and lengths are used to define the size of the unit cell and
are known as the unit cell or lattice parameters. As the level of symmetry increases relationships
occur between the cell parameters resulting in 7 differenystal classeswhich have different
shapes depending on their different angles and lengths. Along with the different shaped crystal
classes it is common to describe the latticpey These are derived by replacing each group of units

with a point. Thereare 4 types of latticenamelyprimitive (P), body centred (l) and face sharing (F)

and (C). Thesadded to the 7 crystal class&gve rise to 14 Bravais Latticgsgurel?).

i i
i |
= e
. ,

body -centened

ample cubic face-centerad

cubic cubic

: e
A= e
- #

simple body-centered
tetragonal tetragomal
.
1 |- [
: T
[ [ | ' e
[ i i ;
=== === - -
u’. r » _,,'. Ll
simple hlkl:l"L'i.‘ll'lL_-f‘d [ —— | face-centered
onthorhombic  onborhombic ertharbombic onbochombie
i
T
'
'
==
rhombobedral hexagonal

7

base-centered

(7

triclinic

monoclinic monoclinie

Figurel7: Thel4 Bravais Latticd413].

To fully describe the crystal structure further elements of symmetry need to be considered,

leading to a total o230 different space groupsThe space group describes the full symmetry of the

crystal system.
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To determine whee atom positions occur along with the lattice plapesich are essential
for diffraction, a description of directions and lengths are necessary. To do this directions are
defined from the unit cell origin and the distance from the origin given in fractions of the unit cell
lengths(Figurel8). Lattice planes are described in terms of their Miller Indices. These are defined as
the inverse of the fractional intercept along (a, b, d)isTleads to the assignment ofilMr Indicesin

the form ¢ kl), examples ofvhichare shown irFigurel9.
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Figurel9: Examples of lattice planes with different Miller indices.

X-ray diffractionanalysiscan be perfomed on crystalline materials eithesa single crystal
or a powder which contains very small crystallites. Diffraction occurs wheX-thgs are scattered
at different positions in the sampldue to interactions with the electrons on the atont®or a peak
to be observed, constructive interfence must be observed. This can be explained by considering

two parallel Xray waves being diffracted by different planes. Eonstructive interferencethe
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additional distance travelled between the lattice planesust be of an integral number of
wavelenghs. This depends on a couple of factors including the distance between the lattice plane
as well as the angle of therdy incidencdseeFigure20). This relationship can be explained by using
the Bragg equatiofEquationd)

Equation4 Path Difference = BD + DC x&dA Y ° r yc<

<I' H R(&slustally nis set as 1)

/ Y
Lattice Planes 8 d
ikl
\ L 4
D

Figure20: Derivation of Bragg Law

As mentioned beforecrystalline materials have different crystal systenesulting in an
infinite number of lattice plaes with differentMiller indices and particular ¢ separation. To
calculate all the various possible d spacings the Bragg equation can be joined with the crystal classes

giving equations as seenTmable3.
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Table3: Expressions for d spacings in different crystal classes.

Crystal System Expressions ford in terms of lattice parameters and Millémdices

Cubic

Tetragonal

Orthorhombic

Hexagonal

Monoclinic

Triclinic Complex expression

For powder diffraction because the crystallites are all in a random orientatiitnis
necessary to bring the lattice planes into orientation witie Bragg angle. To do this theay beam,
detector and sample move relative to one another to perform the analysis. There arecmmon
techniques used in powder diffractipmhe reflection (Bragdrentano) and transmission (Debye
Scherrer) Figure21). Inthis work the majority of the Xay data werecollected using a Bruker D8 in
transmission modgwith a copper Xay sourceusing gprimary focussing Ge crystalonochromator
to give CWKh , radiation at a wavelength of 1.5406A.

Since Xrays are scattered by the electrons in the atothe intensities are strongly
influenced by the positions of the heavy atoms, which can make lighter atergsO, Flifficult to

locate.
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Figure21: BraggBrentano and DebyeScherrer geometries fotray diffraction.

3.2.2. Production of X -rays

X-rays are produced by the filling ofi &lectronhole with electron decay from a high energy
orbital, the energy lost given off asrdys These holes areaused byan electron beam striking a
metal plate resultingin the ejection of an electron from the metal core orbital.

In this case the metal being bombarded is copfreaddition toX-rays being produced from
electrondecay, itis also possible for Xays to be produced from the slowing down of electrons as
they enter the metal targeleading to a broad background ofrXys (Bremstrahlung)A typicalX-ray
spectrumof copperis shown inFigure22, with sharp peaks resulting from the electron transitions.

As noticed in the spectrum there are two distinct sef peaks,which is due to copper having
electron decay from two differ¢ & f S@Sf ad ¢KSasS f 8dHthé2ppblisyaBdR Y h
3pMls transitions respectively close inspection shows thtttese lines are in fact doublets, which

is due to thedifferent possiblespin statesof the electron

KU»;

KB Koo
Intensity

7~

Wavelength
Figure22: X-ray spectrum from a copper targgt14).
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ForX-ray diffraction experiments to be performed it is necesdarpave a single wavelength
of Xray radiation. This is achieved by using a crystal monochromatwere the Xrays generated
impacton a single crystal at a fixed orientatiaesulting in a single wavelength being diffracted as
stated by Brag@ Law. Another way of creating a single wavelength is by using a filter, ugually
metal foil with an atomicnumber lower than the target sources.g.nickelAy G KS OF &S 27F
radiation The transitions in the nickel will require less energy than the copper due to the decreased
nuclear charggeresulting in the lower wavelength to be absorbetllhe outcome is asingle
wavelength for diffraction experiments.
3.2.3. Neutron Diffraction

Neutron diffracton is very similar to that of -Kay diffraction however instead of being
scattered by the electrons in the sampleutrons arescattered by the atom nucleiThis differene
gives rise to #ot of advantagesThe main advantage is beiafle to detect lighter atoms that would
be difficult to observe by Xay diffraction, due to the scattering dominancetwfavier atoms in Xay
diffraction. Another advantagef this technige is the determination of magnetic structures in the
sample. This is due to neutrons having a magnetic momehich allows the neutrons to interact
with unpaired electrons in the samplgiving rise to extrascatteringin the diffraction pattern
including potentially extra peaksvhen there is magnetic ordering and the magnetic super cell is
different from thecrystallographianit cell

A key disadvantage that production of intense neutron beams cannot be generated in the
laboratory and so specifieexpensive centrafacilities are usedAt these central facilities here are
two strategies foproducing the neutron bearreither with a nuclear reactor or a spallation source.
Using a nuclear reactor producesdistribution of neutrons of different wavelgths, from which
neutrons of asinglewavelengthcan be selected, and the diffraction pattethen plotted in the
sameway asXJ} & RI {3 GKS AydSyaaide I pdskypeamof highip C2 NI i
energetic protonsis accelerated and impacted on a heavy metal target. Neutrohgifferent

wavelengthsare then expelled from the target and timed between the source and the detdetor
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¥ A E SThe wavelengths can then be used in the Bragg equation to calculate theidggpahich
can be plotted against the intensity of the neutrodsK dza Ay (GKAa OF A4Sl Y RAY
is effectively variedOne of the key benefits of the spallation source is that typically a higher
intensity is possible, and the experimemakes use of all the neutrons produced, rather than
selecting a single wavelengtind not using the other neutron the case of a reactor source.

There are different facilities around the world where neutron diffraction can be performed.
In this progct the data vere collected at the ISIS spallation neutron source at the Rutherford
Appleton Laboratory in Oxfordshire, England as well as the SINQ spallation neutron source at the
Paul Scherrer Institut in Villigen, Switzerland.
3.2.4. Rietveld Analysis

Traditionally the preferred method for thestructural determinationof crystalline materials
was single crystal-Kay diffraction. However the production of single crystals of a suitable size for
many materials is a problemmandso another technique had to be ddeped. This technigue was X
raypowderRA FFNI OQliAz2yd ! yiAf GKS SINIeé& mpcnQa GKS
simple high symmetrymaterials, as in these caseshe peaks would be well resolved and the

integrated intensities could be easilytained for structure refinement. Structure determination

wasthent 002 YLX A 8KSR o0& dzaAy3 (i KWith éndre/chrépEdoripSuRdsA v (i Sy 2

the overlapping of the peaks became waorsad therefore using the integrated intensity method
became pactically impossible. It wasubsequentlyrealised that by applying the full power of
computers to full pattern analysisnuch more information can be obtained 15, 116] It was
Rietveld that worked out a computer based analytical procedhyeusing every data point instead
of an intensity value for each peaking least square refinements until the best fit is obéal froma
calculated model tdhe observed pattern. This is now the technigitermed Rietveld refinement)
used to analyse powder-pdy diffractiondata and hasconsequently expanded our understanding of

the structures of solids consideraljiy17].
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There are many suites of programs uded the Rietveld refinement o€rystal structures
usingX-ray and neutron diffraction data. Thegeclude FULLPROF, PARand GSAS. GSAS (General
Structure Analysis Systerfi)18] is the set of programs that have been used to analyse the data
presentd in this thesis. GSAS is a versdilite of programns capable ofstructure refinement with
more than one phase. It is also capable of determining the structuremadinetic system$119,
120], determiningatom positiondfrom FOURER map§gl21] andis capable of providingonsiderable
structuralinformation.

The Rietveld methodequires some information for the structural data before starting the
refinement This informationincludes the space group, cell parametarsl startingatom positions
along with the instrumentaparametersfrom the diffractometer. Least square calculations are then
performed on the starting parameters which are refingd that the calculated pattern from the
structural model fitsthe obsened diffraction pattern.The quantity minimised in the leasguares
refinement is the residual,,$seeEquation5).

Equation5
w; = 1h;
y; = observed (gross) intensity at tith step.
Y. = Calculated intensity at thiéh step.
In addition to the atom positionsother parameters can be variefbr examplebackgound,
scale factors, peak shapes aattm thermal displacemenparametersto gain abetter fit.

The best way to determine the quality of the fit is by a visual display. A visual display shows

the observed, calculated and difference diffraction profilEgg(re23) which for a good structural

modelshouldideallyshow asmalldifference between the observed and calculated patterns
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Figure23: An exampleGSASefinement profile The solid green line is the calculated pattern from
the model structure The dotted red line shows the observed pattern from the data collected. Finally
the pink curve at the bottom shows the difference between the tideally thisshauld be as flat as
possible.

There is another way to determine if the refinementpsoceedingwell, and this is by using
the agreementindices These are more commonly known as the R factors. There are sé&veral
factorsthat are usedwhich are defined below:

The R pofile:
Equation6

Y; (obs) = Intensity observed at point i
Y, (calc) = Intensity calculated at point i

The R weightedmpfile:

Equation7

W, = weighting

The R, is the most meaningful of the R factors due to the fact the numerator is the residual
being minimised. This same reason is vithis the best R factor that reflects the progress of the
refinement. However g values can be misleading as they can be seriously inflated by things which

do notarise from a good structural moddbr example thepresence of an impurity phaseesults in
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a stong line in the difference plot which can cause thg falue to increase significanti@n the
other hand the B, can be misleadingly small if the refined background is high due to the intensity
being accountedor by the background functiof117, 122]

The expected R factor:

Equation8

N = number of observations
P = number of parameters varied

The Ry, will give an indication of the quality of the data as it will be very small if the data has
been collectedor a long time due to the errors not being dominated by counting statistarsvery
large if the data has been collected too quiddl§7, 122]

A useful numbertolookatis8KS &3I22RySaa 2F TFTAGE
Equation9 S= —— =—— —

For a good refinemerd .? value of less than & typical However the ? value is influenced
heavily by the B, so it is important to be mindful of the problems associated with thg fRctor.

The R Bragtactor:
Equation10

Iy = Intensiy

Rs can be used to monitor the improvement in the structural modslit is only dependent
on structural parameters not profile parameters

Structure refinement using the Rietveld method is a powerful techniquesfancture
determinationfrom powder paterns, howevera good starting structural model is required in the

first instance.
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3.3. Thermogravimetric Analysis

In Thermogravimetric Analysis (TGA)substance is heated to a specific temperature at a
specific rate whilst the mass of the sample is carefully measufedthis technique the sample is
placed on a platinum or alumina heating pan on a precision thermobalance. The sample is then
subjectedto the preset program which controls the rate and temperature wsiilmeasuring the
weight loss or weight gain. This is usually recordgd computer coupled to the thermal analyser
which produces a graph as shownHigure24. Most TGA instruments also have the capability for
Differential Thermal Analysis (DTA) of the sample. This can be especially useful in determining phase
changes in the sample. With this technique the sample is placed in a pan with an ideutieaigiy
pan next to it and the difference is measured as a function of temperature. An exothermic event will
lead to the sample pan being hotter than the empty pan, while the reverse will be the case for an
endothermic event.

TG % DTA fmiwimg
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Figure24: An example of TGA and DTA data. The black line shows the weight differencé ineo
sample against the temperature while the red line shovesiy thermal eventsexothermic or
endothermictaking place

If the relative molecular mass dlfie starting material oof the productat a particular stage
of the decompositionis known then the relative molecular mass @&ach ofthe plateaus can be
determined.

The TGAlatacan becollectedin different atmospheres other than aisuch ad,, N,, O, or

Ar depending on what conditions are needed for the experimAigo some TGA instrumentan be
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coupled to other analytical devicetr examplea mass spectrometer or Infra Reghectrometer
Mass Spectrometers are especially useful as the gaseéatbaiven off from the decomposition can

be analysed as seen belowkigure25.

lon Current *10-11 /A
TG % DTA fA(mivvimg)

bewigp B0

5.0
gg -0.8

as -1.0

a7

2.0
a6
-2.0

m

BSW

a0 100 180 200 280 2300 g0 400 450
Temperature °C

Figure25: An example of GA/DTA with Mass Spectrometry dathe black and red lines represent
the TG and DTAdata respectively while the blue line shows the ambof a specific masg@n this
case waterbeing released against temperature.

In this project the TGA/DTAene used to study the water content, oxidation states and

phase changes dfie perovskite and Ruddlesden Popper syssénvestigated
3.4. Raman Spectroscopy

Raman pectroscopy is a technique that is used to determineitifermation concerning the
bonding in amaterial This technique is complimentary to Infeal spectroscopy due to there being
different selectionrules between the two. Infraad spectroscopy requires a dipole moment change
through the vibrationof bonds, compared to Ramanpgctroscopy which requires a change in
polarisability.

Raman spectroscopy is an informative technique as it can provide qualitative data from the
sharp bands seen in the spectra which are characteristic of speedigpsin the material.In
addition quantitative analysis can be performed as the intensityhefgeaks areroportional to the
concerration of the components. Coupledith the amount of data available frolRamananalysis

the ease of collecting data makes Raman spectroscopy a popular tectihiR]e
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In Raman spectroscopyhe sample is subjected to monochromatic beam of light. A
photon raiseshe SY SNH& 2F GKS Y2tS0dzA S (2 | & @ANIdz €
distribution of a covalenbond. This molecule relaxes immediately to its original electronic state by
emitting a photon. If it relaxes back to the vibrational energy fronerghit began the photon has
the same energy and so treamewavelength aghe incoming radiationThis is called Rayleigh or
elastic scattering. However if the photon returns to a higher vibrational energy the photon has less
energy and so a longer wavelengthobservedhan the original. This is Stok&amanscattering
The final possibility is thdahe photon returns to a lowevibrationalenergygivingthe photon more

energy andh shorter wavelength. This isi#Sokes scattering. This is shown pictoriallyFigure26.

Energy

Virtual States

Rayleigh Stokes  Anti-Stokes

Scattering

Figure26: Energy level diagram showing the states involved in Raman Spectroscopy.

The vastmajority of scattering is from Rayleigh scattering. The Stokes andSAwmlties
intensity is proportional to the number of molecules occupiethia original vibrational energhl23,
124]

Raman spectran this workwere collectedusinga Renishaw InVia Raman microscope using
an ion laser at wavelengths of 532n and 633nm on powdered samplesThe Renishaw InVia

Raman microscopd-{gure27) works by the monochromatic beam of light produced from the laser
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being directed to the microscope by beam steering optics. The microscope can be focused on the
sample to allow specific areas tce analysed selectively. Thghotons are then collected and
directed to the spectrometer. To stop the weak Raman signal from being overwhelmed, th
reflected and Rayleigh scattered photons are removed by a holographic notch filter. Once removed
the remaining Raman photons are sorted spatially by a diffraction grating and detected by a CCD

camera producing a Raman spedtta5].
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Figure27: Schematic of a researarade dispersive Raman microscope.
According to RefL25] Elsevier permission.

3.5. Mossbauer Spectroscopy

Mdssbauer spectroscopy is a versatile technique used in many different scientific areas. It
can provide very precise information about the chemicalucural and magnetic properties of a
material such as valency state, ligand bonding states, electron shielding and electron drawing power
[48,110, 111, 126]

The Mdéssbauer effect is the emission and resonant absorption of nuclear gamma rays. This
technique has to be performed on solid samples held in a rigid crystaelaso that when the
gamma ray energy is small enough the recoil of the nucleus is too low to be transmitted as a
phonon. This means that the whole system recoils making the recoil energy effectivelyandro

thus giving a recoil free event.
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As resonaoe only occurs when the emitting and absorption nucleus match exabty

effect is isotope specifidable4 shows some nuclehat can be observed.

Table4: Example Mossbauer isotopgs].

Nucleus Observe Natural Ground Spin State Excited Spin Stat¢  Radioisotope
abundance % source
57Fe 2.2 Ys 3/2 57Co
119Sn 8.6 Ys 3/2 119mSn
99Ru 12.7 3/2 5/2 99Rh
197Au 100 3/2 1/2 197mPt

Whenthe emitting and absorbing nuclei are in identical environnsghere is a single line in
the Mdéssbauer spectrum. However it is not likely that the nuclei studied in the system will be
identical to the source so it is necessary to change the energy of the gamma rays. To do this the
gamma sources moved closer and fiher away from the absodr to modify the energy by the
Doppler effect This is achieved by using an oscillafire spectrumintensity is then recorded
against the velocity. When the modulated gamma ray energy matches the absorber nuclear
transitions enegy the gamma rays are absorbed and a peak is recorded on the specdkmum.
example of a Mdssbauer spectrum is showirigure28.

The parameters of greatest interest atiee magnitude of resonance effeck (V2 f Ay S 6AR
(1), isomer shift (IS), quadrupole splitting (QS), magnetic hyperfine structure (mhfs), line asymme

and temperature coefficientl27].
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Figure28: Anexample of a Mdssbauer Spectrum
According to R€fL27] Elsevier permissian

The magnitude of the resonance effeiftmeasured at various absorber temperaturean
be used to calculat¢he Debye temperature for the absorbeim addition,the relative values can
give a qualitative estimate of the proportion of various chemical environments in a system. The line
width gives the most reliable measure of the quality of the Méssbauer source. The most important
information can begathered fromthe isomer shift andquadrupole splitting.These can give
information about the oxidation state andchemical environmentas stated earlier Further
information is alsogathered from the splitting of peaks when exposed to a magnetic field or
asymmetricalelectrical field[110, 126, 127] This can give informath on the presence of any
magnetic ordering in the sample.

The Mdssbauer spectroscopy performed in this project was carried out by Professor Frank
Berryandresearchergrom the Instituto de Quimica Fisica, Madrid
3.6. 4 Probe DCConductivity Measurements

Thewe are two different types of techniques to measure the conductivity of a material. The
decision of which one to use depends on how good a conductor it is. If the material has a relatively
high resistivity for examplethe electrolytes in solid oxide fueklis (16 to 10° KO Yihen A C
impedancespectroscopyis preferred. However if the resistivity is lowO{ to 10° K O)as is the
case for fuel ceklectrode materialsthen the 4 probeDCtechnique is used.
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There are two different types ddC conductivitynethodsnamelythe Van de Pauw and the
4 probeDCmethod.

For the Van de Pauw method, 4 Platinum wires attachedat 9 angles on the pellet
(either circular or square). The resistan@is then measured at least twice as showrFigure29

below[128, 129]

Ra= Vis/ I12 Re = Vea! l14

Figure29: Van de Pauw method of 4 probe conductivity

The conductivity of theample ca then be calculated by usirigguation11 below[128-130].

Equationll -=——- f(r)

Where d = thickness of the sample and f(r) depends on the ratio gfRFR

Reversing the current and voltage contaeteuld also define RC and Rihich should be
equal to RA and RB for symmetry reasons.

The other 4 probe method alsattaches4 platinumcontactsto the pellet but in a different

configuration as seen below Kigure30.

Figure30: 4 probeDCconductivity method.

The conductivity of the sample can thbe calculated usingquation12.

Equation12  Conductivity = (@ngth between wire§Cross sectional arget I/V
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