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ABSTRACT

CHEMICAL EXPANSION IN MANGANITES

keren, Mehmet Hazar
M.S., Department of Metallurgical and Materials Engineering

Supevisor: Prof. Dr. Cemil Hakan GUR

June 2015, 10Pages

Manganites are type of manganese oxides having mixed valence states with
perovskite structureepresented as LRAxMnOs3 (Ln= rareearth cation, A= alkaline

earth cation) and thdyave been widely studied due to their potential applications in
various important areas and their interesting properties. Numerous investigations
have focused on their @auction, characterization of their properties and solution of
problems encountered during their applications. Some of these applications are
cathode and electrolyte materials for solid oxide fuel cells (SOFC), piezoelectric

sensors or energy harvestingthgrmoelectric materials.

In some applications, materials can be in contact with highly oxidizing and/or
reducing atmospheres. The possible variations in the stoichiometry of the materials
under these conditions may also lead to changes in their lattreenpters. This
effect is known as fAchemical expansi ono.

may mulfunction when dimensional stabilities occur. For instance, dimensional
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changes cause residual stresses in thin film structures if the film is clampgditb a
substrate. When these stresses are above a certain limit, some defects like cracks or
hillocks are formed and the film loses its function. Therefore it is of cardinal
importance to observe these dimensional variations and understand the governing

mechanims.

The aim of this study is to explore chemical expansion coefficients of
Lao.sCa.sMnOz.4 (LCMO) and LaxSxMnOs.i (LSMO) (x= 0, 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, 0.7, 0.8, 0.9, Ifpr the first time in literatureln addition effect of Sr dopandn
chemical expansion coefficieist another aim of this studfhe chemical expansion
in the structure during O loss was determinectdaybined study of dilatometryn-

situ X-ray diffraction and thermogravimetric analysis. Microstructural and chemical
aralysis were performedsingroom temperature Xay diffraction, scanning electron
microscopy and energy dispersiveray spectroscopyWith increasing Sr dopant,
chemical expansiorcoefficient andu values havedecreasing trend whereas the
absence of La ithe structure leads to increase in chemical expanstwrefore, the
lowest chemical expansion coefficient is observed in LSMO9 samfliene
changesare observeih TGA curvesand the reason for this can be explained with

the effect of JahiTeller disbrtion due to change in Mn valence state.

Keywords Manganites, Chemical expansion, Perovskitegjgénvacancy
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¥Z

MANGANKTLERDE KKMYASAL GENLEKME

keren, Mehmet Hazar
Y¢ksek Lisans, Metalurji ve Mal zeme

Tez Y°neti.ciGdami IPrwdkamDrG} R

Haziran 2015, 10Bayfa

LnixAxMnOs (Ln= nadir toprak elementi katyonu, A= toprak alkali elementi

katyonu) Keklpiembe sgP st &kmii lsd ra | yapéséyl a
el ektronl aréna sahi p mdmganmatn gdaenniork.s i @t e k-
alanlaé n d a k i potansi yel uygul amal aréendan do
Pek - ok arakter ma onl ar én creti mine,

uygul amal arée sérasénda - €k abainlneéckelka rmréeah |
uygul amal aréen bazél ar é, kati oksit yakeéet

piezoelektrik sens®rler ve termoelektrik

Bazé uygul amal ar da, mal zemel erg, kpeksglyde
atmosferlerle t emas I -inde ol abilir.
stokiyometrisindeki -eki tli var ysseyonl ar

olabilirrBu et ki Aki mphsabkgabll amalénpemé&lrer den
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parrlmyumsalk ar ar s@uk § ak | zaaamearz al Enabkbil nr. film ser

al tl ek czerimey uk as@mll andn&jkisrai k1 i k1 er i nce fi
gerilmeleresebep olur. Bgerilmelerb e | | i bir Iimitin ¢stegnde ol d
tepeci kler gibi bazé kusurlmederl .ukBu wa&zdaear,e
boyutsal varyasyo!l ar € i ncel eme kn éanlamakrbe, kyg mamz fmal ar €

takémaktadeéer

Bu - al &k miaps@asMn®3m . CMO) ve LaxSxMnOz5 (LSMO) (x= 0,
0.1, 0. 2, 0. 3, 0. 4, 0. 5, 0. 6, 0. 7, 0. 8, 0.

l' i teratg¢rde i |l KAydéeta, aBakbas mgkimyasal(.Sr ) dopa
genl eemé&ysi -al ékmanéeksbaprkakhybéamacadenda
ki myasal genl ek nrsigu, X-r iyl ak ®@me&n & mé vewm termogr
analizlerinin kombinasyonu | e bel.i r Miekhmo ky apés al ve ki myas
oda séecakhgjleadan&mé, t ar anmman er jeil -ealyt &roenc emi X r
spektrometresile y ap él M@r ta@&r .Sr dopanteéeyla birlikte,
kat sayleie¢ evberi ayzaapl éeédral alr g n taanncuank ( L a) eksi kil

genl ekmenin arr.t nBass éyn@z dyeorl, aemm d (tksgaky éksiémy a s a |
LSMO9 ©°rneklerinde g°zIl eml enmi Kttespit. TGA ejr
edi | miektnedeni Mnded e kenelsii jnideinn d-gdllexy & g°r ¢l e

bozuktunetfisiylea- ekl anméxkt éer

Anahtar kelimelerrMangani tl er , Ki roysktleratksijeBend lekjme , Pe
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CHAPTER 1

INTRODUCTION

Manganites take great interestsniany applications due to their excellent properties
such as colossal magnetoresistance (CNIR) multiferroic effects[2] and high
mixed ionic and electrical conductivit\d]. These properties make them suitable

candidates for electronic devices and industrial applicatroaesergy field4, 5].

ABOs3 is the chemicalformula of perovskite materials where A and B anetal
cations and O is nonmetallic anioespectively In perovskite system, A is larger
metallic cation and radius of A is close to radius &f 8 is a smaller matlic cation
creating octahedral coordinates with oxygatoms. InFigure 1, the rareearth
elements placed in A site and B site filled with 3d transition element, manganese. In
normal perovskite cubic structures, and, A and B atoms have 3+ valenceastates
illustrated inFigurel. However, ly doping divalent cation in B site, the structaes

be distorted. Jahn & Teller effectation size mismatchnd double eshangecause
change of structure in order to lower the free en@fgthe systemMoreover the
electrical properties are altered by interaction of many mechanisms such as Jahn &

Teller effect, double exchange concept, spin ordering and chiatgd6].



REMnO,

RE = Rare-earth ion
{La, Pr, Nd, Sm, Eu, Gd, ...)

Figure 1: Schematic view of manganifé]

Manganites employed as cathode of solid oxide fuel cells (SOFCs), oxygen
permeation membranes and gas cosieerreformation catalysi$g8, 9, 10, 11]
Under high temperature and low oxygen partial pressure),(pdich is a typical
operating environment of SOFCs, theraterials havebility to undergo thermal
and chemicalexpansiondue to the asymmetry of the potential energy rses
interatomic distance curvand process competitiofi2]. Formation of oxygen
vacancy create lattice contraction due to eteitr effects.Size of the O vacancy in
the nonstoichiometic oxide lattice is determineas a result of interaction between
positively charged O vancy and the neighboringns. During this processsome
cations are reduced in order to maintain chargeadrality in the crystalincrease of
cation radius change leads to lattice expansiimese two competingrocesses

determine the sign and magnitude of the chemical expafis3hn

Chemical expansion creates significant chaimgerystalline lattice and eventually
leads to catastrophic stresses and strains. For example, under large oxygen partial
pressure gradient, chemiaatpansion leads to cracking oéia (CeQ) membranes
[14, 15,16]. Also it is suspected thdeviation fromthermodynamic equilibrium and

electronic properties rak from chemical expansigi7, 18]

LayxSKMnOz (LSMO), where(x= 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, @®, 1) and

LaixCaxMnOs.5 (LCMO) where (x= 0.5) are primarily used in magnetic storage



systems becausef their electrical properties. HEse materials have also been
investigatedas acathodematerials in SOFCE3, 9, 10, 11] The doping of Sr and Ca
makes electronic conductivifyossibledue to thermally activated hoppgjprocess of
small polarong19]. With ionic conductivity, LSMO and LCMO arealled mixed
ionic and electronic material’he amount of doping of Sr and Ca increases the
oxygen sempermeation and decrease reactivity of LSMQd atCMO in the

electrolyte[20], as well.

Various synthesis techniques invalgi solid sta¢ reaction[21], Pechini method
[22], solution combustion[23], hydrothermal synyhesigR4], co-precipitation[25]
and solgel have been applied to synthesize bulk manganites. Pechini method offers
scientists to produce, homogeneity, low temperature processing, nanocrystalline
phases and high purity. The value of chemical exparstens to beaccurateand

realisticbecause of gathering high surface amgth Pechini methodi26].

In this study, the chemical expansion of manganites, LCMO and LSMO, were
exploredin details Within the frame of this study, Penh sol-gel synthesized
powder were characterized B§tray Powder Diffraction XRD), Scanning Electron
Microscope (SEM) and Energy Dispersive -ra§ Spectroscopy (EDS).
Thermogravimetric Analysis (TGA), Dilatometry and High TemperatureayX
Powder Diffracion (HTXRD) were used complementarily to evaluate chemical
expansion accurately, understand the underlying mechan$nexpansionand
propose ways tostabilize the expansion for a safperation of SOFCs and

other devices.






CHAPTER 2

LITERATURE REVIEW

2.1 Perovskites

Many engineeringceramicsare in the form ofperovskite crystal structurg7].
Attributed primarily to its unique electronic, optical and chemical properties,
perovskites have been used widely in various important applications such as SOFCs,
piezoelectric sensors and thermoelectric dei6e&8, 29] Perovskite structurdas

been attracted much attentidrecause almost all periodic table elements have
flexibility to adjust itself to pereskite and distort the latticeThis is because
perovskites have various properties such as electectrehic, optical and chemical

[27].

In the following sections, properties and examples of perovskites will benped.

2.1.1Crystal Structure of Perovskites

Crystal structure of perovskites is represented as ;ABX representsgenerally
oxygen but there argomeothercasesvhereX can beF and Cl. In ABO3, A and B
atoms are positively charged ions. The ionic radius @t@mis larger than ionic
radius of B.Three G anions and A cation forms mixed fcc packing whictihie

basis of crystal structure of ABOIn Figure 2, larger A catios are coordinated 2

fold cuboctohedrally with ® anions and mall B cations are coordinated

5



octohedrally with & anions.The crystal structure of ideal ABQs cubichowe\er,
because of thalistortions, orthorhombic and tetragonal bravais lattices be
formed|[6]. JahnTeller effects, size effects and deviation frétBOz compositions

are three main effect of distortions in latt[e#].

Figure 2: A site cationgred)with 12-fold oxygen ion coordination(a) arlsite

cations (yellow) with €old oxygen ion coordinatiq(iv)

2.1.2Distortions in Perovskites
JahnTeller effects, size effects and deviation from compositions are three main

reason®f distortions in lattice.

2.1.2.1Jahn-Teller Effects

JahnTeller effects are described as reducing symmetry and energy dinean
molecule system by geometric distortif@®]. In other wordswhen a molecule has
orbital degeneracyand degenerate electrons involve the binding of molet¢hée
forces which tendto destroysymmetry of systerbecome significan30]. Electronic
state of the system is important parameter for Jalier effects.Commonly, this

type of distortions is seen in octahedral complg8ds 32] B atoms in perovskites
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coordinated as octahedrally with oxygems. That is why it is seen mostly in
perovskite structuregor examplein LaMnOs; with Mn®* ions 3d electrons divided
into 3 § and 1 g electron.Odd numbers of gelectron creates an elongation in
[MnOg] octahedron and distortion made up calledasnTeller distortion[27, 33]
Figure3 demonstrates the schematic view of Jaketier distortion in LaMn@.

Figure 3: Schematic view of Jakmeller distortion on provskiteg(a) and (b))

2.1.2.2Size Effects

In ideal cubic perovskite, the lattice parameter really related with ionic radiys
Goldschmidt presented tolerance fac(or in order to estimate the amount of
distortion as given ikquationl [34].

0 —_ Equation 1

where i, rs and b are ionic radius of atoms in perovskite structutesan be seen
that, the change inonic radius of A results ira decreasef tolerance factor. If t is
smaller tharone the [BQGs] octahedra will tilt tocover empty space and symmetry
will be reducedLarge A ions withsmall B ions yield wih tolerance factor higher

than oneln that casec¢lose packed layers areasked as hexagonhut not cubical.
7



Goldschmidt tolerance factor gives accurate results when structure is purely ionic
since perovsites are not truly ionic. Thus, in perovskites, tolerance &actarot be

estimatedhccuratel\{34].

2.1.2.3Deviations from ABOs Compositions

Under reducing or oxidizing environments, formation of oxygen vacancies lead to
change in valence state of B iof85]. With double valence states, the oxygen
vacancies can be orderadd this resulte distortion of structur¢36]. Also, doping

with another C element deviates from ABO (A1.xCx)BOs. The change in radius of

A sitesanddoublevalence statem B sitesdeviateless symmetrical structudkie to

the mutual charge of ions from their original positions within the stable cubic
structure[35].

2.1.3Examples ofDistorted Perovskites

As it is mentionegrevioudy that with no distortions, perovskite structure is cuhic.

is previouslyreported that orthorhombic, tetragonal, hexagonal, rhombohedral and
monoclinic structures have been seen as distorted perovdBites38 39].
Distortions affecseveralproperties of materials in perovskit€ar examples,

I.  PbVGsis tetragonally distorted from cubic structure and it shows unusual
VOs pyramids instead of V@ octahedronsPbVG;s is a semiconductowhich
havej (T) dependence down to 2[R7].

. LaxSKCoOsi (x= 0Ox(D.8) has different crystal structures depending on x
value. Values larger than 0.5 sholesg rangecubic perovskite symmetry
and valueslower than 0.5 show rhombohedrallyistbrted perovskite At
x=0.7 value, ideal cubic structure is attain€de change in structure directly

affects thaonic conductivity[38].



lll.  BiMnOs has monoclinically distoed perovskite crystal structure. These
distortions bring both ferroelectric and ferromagneticoperties. It also
demonstrates magmetielectric anomaly temperatureclose to the

ferromagnetic transitio[89].

These exampleslearly reveakhat thealteration ofstructure withdistortionsresults
in remarkable change ibhehaviourof materials.Most of thedistorted perovskites

structures have unique properties.

2.2 Manganites

Manganitesare type of manganese oxides having mixed valence statas
perovskite structure representesiLa: xAxMnOz (Ln= rareearth cation, A= alkaline
earth cation)in Figure 4. They have been widely investigated the literature as
because they exhibita rich variety of crystallographic, magnetic and electronic
phase440]. The currentresearchs omanganigs areoriginatedfrom a phenemenon
so calledcolossal magnetorestance(CMR) [4, 41]. New physical concepts were
presented such as Jahaller polaron and double exchange thewtyile studying
CMR on manganiteg!2, 43] There areseveralresearch areas where mangantes
seen agotentialengineeringmaterials[5, 11, 20] One example can be showas
cathode marials usedn SOFCH20]. The cathode materials should be stable under
oxidizing and reducing environmentnd they shouldhave ionic conductivity and
sufficient catalytic activity in order to reduce oxygen e@ndperating conditions
[44]. Manganites perforneffectively under operating environment of SOFCsaas
cathodematerial[5].



Figure 4: Schematic of basic manganiteusture

As previously mentionedbefore Ln.xAxMnOs has perovskite structure. Ragarth(

RE) cation (Ln) and alkaline earth cation (Accupy in A site of perovskite.
Manganese occupies B site of perovskite and has multi valence such®aandn
Mn**. The replacement of rai@arth cation by divalent alkaline earth catiesults

with distortion of perovskite structure due to Jahn & Teller effect and cation radius
change.The crystal structure of distorted perovskites are orthorhombic, hexagonal,
monoclinc and rhombohedrd6]. Lai-xSxMnOs.z and LaixCaMnOs.z are among

the other potentiadandidats for cathode materials @OFCs.

2.2.1La1xSrxMnO 3z

Lai xSKMnOs.s (LSMO), where(x= 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, (00, 1)
have different propertiewith respect to amount of Sr dopant in the strucf@gg.

The ionic radii of La and Sare calculated ad17.2 pm and 132 pnrespectively
[45]. A site filled with La is doped with Sr havingelatively larger radius.The

amount of Sdopantleads to change imangenese (Mmnjalence statbéy creating a
mixed valence stati order topreserve charge neutrality. This is becaus@lent

La is doped with divalent §#6]. Table 1 shows the Mn valence staveghen Sr
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doping occurs. When A site is filled with ®nly, the valence state of Mn is +4

whereas in LaMng) the valence state of Mn is +3.

The relative percentages of the Mand Mr#* are determined by strontium doping
and oxygen vacancies of the system. LMO demonstrates strongl didmeffect

and increasing Sr dopirdnangeshis effect[47, 48]

Table 1: Change of Mn viznce state with respect to Sr doping amount

Doping Mn Valence Amount of Mn3*and Mn**
Amount (X) State

0 3+ 100 % 3+
0.1 3.1+ 90% 3+ and 10% 4+
0.2 3.2+ 80% 3+ and 20% 4+
0.3 3.3+ 70% 3+ and 30% 4+
0.4 3.4+ 60% 3+ and 40% 4+
0.5 3.5+ 50% 3+ and 50%+
0.6 3.6+ 40% 3+ and 60% 4+
0.7 3.7+ 30% 3+ and 70% 4+
0.8 3.8+ 20% 3+ and 80% 4+
0.9 3.9+ 10% 3+ and 90% 4+
1 4+ 100% 4+

LMO, LSMO1, LSMO2, LSMO3, LSMO4, LSMO5, LSMO6, LSMO7, LSMOS,
LSMO9 and SMO are different materials. This results uifferent material
propertiesAt room temperaturejariouscrystal structures of stoichiometric and non
stoichiometric LMO was reported such as cubic, orthorhombic and monodinic
49, 50, 51] Depending on the synthesis method, LSMO1 has orthorhombic and
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rhombohedral crystal structurd$, 49, 50] Between 0.20 x O 0 mdstly
rhombohedral phases apbservedhowever, some authorgportedcubic gructure

for LSMO4 and LSMOS5[6, 49, 50, 51Jas well | n t he r an @68 of 0.6
tetragonal structuresrereported49]. LSMO9 ismostlyreportedin hexagonaform

[52]. For SMO, cubic, orthorhombic and hexagonal structures depending on final
sintering temperature and oxygen stoichiometry, weetected[49, 53] The

magnetic and electrical properties of LSMO sedkangewith Sr dopant addition

The electronic phase diagram of LSMO is illustrated Figure 5. At room
temperatureyp to x < 0.15 region, paramagnetic insulator behavsrgported.On

the other hands > 0.15 range, the materials behava tsromagnetic metdb0].

500 T T T T T T T T T T

300

200

Temperature(K)

100k La,_ Sr,MnO,

0 01 02 03 04 05 0.6
X

Figure 5: Electronicphase diagram of LSMO (0<x<0.6)

2.2.2La1xCaxMnO 3.

In Calcium (Ca) doping, jush the case of. SMO, differentstructuresare formed
and increasinghe Ca doping amount results in different propertjgd]. Ca is

alkaline earth metahaving 2+ valence state. Lanthanum (La) is substituted by Ca
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having an ionic radius of 114 pifd5]. As a result of substitution, therystal
structure ofLaixCaMnOz.i (LCMO) contracts due tsubsituted Ca having smaller
radius than La ion. Like LSMO, amount of Ca doping results change in valence state

of Mn due to preserve charge neutraltg]. Table 1 is also valid for LCMO.

The doping by Ca changes the crystaucire of LCMO seriesThe Ca doped
lanthaum manganés, the phase compositiacould be rather complex.From
neutron diffraction data at 8) LMO has monoclinic, LCMO2 and LCMO4 have
rhombohedral, and LCMO6 and LCMOS8 have tetragonal crystal strgcture
respectively The intermediate phasehave crystal structure mixing of two
neighbouring phasg$5]. For CMO, more than 15 intermediate phases were found
between CaMn® and CaMnOs [56]. For LCMOS5, the structure found as

orthorhombically distorte perovskite structure with Pnrspace groufb7].

330 T T T T T T T
4 " )
300 11- 38 J
| ' 4% l
. P o
< 250 / \\] 7N
—r Vi ) i \\
E r'/ & 7 hY
S 2004 x18 S /o N
c s i N R
2. 150 : 3
& 1504 S \
= FM : e '\.I
o 1 : \ Vs
= 100 ; "
1€ ~ | i
Ty : - '
sod A S H : AF i CAF-
F. CO : 5
0 T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 1.0

Ca content x

Figure 6: Electronic phase diagram of LCMO

In Figure®6, the electronic structure of LCMO series are illustraléwe doping with

Ca changes the electronic structure of LCMO materidl#0 and CMO are ami
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ferromagnetic insulatordn the range 0f0.06 O x O 0.18 ferromagnetic isulator
behaviors were observed in ground st&etween 0.18 and 0.50, in ground state,
ferromagnetic metal behaviour was se&bove 0.5 doping amount, charge ordering

and antiferromagnetic spin ordering were observedutaneously58].

2.3 Defect Chemistry

In perfect crystals, atoms and structural units were located in structures where all
lattice points were occupiedscientists believed that the synthesizedrganic
materials havexactstoichiometric compounddHowever, in real life synthesizing

and creatingperfect cystal is almost impossibldt was shown by Schottky and
Wagner thatrystal structures of inorganic materials are not perfect and [5efl
There might be vacancies and aisterstitialatoms between lattice siteglthough

it is accepted that under equilibrium conditions, exact stoichiometry can be gained
there will bealwaysdeviation from stoichiometry and crystal structure due to defects
at norequilibrium conditions Crystalline solids have different types of structural
defects. If a defect is presented in lattice sites called pint defectg(i.e. vacancies,
interstitial and substitutionaatomg. Line and planedefects are also pented into

the compoundDislocations are line defects and grain boundaries, stacking faults and
surfaces are plane defecfB3efect chemistry is expressed as investigating point

defects and their interactions in solid state

2.3.1Point Defects
The main roleof point defects are formed fromterstitial and substitutional tams

and vacancied he isolated area of lattice is affected by point defects.

In Figure7, the lefthand column demonstrates the actual and middle column shows
the perfect structure. The subtraction of these two columns gives us defects presented
in the actual structurd=igure 7 is illustrated the four major mechanims generating

point defects. The remained defects identify the behavior of the sj&d¢m
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In Figure7-a, water molecules are demonstrated and the remaining defects are extra
proton and missing proton (proton vacancy). The missing proton makes up system
negatively charged lereas the extra proton produces a positive charge. Eventually,
total charge will be zero. Ifigure 7-b, typical AgCl solid substance is illustrated

and in perfect AgCl phase, the lattice points are fixed. However in actual AgCIl, some
Ag" ions have left their fixed lattice sites to occupy interstitial positions. The number

of Ag” ions determines how many vacancies are &tnThis mechanism is called

Frenkel defec{61].

H
H\ O/H A, O/H
H"O S H,O My .
al H minus Hl = H®
o o o O
H7 Ny “H H" vy ,I:;H De
H-0g H™ ‘H
Ci- Ag* CI- Cl- Ag* CI-
Ag* Cl- Ag* ClI- Ag* . e
b} minus =
Cl- Ag® Ci- Cl- Ag* Cl-
@® Ag@
Ag* Cl- Ag” Ag* ClI- Ag*
Cl- Na* CI- Cl™ Na* CI~-
Na* CI- Na' Cl™ Na'| . ®
c) minus =
Cl= Na* Cl- €1 Na* Ci-
Not Ne* Na* €I Na* e
M2+ 02 M2 M2+ 02 24
02- M@ p?2- 0= M2t 0?7 . =]
dl M2+ 02— M2t minus M2+ 02- M4 =
0= mé+ e 02- M2+ g2~ @

Figure 7: Subtracting the ideal structure (middle) from the real structurehigeftl )
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In Figure 7-c, in closed pack alkali metal halides, Schottky defects are observed.
Both positive and negative charged ions were released from crystal struthees.
vacancies change their signs whemask of ionsln Figure7-d, the atoms in crystal
structure are in fixed positions. Without changing their lattice positions, the charge of
atoms can be altered. In this mechanism, formation of one extra eles&on
neutralized by formatin of one electron holélhis mechanism presents electronic
conductivity and creates mixed ionic and electronic conductive compofhdse

four defect mechanismspme requirements should be maintained. Charge neutrality
and mas$awe tobe preserved andhe lattice sites must be balancatefirst three
mechanisms represent the ionic defects formed by vacancies, interstitials and
impurities whereas last mechanism demonsrates electronic defects resulting from

change in orbital statef valence electron$0].

2.3.2Notation in Defect Chemistry
Some notations werdevelopedb y K FVinlg te demonstrate changes in defect
chemistry Table 2 shows theK r ° {yiekr notatims used in defect chemistry.

Assume M is cation and X is anioh.n K+#/9 qa&kr not ati ons, A .

positive charge anfl 6ii (prime) means negative chargenount of dots and primes
represents the negativity or positivity of the ioXswritten as superscript means
neutral sitg62].

2.3.3Non-Stoichiometry in Metal Oxides

Presence of point defects and their aggregates are directly involved in forming of
nonstoichiometry in substances. Metal oxides might have excess or deficit metal and
oxygen. These nestoichiometry results from the temperature, chemical potentials
of elaments, properties of metal oxides themselves. In that manner, four main non

stoichiometric metal oxides exi€3].
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Table 2: Most sgnificantK r © yiekrnotations

M cation in normal cation site Mm

X anion in normal anion site Xx
Foreign cation on normal cation site Mim
Foreign cation on interstitial site My
Foreign Cation Mt

M element as interstitial Mi

X element as interstitial Xi
Vacant interstitial site Vi
Vacancy of M element Vm
Vacancyof X element Vx

Zero effective chargeation andanion - and8
Charged cation and anion vacancy 6 and6®
Chaged cation and anion interstitial - Bands
Zero effective charge cation and anion vacancie| 6 and6
Electrons and holes e' and®

i.  Metal deficient oxides (MiO) are ptype conductors and conduction
occurs due to holes. Majority of the defects are metal vacancies.

ii. Metal excess oxidegM1+O) are typical rtype conductors and
conduction occurs owing to transport aflectrons. Quasifree
electrons can be created by formation of extra charge Nuetal
interstitials are prevalewntefects.

ii.  Oxygen excess oxides (MQ) are ptype conductors.Oxygen

interstitials defectprevale
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iv.  Oxygen deficient oxides (M£) oxygen \acancies dominat®ue to
defect reactions, formation of electrons or reduction of metal ions

might be observed.

2.3.4Defects Related Properties

Defectsdetermineseveral majomphysical and chemical properties of materials. In
solid materials, presence of deffie play significant role in lattice diffusion
mechanisms.The grain boundaries, dislocations and interfatesreases the
mechanical pperties of solids. Also, these two dimensional defects affect transport
propertiesElectronic and magnetic propertiae determined by electronic defects in

solids as well

As an examplepoint defects in manganites apeiginatedfrom aliovalent cation
doping and oxygen nestoichiometry.The doping affects the structural properties
and changes goldschmidt tolerance fad®8]. Doping also alters thelectronic
propertiesof solid materialsThe oxygen nosstoichiometry changes the electronic
properties of maganites such as curie temperature, electric behavior and

magnetoresistance respoims4.

Another example is YB&EwO7.u (YBCO) providing significant information about

effects of oxygen nostoichiometry.The changes of oxygereficiency (U between

0 and 1 results with structural and atdectronic properties change.ufis smaller

than 0.65 superconductivifg observed. At highed v al ues, the compound
semiconductor[65]. Among material propertieswhich is affected by defects and

their interactionschemical expansion is one thie most significant properties where

lattice diffusion isacrucial parametdb].

2.4 Chemical Expansion
Chemical expansion is ofteeferredto defectinduced expansion or chemical strain

in solid material§66, 67] In fact, chemical expansion results from two competing
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processesiamely as cation radius change aridrmation oxygen vacancyAt low

oxygen partial pressures (pQOand relatively high temperatures, losses of lattice
oxygen is inevitable process because of large oxygen chemical potential gradient
between lattice and outside atmosph@&tes lossof lattice oxygen reans creation of
oxygen vacancy. With thispxidation states of cations chantge maintain charge
neutrality As a result of these processes, chemical expansion in lattice ¢a8lrs

In other words, cation radius change means that reducing da®mager radius

than unreduced state thus, the latteogpands uporthis processBecause of the
electrostatic charges of oxygen vacancies, repelsion of surrounding atoms are
inevitable. Oxygen vacancies behave as positively charged particles and repel
surrounding cations and the reduced cations have negative charge that repels
surrounding oxygen atoms. Due to these mechanisms, chemical expansion occurs at
the lattice.In some systems such as cerig chemical expansion value can be

determined from thateraction ofdefectq69].

In perovskites, during oxygen vacancy formation, B cation is reduced to lower
valence statg¢46]. Figure 8 is represented the chemical expansion and it can be

expressed as defect reaction in perovskites given in Equation 2.
¢6 0 O w® 6 Equation 2

This is the oveall reaction demonstating chemical expansion whgfe O, Vg

and B, are B atoms in B sites, oxygen on oxygen sites, oxygen vacancy with net

positive charge of 2+ with respdotlatticeand reduced B atoms in B site.
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: expansion
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Figure 8: Oxygen vacancy formation upon heating and exposure to reducing

atmosphere in fluorite structure results in chemical expafs@jn

| z Y Equation 3

As a result of chemical expansion, strain occurs between laffibese strains can
be classified as microstraimgven in Equation 3 whered, lo, U aqii and Cchemare
length change, initial length of samplehemical strainoxygen deficiencychange

and coeffient of chemical expansjoespectively

Chemical strain can be found loyultiplying the coeffient of chemical expansion

with change in oxygen deficiency|() [70].

Chemica expansion in compounds have been observed at relatively high
temperatures because kinetics of oxygen vacancy formation is not allovetease
oxygens at lower tempdrtaes. Reduction of cations do not occur &bw
temperatures.Under reducing atmospte the oxygenvacancy formation is
inevitable because tfie chemical potential gradieftl]. Thermal expansion cause

the lattice expansion all temperatures. When chemical expansion is calculated,
total expansion is found arttlen subtracted from thermal expansion valliealso
should be noted that at low temperatures becausstabéd reasons, chemical

expansion are not sesnonly thermal expnsionhas to be considergd0].
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2.4.1Thermal Expansion

Thermal expansion ithe increase of the average distarmmween atomsvith the
increase of temperatureat constantpressure Potential energy vs. interatomic
distance diagim should be drawm order to understand thermal expansion better
[72].

Interatomic distance Interatomic distance

Potential energy —=

Vibrational energies
Potential energy —=

Vibrational energies

b)

Figure 9: Asymmetric(a) and synmetric (b) potential energy vs. interatomic
distance diagram§2]

Figure 9-a and Figure 9-b illustrate the asymmetriand symmetric behaviour of
potential energywith respect to interatomic distance. Theating of substance
results in increasing vibrational energy of atoms. However, not every increase of
vibration energy causes thermal expansion. In ordéetectthat, there should be net
change in the interataic separationFigure X b demonstrates thdtthe potential
energy curvas symmetric during heating there is no thermal expansion observed

[73]. Thermal expansion is expresseduader uniaxial straimith Equation 4

o z Yy Equation 4
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wherep T and Urnem are temperature gradient and coeffient of chemical expansion.
Normally, coefficient of thermal expansion (CTk)crease with an increasén
temperature However, between temperatuolhangeand thermal strain, CTE is
independent of temperatur@here are significant differences between thermal
expansion and chemical expansj@g].

The most significant difference is that chemical expansiornasersible processo

that after high temperature and reducing atmosphere conditions, the compdunds
stay with most of thedefectsthat already caused th@hemical expansioifi74]. It

should benoted that thermal expansion occurs almost all &atpre regime
however due to oxygen vacancy formation mechanism, chemical expansion is
observed relativelyat high temperaturd75]. The reducing atmosphere creates
chemical potential gradient favors oxygen vacancy forma#aod it results in
chemical expansionAs it was stated previouslthat thermal expansion does not
depend on temperature however, chemical expansion changes with the temperature

due to increase oxygen vacancies at higher temperatures.

Figure 10 illustrates the thermal and chemicakxpansios as a function of
temperature. As it can be seen strong deviation that at high temperature CTE is much
more higher tan low temperature CTE. This increase can be related to chemical
expansion[76]. Chemical expansion ithe difference betweeithe undoped ceria

having no chemical expansion and powder praseodymium (Pr) doped ceria.

22



uolsuedxa |ealway)

15} | )
| Bulkdilat. )
, PCO 2

° Effective CTE 2-3x low T CTE N
= 10} ]
@ Thermal t\ |
@ | expansion /o Powder |
ﬁ 0.5 L T XRDPCO |

1 \ Undoped

ceria 1
00 . PN S S P NP S S

0 200 400 600 800

Temperature, °C

Figure 10: Thermal and leemical expansi@as a function of temperatuyes]

2.4.2Problems Arising from Chemical Expansion

As previouslystated chemical expansion has been generally obsenvadaterials

performed underhigh temperatures and low oxygen partial pressusFCs,

oxygen permeation membranes and three way catalysis have these type of operating

conditions[8, 9, 10, 11] Under severe atmospheraefiemical expansion leads to

decrease in mechanical, electrical and chemical properties of compounds.

Formation of cracks inetium oxide membranes have bedservedlue to chemical

expansior14, 77, 78] Also, it is observed that in some casesdulus of elasticity

and strength of interatomic bondscreases due tn increase in oxygen vacancy

[79]. Whether or nothemical expansion leads&nincrease in ionic conductivitgt

highly strained heterostructure filrhas not been clarified yet in the literat{86].
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2.4.3Examples of Chemical Expansion

The Lao.eSto.4Coo Fen gz is investigated by Adler antknem is found out to be

0.032 in the temperature rang b et we en 7 0 (81].UrCadditiondBisBop 0 U C

et al. reporitnem Of Lao.5050.3906C00 FeneOs.sas 0.031 leween 700 UC and 900
[75]. Wang et al. state thaithemOf Lao.eSio.4«ConsFen0sais 0. 022 [83]tlt 800 UC

is reported by Chen et al. thidthem for LaixSxCoOs.; takes values between 0.023

and 0.024 while x parameter and the temperature vary from 0.2 to 0.7 and from 600

Up to 900 U3 Mcletcslp e alt studyBap s510.4Co.sFen 203
composition betw@@n BW®On,UCt haenyd r98Bo rt t hat t
valuesare between 0.026 and 0.0[8%]. Miyoshi et al. demonstrate th&lthem of

LaMnQOs.¢is 0.024b et ween 600 [B5¢ Omatimedthel HaOAQVradat et al.
investigateSrTii.xFeOs.i (x varies between 0.3 and 0.7)d calculateUtnemas0.03

at ambient temperatuf86]. Utnem Of Lap 25St 79-eQs- is determined by Khartoat

al.in a temperature ange bet wgwem0 .66107 )U Caltfdr084m)5 UC (

[87].

2.5 Methods for Production of LSMO and LCMO Powders

Throughout the years since the first production of LSMO and LCMO powders, many
methods have been developed searchers in order to obtain single phase
nanopowders.in this section, methods commonly used to produce LSMO and
LCMO powders will be discussed.

2.5.1Solid State ReactionMethod

It is the most common, basic and wietlown production technique to produce naxe
oxide ceramics such as manganit8garting materials are generally oxides of the
cations andin some casesarbonatesAfter weighing of starting materials, the
mixture is wet balimilled and after millingresulting slurry is driedAnnealing of

mixture at high temperatures order to increase mobility of atoms and reaction rate

24



is the final step of solid state synthesis metHods a suitable techniquéor large
scale productiorbut it has some disadvantages tswas time dependencyhigh
annealingtemperature and excessntaminatiorduring ball milling[88]. Figure11

demonstratethe effect of time orreaction prodats.

Solid State Reaction

AQ

BO,

Starting powder Incomplete reaction Proper reaction Strong bond
due to excessive

ABO, reaction

A+
AO BO, A0 BO, L o 12

L)

Ceramic Processing: Powder Preparation and Formng, Ceramic Society of Japan (1984)

Figure 11: Effect of time on reaction produd®9]

La>,O3, MNO, andSrCQ; are mixed stoichiometricly and heated at high temperatures
in order to remove carbonaf€hen powders are pressed in order to produce pellets
and reheatedl'he resultant pellets are regrinded and eventually, single phase LSMO
are produced. For LCMO, instead of Sr{@aCQ are used as starting materials
[31, 83].

2.5.2Pechini Method
Pechini method is eomon polymerization techniqué.is one of themost successful
processto obtain single phase mixed oxide ceramic compoul®ds§. In this

technique, there are various mechanisms affecfingl products. The main
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stabilizing mechanism of this process is chelation of cations by organic acids
providing homogenous distribution of metalganic complexes [90].
Polyesterification reaction occurs when solution is heatezlevated temperatures.

In this reaction, the organic acidsirrond the metal cations artdis results in
homogeneous distribution of cationspgalymeric resn. After the calcination of this

polymeric resin, the single phase mixed oxide ceramic powders are olj&ihed

° i o ° i o
\\('_c—c—c—c"} J —_— \\('—c—c—c—rf"—"
HO/ Hz | H; OH H | H
HO H 2 OH
=G .

0% “oH HO @ou

Citric Acid Metallic Citrate
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OH OH
Y e—t—g ° 0“(' c—c-c c\’O_C_C_DH
——t=L= ~CHy-CH;-0H ——= —C=C= Ha Hs
4 “oH T HO=OH=CH; Ho—-c—c |0 “o
Hz Hy

Hy L He

o7 -.~D

Ethylene glveol

Metallic Citrate Esterification

Polvester

Figure 12: Processing routef Pechini metho@O1]

Generally, sulfates or nitrates o€ations are used as starting material. Starting
materials are added into organic asdch as asetic acid, citric acid and soAmsit

can be seen fronFigure 12, ethylene glycol is put into solution to start
polyesterification reaction amgmaining iswater.Solution is heatedetweenl20C

and 200 C to remove water from systerAfter calcination at high temperatures,

single phase mixed oxide ceramic powders are obt§@id

La(NGs)3.6H20, Sr(NG)2 and Mn(NQ)3.6H20 are mixed stoichiometricly and citric
acid is added into solution. Ethylene glycal added and used tmitiate the
polyesterication reaction. Precursors, ethyleyene glycol and citric acid are added
togetherin variousamounts Water is added independenfipm the stoichiometry.
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Solution was mixed at constant stirring. Resulting ressn calcinated at high

temperature and single phase powders are obtf3¢d

2.5.3Solution Combustion SynthesidMethod

Solution combustion synthesis asrapid and basic process to produce synthesis of
nanopowders effectivelyDepending of the starting materials, combustion occurs
either layer by layer cas awhole volumeDoping of trace amount impurity atoms is

very simple and succesfun this proces§o4].

The metal nitrate precursors (La(8)e6H0O, Sr(NQ). and Mn(NQ)3.6H0O) are
mixed with water and then stoichiometric amount polyvinyl alcohol was added. Until
ignition, solution is heated under a thermal plate. After combustion, resulted powders

are calcined at high temperatuf®5].

m Drying @ 80°C

LINO,, Glycine in TiO,, HNO, in
Distilled H,0 Distilled H,0

Calcination

® O A . Auto-combustion
LTo OO ® @ 250°C

nanospheres

O

Figure 13: Schematic solution combustion synthesis r¢9&3
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2.5.4Hydrothermal SynthesisMethods

In hydrothermal synthesis methods, starting materials are metal oxides saietal
hydroxides and metal powders. Starting materials are mixed with water. By heating
the solution and applying pressure, ceramic powders are prodlibeduse of
pressure and heat enablée productionthe subbmicron sized oxides, neoxides
andmetalic particles The main advantagef this technique ishe low temperature
synthesis capabilitand usage ofimpure starting materialdvloreover it offers a

bettercontrol over diffusion kinetics, particle size distribution and phase {9y

MnCl2.4H0, LaCb.7HO, SrCh.6H.O and KMnQ; are starting materials ohis
processAs a surfactant(CieH3z3)N(CHs)3Br) is usedcommonly KMnO4 was added

to ensure alkalinitySolution is mixed to obtain homogeneity and after it@ted in

aut ocl ave a@dor dnedayt Thel reslitth@ solution is washed with
ethanol and deionized water to remove residual surfactant and chloride and
potassium ionsAt the end, product waeheatedto 80 e Go increase the yield of

small sizeparticles[98].

2.5.5Co-precipitation Method

In co-precipitation method, starting materials are nitrates or chlorides of catiohs
mixed with liquid such as watehfter precipitation proces, hydroxides of cations are
obtained During precipitation, urea and ammonia are usmainmonly as a
precipitant Beforethe next step, hydroxides are washed and dedter calcination

of hydroxides, fine oxide powders are produced.

La,O3, manganousiitrate and strontium carboratare used astarting material.
Nitric acid treatment performetbr dissolutionof carbonatesnd lanthanum oxide
Appropriate amounts are prepared for stoichiometric LSWi@& mixture is added
into precipitation bath. Precipitator is aqueous solutiommmoniumcarbonateand

for complete precipitation it has to be 50% excé$® pH of the precipitating bath

kept by adding ammonid®rying of precipitates takes 3 hours ate66 . Resul ti

product was grinded and calcined at high temperaf@83s
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2.5.6SolGel Method

Under wet chemical synthesis processesgebmethod is the most common method
due to itsadvantages such as good homogeneity, better pdiry particelsand
adequate composition contrdtl is a cost effective process doeits capability to be
synthesized at low temperatur@$e advantages of sgel methodattract scientists

to produce mixed oxide ceramid90], as well

Ceramic materials should be as pure as possible withcaettolledmicrostructure
and nominal compositions in order to be used in industrial applicat®wigyel
method provides the purification of precursors by distillation which results in a
highly pure final product.

The nost importantadvantage of sejel method isthe ability of mixing of
precursorswhich are the source of cationghis provides a decreage diffusion

length in molecular leveEventually, the stable phases can be gained easily.

Dense thin films, ceramics, uniform particles, aerogels and fibarbeabtained by
solgel method Figure 14 describes the production routes of final products
obtanedy solgel method Typically, there are two kindf solgel methods. Those
methods are named as particulategal method (known as nealkoxide method)

and polymeric sebel method (known as alkoxide method). In particulategsbl
method, inorganic salts of cations are mainly consumed. The final gisochust be
washed out to remove the inorganic anions. In polymeriggaloimethod, metal
alkoxide precursors are the starting materials to produce a gel with continuous
network. For two these sgkel methods, the process occurs in same steps: hydrolysis,

condensation, oxolation, and oxide network.

The common disadvantages of-gel method can be listed as: (i) excessive porosity,

(ii) residual carbon and (iii) relatively long process times.

29



Metal Alkoxide Solution i ZPorB e Heat ==

Coating Xerogel Filn Dense Film

i i o Heat Y
Hydrolysis Evzporation = \
] e T g y
Polgmerization E—t @ ¥ ‘~.___/
Coaling 2 y
/ Xesiigiol Dense Ceramic
Gelling
Extraction
o of solvent Ry
o &ﬁg..\
% E”j. [\ s "%
s T 5
S Precipitation \ e ,‘,: vfj’b o
ol G 4 " :
R N .
Uniform Particles Aerogel
Spinning
Fumac:2
N
Ceramic Fikers | )
—

Figure 14: Production routes of various types of final produmtsol-gel method
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CHAPTER 3

EXPERIMENTAL PROCEDURE

In this research, Pechini method was employeth@aproduction technique. Variety

of characterization techniques were performmeduding X-ray Powder Diffraction
(XRD), Scanning Electron Microscope (SEM) and Energy DispersiveayX
Spectroscopy (EDS). Thermogravimetric Analysis (TGA), Dilatometry and High
Temperature Xay Powder Diffraction (HTXRD).

3.1Powder Synthesis

Manganese (Il) nitrate tetrahydratéi{(NOsz).@H0), lanthanum (Ill) nitrate
hexahydrate L(a(NOs).BH.0) and strontium nitrate (Sr(N{2) were supplied from
MerckE andthey wereusedasmetalsource for all of powder productiorCitric acid
(CeHsO7®1,0) was employed aanagent for formation of polymenetal complexes.
Etylene glycol (C2HeO2) was used to form polymeric resin and start
polyesterification reactianDeionized water was used to prevent ineatent of
impurity ionsand provided fromELGA Proess WaterAll of the used chemicals

were analtical grade and notherpurification wadurrtheremployed.

Manganese, lanthanum andostium were dissolved in water amgric acid was

added into the solutiorsolution was mixed with magnetic stirrer at various speeds.

Temperature was risen8 0e C i n order to provide bond
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citric acid.This process waskenapproximatelyd hours Ethylene glycol was added
into the solution to form pgimeric resinFor gelation process, temperature was risen
up tol 1 O gnd kept constant between 6 @&htiours.The gel was dried by heat
treat ment g@gdundih Adgate @ortaCaldination washen performedin

alumina crucibles at various temperatu

3.2 Powder Characterization

3.2.1X-Ray Diffraction Analysis

In this research, Xay diffraction analyses were performetnyfor two purposes.

The firstoneis to confirm phases whether it is fully crystaline or not and identify the
phases after calcination. The other purpose being the most important one is
calculating chemical expansion lmpnductinghigh temperature Xay diffraction
experiments (HTXRD). Aalysis was carried out using a Bruker AXS Gmbh D8
Advance diffractometer. The-Kay generator voltage and current wereugetand

kept constant at 40kV and 40mA, respectively. Cuafget with a Ni filter was used

as Xray source to create a wavelengti& 4 056 | .

DIFFRAC PLUS Evaluation software was used to analgiéfraction data.For
HTXRD measuremnts, Anton Paar HTK16N chamber wasounted on the
diffractometerand Anton Paar HTK 2000Montrollerwas usedThe heating sip of
the chamber is lptinum a filament which can be heated up to 164D In our

experimentsthe chamber ibeatedupto DOC under nitrogen (B atmosphere

It should be noted that calibration Afiton Paar heatinghamber is significant. After
mounting of chamber, Xay tube and detector is taken zero position so that the
coming beam is only transmitteéd the detectorThen, the intensity of coming-kay

is adjusted tdoe the half of intensity of transmittedrdy. The other half is hito the
edge of heating strip anat lhost.
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The samples wereesistancéheatedin the chambemith a rate of 2e @nin. The
temperature of samples were determined by two thermocouples @lhogdand

below of the heating stripHeating sequence is used to determine the chemical
expansion anévolving phasesAll samples were held isothermallyith 100eC step

and diffraction data were collectdmbtween5e and 120 in continuous scan mode

with rate of Zmin in parallel beam geometry undes protective atmospherét the

end of experimentgpowders were cooled to room temperature wgh/&in. At all
isothermal step, the samples were held 10 minutes for homogeneous distribution of

heat in heating strip.

Diffractograms were constructed by Origin 8.0 and CMB®&twares Crystal
structure of saples were determined frofCDD database. ibear least square
method was performed in order to calculate lattice parameter of each sample at every

temperaturetep

3.2.2Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was carried out by an EXS TG/DTA 7300

to measure the mass change in controlled atmosplsateematicsof device is
illustrated inFigurel5. It has dual beam for measuraethand horizontal device. Left

one is used for reference samples whereas right one is for actual samples. The
detectors measure the difference of masses at beams with micron errors. The furnace
has a heating capatility up to 1%30with a maximum heatingate 100eC/min. The

calibration of device was carried out by the manufacturer.

In this research, LCMO sintered samples were ground to prepare fine powders of the
samples. Each experiment werepeatedfour times in order to detg the
experimental error. Alumina crucibles were used for TGA measurements. No
reaction were observed between the alumina crucibles and LSMO or LCMO
powdersTher mogravi metri c measurements were
UC with a r at &atmbspleresing 8 mg ohpowdardt is assumed

that the weight lose is only related to oxygen loss.
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Figure 15: Structure of EXSTAR TG/DTA 7300

TGA gives mass loss with increasing temperature. Weight loss (TG), derivative of
weight loss (DTG), differential temperature changes (DTA) are measured with
respect to temperatur€GA data weresignificant for theconducted studipecausef

the fact thabxygen deficiencyl) is related to weight loss

3.2.3Scanning Electron Microscopy(SEM)

FEI Nova Nano SEM 430 Field Emission Scanning Electron Microscope was used to
conduct SEM analysim order to examine surface morpholodnergy Dispersive
X-ray Spectroscopy (EDS) was performi&d check nominal composition of the

samplesPowder specimens were coated with gold (Au) to enhance conductivity.

3.2.4Dilatometry
Dilatometry analysis wagonductedin the Central Laboraty of Middle East
Techni cal University. The experi méghnt was

aheatingrate of2 U C/ mi patmoplereusing&lSetaram Labsys ditameter.
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CHAPTER 4

SYNTHESIS OF LCMO5 & LSMO SERIES

4.1 Synthesis of LasCapsMnOs.y
Synthesis of bulk LgsCa sMnOs.4 was performed by Pechini method in Max Planck
Institute for Solid State Research in Stuttgart by Prof. Halneh Habermeier.

4.2 Synthesis of LSMO Series

Synthesis of LSMO series starts with the preparation of precuidargyanese (Il)
nitrate tetrahydrate, lanthanum (lll) nitrate hexahydrate and strontium nitrate are the
main precursors of metal ions. The amount of chemicals needed for the preparation

of LSMO solutions is given ifable3.

As it can be seen fromable3, at all LSMO series, the manganese is oneenaod

the amount of manganese precursor is constant. The amount of strontium and
lanthanum precursor changes with doping amount of strontium. The calculations are
based on molar value and the produced LSMOs are assumed as fully stoichiometric.
There is a mlar ratio between the amounts of chemicals used in production. The
mole of ethylene glycol is twelve times larger than the total mole of metal cations in
precursors and four times larger than citric acid. Between citric acid and metal

cations, the mole dfitric acid is 3 times larger than the total mole of metal cations.
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The ratio can be represented as 1:3:12. The amount of water used is arbitrary since

water is evaporated during production.

Table 3: The amount of chemicals needed the preparation of LSMO solutions

Solution | La(NO3)2BH20 | Mn(NO3).@H,0 | Sr(NGs)2 | Ethylene | Citric Acid
Name (9) 9) (@) | Glycol(g) (9)

LMO 1.361 0.8 0 1.559 1.319
LSMO1 1.225 0.8 0.0664 4.668 3.963
LSMO2 1.089 0.8 0.133 4.668 3.963
LSMO3 1.036 0.8 0.199 4.668 3.963
LSMO4 0.816 0.8 0.266 4.668 3.963
LSMO5 0.681 0.8 0.332 4.668 3.963
LSMO6 0.545 0.8 0.399 4.668 3.963
LSMO7 0.408 0.8 0.465 4.668 3.963
LSMOS8 0.272 0.8 0.531 4.668 3.963
LSMO9 0.136 0.8 0.600 4.668 3.963
SMO 0 0.8 0.800 3.754 3.177

The preparation of LSMO series started with the mixing of manganese, lanthanum

and strontium precursors in stoichiometric amounts. Arbitrary amount of deionized

water was added with mixture of precursors in the beaker while continuous magnetic

stirring wasperformed. After citric acid was introduced to solution and the magnetic

stirring was continued, the temperature was risen @ QoA C .

The purpose of

is to provide better homogeneity and bonding between citric acid and metal cations

in solution. Ater 3-4 hours, ethylene glyt was added into the solutidiemperature
ncreased to 110AC

reaction between chelated metallic complex and ethylene glycol to form

wa s
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polymericresin. As a redulof polyesterification, the segregation of cations are
prevented due to immobilize cations in polymeric resin. The formation of gel was
completed after8 hour s. The gel was dried in thi
the resultant samples were grouf@alcination of grinded polymeric resins formed

the mixed oxide ceramic powders. The calcination temperatures have been altered
with the amount of Sr doping. At LMO, LSMO1, LSMO2, LSMOS3, LSMO4 and
LSMO5, calcination temperature was @0wvhereas with higheBr doping 1456C

was employed for calcination in a box furnace. During calcination, the heating rate of
substancesn the furnace was &/min and substances were waited 3 hours after
heating. At the end, furnace cooling was performed. TGA and all othd XR
experiments were performed with calcined powders. Powders should be pressed and
sintered at various temperatures for dilatometry experiments. The LSMO powders
were pressed uniaxially 125 MPa and resulted pellet sintered ateCl4f60
densification. Theheating rate during sintering wagC3min and substances were
waited 12 hours after heating. At the end, furnace cooling was perfoFigede 16

shows the flowchart of experimental procedure of LSMO production.
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CHAPTER 5

MEASUREMENT OF CHEMICAL EXPANSION

5.1 General Remarks

Different amount of Sr doped LSMO, LMO, SMO ah@€MO5 sample were
synthesized by Pechini methahd variouscalcination regimes were applied to
obtain single phase materials. Correspondingcgsswas prevously described in

Section 4.1 and 4 @r different samples

In order to determine chemical expansion coefficient of all sampéesples were
characterized byin-situ X-ray diffraction (HTXRD), thermogravimgy analysis
(TGA) and dilatometry. Powders before and after TGA experiments were
investigated under SEM.

In this part of the thesis, the data obtained from the experimental study were
presented and the results were discugseetails

5.2 Room Temperature I nvestigation ofLCMOS5 and LSMO Series

In order to calculate correct chemical expansion coefficient, LSMO and LCMO5
powders should be produces single phasg80, 81] Room temperature XRD
spectra of LSMO and LCMOS5 samplaillustrated inFigure17 andFigure18. All
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samplesare assumedo be fully stoichiometric which meansthat no cation and

oxygen deficiencyt room temperatures.

XRD indicates a perfect single phase structure for LCMO5 as shoWwigume 17.
The crystal structure and space group of LCMO5 was observed as orthorlamahbic
Pnmafrom ICDD databasandliterature[101].
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Figure 17: XRD Spectraof LCMO5

At first glance, from LMO to LSMOS8 samples, no additional peamesenting a
second phase formation were observed. The crystal strisgams to be the same
with respect to Sr dopingdowever, when it wasarefully investigated the peak
arourd 47 for LSMO5 and LSMOG6indicatesa possibledifference in crystal
structure.Figure 19 illustrates that rhombohedral (024) reflectisnseparatednto
tetragonal (004) and (220) pedB4].
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Figure 18: XRD Spectras of LSMO Series

From LMO to LSMO5, the XRD spectras demonstrate the same single (024) peak
around 4@ Whereas LSMO6, LSMO7 andSMOS8 have two peaks representing
(004) and (220) reflections. Rhombohedral structurecfRs seen from LMO to
LSMO5 and tetragonal structure (14/mcm) is observed in LSMO6, LSMO7 and
LSMO8. The difference between orthorhombic and tetragonal phases c#&® not
observed in XRD spectras thus, to determine whether it is tetragonal or
orthorhombic, ICDD database were udd®]. At LSMO9 and SMO, additional
peaks were detected and crystal structure is foundtmuite hexagonal having

P63/mmc space group.
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Figure 19: (004) and (220) reflections for tetragonal and (024) reflection for

rhombohedral crystal structures

There are significant peak shifts in the ttheta values of LSMO peaks withihe
experimental error limits (Table 4Besides lowest and highest Sr amount, from

LSMO2 to LSMOS8 there isan ncreasing ordewith respect to @values
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Table 4: 2d values of LSMO serig

Sr Amount 2d (Degrees)
Pure LMO 68.313N 0. 00}
LSMO1 68.295N 0. 00 §
LSMO2 68.281IN 0. 00
LSMO3 68.328\ 0. 00 §
LSMO4 68.536N 0. 00 §
LSMO5 68.665N 0. 00 §
LSMO6 68.978N 0. 00}
LSMO7 69.229N 0. 00 §
LSMO8 69.432N 0. 00 §
LSMO9 69.073N 0. 00}
SMO 68.965N 0. 00

The amount of Sr and Ca doping waketected usingeDS analysis Table 5
demonstrateexperimentalLa/Sr ratio gathered from EDSnd theoretical Labr

ratio. Each EDS analysis was performed four times.

Table 5: Amount of Ca by experimental study and theoretical calculation

Experimental La/Ca Theoretical La/Ca

0.85\0.10 1
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Experimental La/Sr

Theoretical La/Sr

Figure 20: Amount of Sr by experimental studies and theoretical calculations

Figure 20 shows thathe amount oSr doping is in good agreemenith theoretical
amount.As it can be seen fromable5 the amount of Ca doping alsofitted with
the theoretical amoum LCMO5.

5.3 Chemical Expansion Coefficient ol.aosCagsMnO 3.5 (LCMO5)
LCMO5 was synthesized as single phase orthorhomhictste according toXRD
experimentsOxygen deficiency {f) and strain occurred from oxygen deficien&y)(
should be knowrto calculate chemical expansion coefficieatjuation 3shows the

corresponding relation

Z z Y Equation 3
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Half of the aliovalent Mn cations are in 3+ and teenainings ard+ valence state

when the oxygen deficiencyi() is 0. Some oxygen vacanc
the lattice if temperature is increased and/or oxygen partial pressure isdeduce
During formation of oxygen vacancies, the following defect reaction occurs (written

I n  K4Vihkgnetation)to maintain charge neutrality
c ¢ 0 © o® cb¢ -0 Equation 5

where Mn%, and O are Mn and O ions at their original locationg, Mn/, , O,

are the O vacancy, reduced Mn a@gd molecule.This defect reaction is mainly the

reason of chemical expansion.

TGA experiments were performed in order to calcutatggendeficiency under i
atmosphere. During calculations, all weight loss assumed to stem from oX@yen.

results are illustrated iRigure21.

As it can be seen froffigure21, no weight loss was observag to 10@C. Thestart
of weight loss corresponds to HI0 The weight loss reaches up to 1.6 % when
temperature is increasad 900C. From calculationsti term was found out 0.19.

From this value, average Mn valency was calculated as 3.1+.

45



100.0

99.0

weight loss [%]

98.0 1

970 v T T T T T T 1 T T T T T ' T T T T T
0 200 400 600 800 1000
T[*C]

Figure 21: The percent weight loss versus temperature plot

Total strain can be found from dilatometgdin-situ XRD dataFigure 22 is total

strain,(] versus temperature, T,pltt. can be represented by the

9]

- - - | zY'Y | z Yy Equation 6

where arner and acnem are thermal and chemical expansion coefficient, respectively
Total Ureaches up to 1.06 When T is increasedo 900 eC under N reducing
atmospherelt is seen fronfigure22 that the onset of weight loss corresponds to an
approximately similar temperature range with the one where the &ieplot found

at low temperature range is lost
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Figure 22: The percent strain as a function of temperature

From insitu XRD experiments, it has been sure ttire is onlyLCMO5 phase
befae and after the heat treatment. Tlduction (i.e. O loss from the material) is
responsiblefor the dilation (note that thermal strain is always taken into account
during calculations) andor the accompanying weight lasMoreover, achem of
LCMOS has been identified to i&016.The achemis plotted againsi in Figure23

and three regions are indicatéualregion 1, the points on the graph are very scattered
and sporadic, a linear relationship is observed in region 2 and theadfldpe line
increases in region 3. Thimlue, where the increase in slope occurs, corresponds to
Mn valercy of 3.25+. Finally, the Mn itreases of 3.1+ at the end of region 3.
LCMO5 beomes moreeompliant with an increase i (by either ircreasing T or

reducing oxygen partial pressure).
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Figure 23: The relationship betweeschemandli in LCMO5

Also, in-situ XRD was performed in order to obtain data about total strain. The total

strain can bexpressed by following equation.

where al dand! 1 are lattice parameter of crystal structure, infinitesimal change in

lattice parameter and oxygen deficiency.

It was previously statedhat LCMO5 hasan orthorhombic structure. As a result of
in-situ XRD experiments, lattice parameters versus temperatimaviourswere
determinedBy looking at the three lattice parametealues, there is an anisotropy in
expansion valuesAccording toFigure 25 and Figure 26, the chemical exparm

coefficients a@ almost zeroln Figure 24, achemWas calculated as 0.014 which is

very close to value obtained from dilatometry data.
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Figure 26: co change with respect to temperature

The reason fothis anisotropy can be explained with thermal expansion. In thermal

expansion concept, materials are expanded or contracted anisotropiballgtomic

positions, electronic interactions, bond strength of atomseathe reasonfor the

anisotropy in chemicaxpansion valued 02].

Figure 27: SEM images of a. LCMOSSintered b. LCMO#BAfter Treatmen{1000x)
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Surface morphologies of LCMO5 powders were investigateder SEM. SEM
analyses revealdtiat powders were sintered due to be held high temperatures during
experiments After the high temperature experiments, there is no observable
difference in particle morphologiedMoreover irregular shapes of agglomerates
causedevel differences in thpowdersbeing examined.
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CHAPTER 6

CHEMICAL EXPANSION IN LSMO SERIES

Room temperature investigations of powders indicate that all samples are produced
as single phase. From roaemperature to 9@C, in-situ XRD proved that LSMO
series do not undergo any phase transformatiorthis section, TGA, k¥5itu XRD

analsisand SEM analysis will be shown amder for clarification

6.1 Thermogravimetric Analysis (TGA) of LSMO Series

100.0
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96.0 +—+——— 11—
0 200 400 600 800 1000
T[°C]

Figure 28: The percent weight loss versus temperaploeof LMO
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As it can be seenrdm Figure 28 the weight loss starts immediately at room
temperature. The reason for this can be explained that even thmigjt loss is
observed close to room temperatlreetics of reaction do not allow to start at room
temperature Oxygen vacancy formatioenergy could beoo low to createthese
oxygen vacancieg.his explanation is valid for all LSMO sampl@sacer anount of
oxygenwerereleasedclose to room temperaturélso, around 48&C, the slope of
TGA curve alters and as a result, the oxygen vacancy formation increases due to
slope changeDuring this changetl is close t00.25and Mn valency isipproximately
2.5+. Half of the alovalent Mn cation becomédn 3+ and the rest is Mn 2 he
weight loss reaches up to 3.3 % when temperature is increaseg. 90@m
calculations,i term wasfound out 0.5 From this value, averagenwalency was

calculated as®2

T T T T
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Figure 29: The percent weight loss versus temperature plot of LSMOL1
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In LSMO1, te weight loss reaches up to 2.6 % when temperature is increased to
900C andu approaches to 0.38. At 9D, Mn valence state was found out 2.34+. It
can beseen fromFigure 29, same slope change seen in LMO was observed. At
485, the slope change is occurréid. aMmdalence state at that temperature are
0.176 and 2.75

100.0

weight loss [%]

—TT 77— T T
0 200 400 600 800 1000
T[°C]

Figure 30: The percent weight loss versus temperaturegilaSMO2

In LSMO2 (Figure 30) around 47€C, the slope of TGA curve alters and as a result,

the oxygen vacandprmation increases due to slope change. During this chamge,

close to 0.13 and Mn valency is approximately 2.94+. FrositinXRD and DTA
experiments, it is proven that there is no phase change at all. The weight loss reaches
up to 2.2 % when tempdtae is increased 9@0. From calculationsii term was

found out 0.31. From this value, average Mn valency was calculated as 2.58+.

In Figure 31, between 288 and 328C , the slope of TGA curve alters and as a

result, the oxygen vacancy formation increases due to slope change. However, after
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325, the slope is going to be same with slope befor&285uring this changej

is between 0.15 and @2Mn valency is approximately between 3+ and 2.9+. Up to
800LC, the slope of TGA curve increases and afterg8D@he weight loss stops.
Almost no weight loss is seen. At 8@ U is 0.65 and Mn valency is 2+. The weight

loss reaches up to 4.7 % when temgiure is increased 9D,
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Figure 31: The percent weight loss versus temperature plot of LSMO3

In LSMO4, there are two important temperature values evekape of TGA curve
changes First value is 18&. At this temperaturel is 0.088 and Mn valency is
approximately 3.22+. Second temperature value iséZ3@heret is 0.318 and Mn
valency is approximately 2.76+. Between X85 and 730C, the slope changes at
475 ¢C whered is 0.17 and Mn valency is calculated as 3.05+. The weight loss
reaches up to 2.6 % when temperature is increasesC 986om calculationg] term

was found out 0.365. From this value, average Mn valency was calculated as 2.67+.
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Figure 32 The percent weight loss versus temperatureqilbEMO4
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Figure 33: The percent weight loss versus temperaturegflbEMO5
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In LSMO5, there two important temperature values where slope of TGA curve
changes. First temperature value, dB8xan be observed ifigure 33. At this
temperatureti is 0.106 and Mn valency is approximately 3.29+. Second temperature
value is 730eC wheret is 0.358 and Mn valency is approximately 2.78+. Between
185¢C and 730G, the slope changes at 540 whereliis 0.23 and Mn valency is
calculated as 3.03+. Reason for slope chantiee same for LSMO4.
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Figure 34: The percent weight loss versus temperatureqilbEMO6

As it can be seen iRigure 34, There are two important temperature values where
slope of TGA curvaleviates First value is 18&. At this temperaturajis 0.06 and

Mn vaency is approximately 3.48+. Second temperature value ig€C6@bereu is
0.177 and Mn valency is approximately 3.25+. Frorsiin XRD experiments, it is

proven that there is no phase change. The weight loss reaches up to 1.8 % when
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temperature is incread 90@C. From calculationsii term was found out 0.234.

From this value, average Mn valency was calculated as 3.13+.

In Figure 35, TGA curveof LSMOY7 is represented and there are two temperature
values where slope of curve alteFérst value is around 2@5. At this temperaturej

is 0.07 and Mn valency is approximately 3.56+. Second temperature value is around
640C wheret is 0.176 and Mn valencg approximately 3.35+. From4gitu XRD
experiments, it is proven that there is no phase change at all. The weight loss reaches
up to 1.9 % when temperature is increasedg®0@rom calculationsyi term was

found out 0.246. From this value, average Mremaly was calculated as 3.21+.

100.0

99.0 +

weight loss [%0]

98.0
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0 200 400 600 800 1000

Figure 35: The percent weight loss versus temperature plot of LSMO7

As it can be seen fromigure36, up to 10@C, no weight loss was observed and start

of weight loss corresponds to HI0 The weight loss reaches up to 1.7 % when

temperature is increased @00for LSMO8. From calculationsiterm was found out
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0.22. From this value, average Mn valency was calculated as 3.36+. There are two
important temperature values where slope of TGA curve changes. First value is
around 32BC. At this temperatura] is 0.05 and Mn valency is approximat@y/+.
Second temperature value is around é8@vherel is 0.15 and Mn valency is

approximately 3.5+.
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Figure 36: The percent weight loss versus temperature plot of LSMOS8

In LSMQO9, up to 108C, no weight loss was observed astdrt of weight loss
corresponds to 1@C2. The weight loss reaches up to 1.25 % when temperature is
increased 9C4C. From calculationsii term was found out 0.15. From this value,
average Mn valency was calculated as 3f&gure 37 demonstrates that there are
two important temperature values where slope of TGA curve changes. First value is
around 32BC. At this temperaturell is 0.035 and Mn valency iapproximately

3.83+. Second temperature value is around@8therel is 0.11 and Mn valency is
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approximately 3.70+. From 4situ XRD experiments, it is proven that there is no

phase change at all.
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Figure 37: The percent weighbss versus temperature plot of LSMO9

As it can be seefiom Figure38, up to 10@C, no weight loss was observed and start

of weight loss corresponds 10@&C. The weight loss reaches up to 1.25 % when
temperature is increased @00 From calculationg] term was found out 0.15. From

this value, average Mn valency was calculated as 3.7+. There are two important
temperature values where slope of TGA euchanges. First value is around &25

At this temperaturefl is 0.045 and Mn valency is approximately 3.91+. Second
temperature value is around &0whereliis 0.11 and Mn valency is approximately
3.78+ in SMO.
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Figure 38 Thepercent weight loss versus temperature plot of SMO

6.2 In-Situ X-Ray Diffraction Analysis

In-situ XRD was employed to find out total straah elevated temperatures a

result of insitu XRD experiments, lattice parameters versus temperbaairaviour
aredeterminedBY looking at the lattice parameter values, one can argue that there is
an anisotropy in expansion values just like thermal expansion. The reasons for
anisotropy was previously explained in Chapter 4.3. Therefore, it is observed that
chemical gain occurs only a site of structures in all LSMO seriess previously
stated thatfrom insitu XRD experimentsand DTA experiments (conducted
simultaneouslywith TGA experiments)it has been sure théhere is only room
temperaturgphase both befe and after the heat treatmentedriction (i.e. O loss
from the material) is responsible from the dilation (note that thermal strain is always

taken into account during calculations) and the accompanying weight loss
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Figure 41: The relationship betweeschemandl in LMO

Due to anisotropyachemis calculatedas 0.011 from a site of structurghown in

Figure39. In Figure40, c site is shown and data is inharmonious to calcudaten.

Two regions are indicated iRigure41. In region 1, the points on the graph are very
scattered and sporadic, a linear relatiopsis observed in region 2 with an

increasing slopeThis value, where the increase in slope ocaosesponds to Mn

valercy of 2.%+. Finally, the Mn increases &# at the ed of region 2

In Figure43, the chemical expansion coefficients contit be found because there is

no order in gvalues. However, ifrigure42, achemwas calculated as 0.006.
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Figure 44: The relationship betweefichemanddt i n L SMO1

Three regions are indicated in tRgure44. In region 1, the points on the graph are
very scattered and sporadic, a linear relationship is observed in region 2 and the slope
of the line increases. In region 3, there is a decreasbamical expansion with
increasingd. Mn valence state becomes 2.34+ at the end of region 3. The decrease in

chemical expansion iregion 3 is experimental error.

In Figure46, the chemical expansion coefficients could not be found because there is

no order in gvalues. However, ifrigure45, achemwas calculated as 0.009.
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Figure 47: The relationship betweesichemandid i n L SMO2

Three regions are indicated in thigure47. In region 1 and 2, a linear relationship is
observed at different slopes and region 1 has higher slope than region 2. In region 3,
increase in chemical expansion is parabolic. Mn valente B&comes 2.58+ at the

end of region 3.

In Figure49, the chemical expansion coefficients could not be found because there is
no order in ¢ values.However, inFigure 48, acremwas calculated as 0.002. Two
regions are indicated in thHegure50. In region 1, the points on the graph are very
scattered and sporadic, a linear relationship is observed in region 2 and the slope of

the line is almost constant. Mn valence state becomes the end of region 2.
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In-situ XRD was employed to find out total strain when it is heatedkigure 52,
the chemical expansion coefficients could not be found because there is no order in

Co values. However, ifrigure51, acremwas calculated as 0.004.

Two regions are indicated in thifegure 53. In region 1, a linear relationship is
observed with increasing slope and in region 2, there is almost linear relationship and

it has decreasing slope. Mn valence state becomes 2.67+ at the end of region 2.

Cknemin a site of crystal structure is calculated as 0.007 which is shoRigtine54.
However, inFigure 55, values are sporadic for calculation of chemical expansion

coeficient.
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Figure 54: a change with respect to temperature in LSMO5
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Three regions are indicatedfigure56. In region 1, a linear relationship is observed
with increasing slope and in region 2, slope is atzeso and it has constant value.
In region 3, decreasing slope is observed. Mn valence state becomes 2.68+ at the end

of region 3.

In Figure58, the chemical expansion coefficients are zero because the only change in
Co values is due to thermal expansion. HoweveFigure57, achemwas calculated as
0.005.
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Figure 57: a change with respect to temperature in LSMOG6
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Two regions are indicated in thieigure 59. In region 1 a linear relationship is
observedwith increasing slopeand in region 2, linear and decreasing slope is

observed. Mn valence state becor@ds3+at the ed of region 2
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Figure 60: ap change with respect to temperaturé. SMO7
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In Figure61l, the chemical expansion coefficients are zero because the only change in
Co values is due to thermal expansion. HoweveFigure 60, achemwas calculated as
0.002.

Figure62 demonstratethe relationship betweeschemandu It can be seen that there
IS no clear region and all graphs have sporadic points. Mn valence state becomes
3.21+ at the end of region 2.
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Figure 63: a change with respect tortgerature in LSMOS8
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Figure 64: co change with respect to temperature in LSMOS8

In Figure64, the chemical expansion coefficients are zero because the only change in

Co values is due to thermal expansion. HoweveFigure63, achemwas calculated as

0.002.

Figure 65 demonstrateshe relationship betweegacnhemand U .There istwo main

region at the figure. Region 1 shows experimental error becauseldaoarot result

with increasing chemical expansion. Region 2 is constant chemical expansion region

and Mn valence state becomes 3.36+ at the end.
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In Figure67, the chemical expansion coefficients are zero because the only change in
Co values is due to thermal expansion. HoweveFigure66, achemwas calculated as
0.0004 which is almost O.

Figure 68 demonstrateshe relationship betweeacrem and U .There is two main
region at the figure. Region 1 shows experimental error becausetdawarot result
with increasing chemical expansion. Region 2 is constant chemical expansion region

and Mn valence state becomes 3.6+ at the end.
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Figure 69: a change with respect to temperatiré&SMO

In Figure70, the chemical expansion coefficients could not be found betheseis

no order in gvalues. However, inFigure69, achemwas calculated as 0.003.
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Figure 71 demonstrateshe relationship betweeacnhemand U .There is two main
region at the figure. Rgon 1 shows experimental errdRegion 2 is constant

chemical expansion region and Mn valence state becomes 3.7+ at the end.

6.3 Scanning Electron Microscope (SEM) Analysis
SEM anaysis is employed to reveal the morphologichlngs before and after

duringin-situ XRD experiments.

WD mag
7.4 mm | 50 000

Figure 72 SEM images of a. LM&As synthesized b. LM@\fter experiment

c. LSMOZ-As synthesized d. LSMQOAfter experiment
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Figure 73: SEM images of a.LSMO2s synthesized b.LSMQO2After experiment

Cc.LSMO3As synthesized d.LSMQOAifter experiment

As it can beobservedfrom Figure 72 and Figure 73, calcinedLMO, LSMO1,

LSMO2 and LSMO3nanopowdersan besynthesizedbecausdower calcination
temperaturewas applied those powderafter treatment, nanopowders and some
sintered region hav been found This is because temperatures higher than
calcination temperature will cause sintering of nanopowdiéoseover SEM images
demonstrates that there are more surface area and it provides large area for oxygen
release.
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Figure 74: SEM images of a. LSM®As synthesized b. LSM®DAfter experiment
c. LSMO5ASs synthesized d. LSMOAfter expegiment e LSMOG6-As synthesized. f
LSMOG6-After experiment
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LSMO4, LSMO5 and LSMO6 as synthesized samplespanduced as mixture of
sinteredand nanpowders. LSMO4 samples are calcined lower temperature thant
LSMO5 and LSMOG. It can be observed kigure 74. At same magnification
LSMO5 and LSMO6 have more sintered regions. After high temperature
experiments, amount of nanopowders decrease gradually due to sintésigg.
values can be changed due to calcination temperatures besateseng directly

affectssurfae area of samples. Decreasing surface raesmns lower oxygen release.

WD mag HV HFW %— 3 ym ———— & W U ————1 1111}
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Figure 75: SEM images of a. LSMOAs synthesized b. LSMOZAfter experiment
c. LSMOB8As synthesized d. LSMQAfter experiment
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From LSMO7 to SMO, all samples are calcined at relatively high temperétsir@s
result, almost no nanopowderseapbservedn SEM images which is shown in
Figure 75 and Figure 76After in situ XRD experimentsthere is no change
morphology of the images because samples are already sintered after calcination. In
sintered regions, there will be less oxygen releasechemical expansion value is

expected to be low.
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Figure 76: SEM images of a. LSM®As synthesized b. LSM®After experiment
c. SMO-As synthesized . d(SMO-After experiment
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6.4 Discussion about TGA Slope Changes

Slope changes are observed in weight loss vs. temperature diagrams. Somg sample
have the same slope chan@éere are sombaypothesisabout slope change. First,

this slope changes are not related wetily structure because all rhombohedral
structures should demonstrate same change but they d&ewungd it has been
proven that no phase change occurs during in situ X4R@® DTA for all samples.

Third, Sr substitution may cause slogeangeshowever, slope changes are seen in
LMO samples which do not have &ourth, from Retveld refinement analysis, Mn

O bond lengths were measured but no relationship was féiited.eliminating these
possibilites it can be morelear to understand slopeangesf the oxygen vacancy

and mangarse valency values are tabulated.

Table 6: Slope changes from LMO to LSMO2

Slope Change | Temperature (&C) u Mn Valency
LMO 485 0.25 2.5
LSMO1 485 0.176 2.75
LSMO2 470 0.13 2.94

Table 7: Slope changes from LSMO4 to SMO

Temp a Mn | Temp a Mn | Temp a Mn
LSMO4 | 185 0.088 | 3.22 | 475 0.17 |3.05 | 730 0.318 | 2.76
LSMO5 | 185 |0.106 (3.29 |540 |0.23 |[3.03 |[730 |0.358|2.78
LSMO6 | 185 |0.06 |3.48 |680 |0.177]|3.25
LSMO7 | 205 0.07 | 3.56 |640 0.176 | 3.35
LSMO8 | 325 |0.05 |3.7 780 |0.15 |3.50
LSMO9 | 325 |0.035|3.83 |780 |0.11 |3.70
SMO 325 0.045| 391 | 780 0.11 | 3.78
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It can be seem Table6, from LMO to LSMOZ2slopechange may be due to Jahn
Teller distortion (Mn@ geometry change) which lowers the energy of the system
causing more oxgen vacancy formatiéiso, from LMO to LSMOZ2 between 470

eC and 485, the differences between slopes from LMO to LSMO2 aftere70
and 485C is reduced. This may be increase of Sr that may affects/da@hedra.

For LSMO3, two slope changes occur just before Mn valence state alters from +3 to
+2 at 32%C and from +2 and +1 at 8@0. Changes in valence state may affect the

oxygen vacancy formation.

In Table7, slope changes from LSMO4 to SM® demonstrated-or LSMO4 and
LSMO5, at 73@C, Mn valence state is almost same and this causes slope changes
but the reason is unknown with current studists475 eC and 540eC, Mn valence

state becomes 3+ and presence of 2+ Mn may increase the oxygamcywa
formation. From LSMO6 to SMO, the changes ofi and Mn valence state are

demonstrated but from the values there is no clear explanation for slope changes.

For all materials, it can be said that Jdreller distortion may affect the structure of
the @amples and as a result, there may be increase or decrease in oxygen vacancy
formation. To prove that, mlecular dynamics simulation on-situ transmission

electron microscopghouldbe applied.

6.5 High Temperature Investigation for LCMO5 and LSMO Series

In results and discussion part above chapters are related with the calculation of
coefficient of chemical expansion. The main purpose of this project was stated as to
calculate chemical expansion and to see effect of Sr ddpiggre 77 andFigure78
demonstratesi vs. Sr % andkrem Vs. Sr %. From the figures, it can be said that
besides LSMO3, oxygen deficiency decreases with increasing Sr doping. LSMO9
and SMO have almost sanievalues That means at some point, Sr doping do not

result with decreasing Also Uchem values have decreasing trend with increasing Sr
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doping but not straight order. There are some anomaleius values.As a result,

LSMO9 has the lowest chemical expansiofuga Sr acts as agent for decreasing

chemical expansion however, SMO has larger value than LSMQO9. This points out

SMO is not enough for decreasing chemical expansion

amount results with lowest chemical expansion.
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CHAPTER 7

CONCLUSION & FUTURE RECOMMENDATI ONS

7.1 Conclusion

In this study, chemical expansion of manigeswas investigated idetail by using
thermal and diffractiolechniquesResults indicatg that chemical expansiaesults

from oxygen deficiency and manganese radius change in LCMOS5 and LSMO series.
The following conclumns were attainedLSMO <ries and LCMOS5were
synthesied by Pechini methodOxygen deficiencywas calculated by performing
TGA under high temperature and reducing environment gishosphere)Room
temperatureXRD analysis revealed that synthesized powders are single phase
materials. In-situ XRD analysis dematrates that structural parameters such as
lattice constants cdubstances altered with increasing temperafmemalous shift

at the peaks justifies existence of chemical expanfidatometry and ni-situ XRD
analyss on LCMO5 and LSMO series showedlume change in bulk and lattice
which helps to calculate chemical expansi@uefficient of chemical expansion
values are found out and effect of Sr doping was observedlbathand i values.

All in all, it has been proved that for calcutat of chemical expansion values,
LCMO5 and LSMO series were synthesized successfully by Pechini method and
with several methodd khem and ti values were found out. LSMO9 has the lowest

Cehemvalue.
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7.2 Future Recommendations

Chemical expansion values are atdhtedwith the help of thermal and diffraction
analysises. In TGA curves, the slope changes cannot be clearly explained due to
absence of additional data.-$itu X-ray Photelectron Spectroscopy (XPS) ori

Situ Electron Energy Loss Spectroscopy ( EEE®)Id be employed in order to find

out the change in valence state of Brch that the relationship between Mn valence

state and TGA slope change could be clarified.

Pechini method is an easy way to produce mixed ionic electronic conductive oxides.
Howeve, during calcination, air atmosphere creates reductive environment which
causes the ejection of oxygen from lattickny oxygen deficiency or cation
deficiency on lattice can change the property of material. For example, high
temperature superconductor €B provides significant information about effects of
oxygen norstoichiometry. The changes of oxygen deficiengyletween 0 and 1
results with structural and also electronic properties changes I§maller than 0.65
superconductivity is observed. Aigherit v al ues, the compound
conductor [65]. In this research, sythesized powders are accepted as fully
stoichiometric however, generally, it should be controlled. By applying coulometric
titration, one can determenMn valence state and as a result, oxygen deficiency can

be found out before experiments.

In this research, effect of temperature on chemical expansion coeffient under
constant pressure is measured in TGA experiments. In addition to this, effect of
pressue under isothermal heating can be applied and the behaviour of material can
be understood.

Moreover, LSMO samples are calcined powders. In order to represent the service
life, powders can be sintered as pellets. After that, experiments can be employed.

Also, for dilatometry experiments, sintered pellets are needed.

Further investigations can be useful to understand the mechanisms of chemical

expansion under various environments.
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