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Abstract

A pseudebinary phase diagram of MR@1gO has been constructed usagpmbination
of X-ray powder diffraction data on quenched samples, -tagiperature Xay powder
diffraction and differential scanning calorimet8tudy on the phase diagram was carried
out with general formula M@In1xOd. Samples were prepared through scliate
synthesis and quenched in liquid nitrogen ovenaperatureéange 600 to 1200 °®hase
characterization revead the formation ofan extensivesolid solution of MgMnOsg and
the existenceof two tetragonal spinepolymorphs(T1 and T2)which contradict the

reported literature.

Both tetragonal spinel polymorphs were indexed uBlagmdspace group and showed
significanty different lattice parametersHigh-temperature Xay powder diffraction
showed dransition of lowtemperatur€T1) to hightemperature cubic spin@1), which
could not be preserved on quenching. Instead, ateigiperatur@olymorph(T2), which
appears to benetastablewas formedduring quenchinglt is proposed that theapid
transitionof C1 to T2involves orientational distortion and therefore assumed that the
cation distributions are the same in C1 and St@uctural analysis on T2onfirmedthe
partial cationsite exchangebetween tetrahedral and octahedral sitesich are very
dependent in composition

MgsMnOg (C2) solid solution was observed over the entire range of 0.%0¢ 0.80
between 900 and 100, instead of asingle line-phase as reported the literature.
Below ~ 850 C, the solid solution is unstable and decomposed into two separate cubic
compositions governed by an immiscibility dorleutron powder diffraction confirmed

the space group for C2 to Benom. Structural studies showet increase in occupancy

of an unoccupied tetrahedidh3 (3X) and a decreased occupancy of Mgldj2hd O2

(24e) with decreasing. Since the Mn3 and Mgditesare partially occupied, the structure

is regarded asighly disordeed due to the possibility of cation s#&change between
these sitedAs a resultit is not feasible toefinethese sites sindberearethree occupancy

variables exist in angne site Mg, Mn and vacancy.



Impedance measurements showed that the ctimdy of T2 is several orders of
magnitude higher thmathat of T1 (at room temperature)lhe conductivity of T1 is
independent of composition The conductivity of T2 increased with increasigp to

X = 0.40.The conductivity of C2 decreased with increasinghe highest conductivity

was observed at= 0.50, ~ £ 10° S cm’ (at room temperatuyever the entire range

0. 060 Q0. TBadd C2 showed similar activation energy, 0.42 ~ 0.448Ba¥ed on

the result of the impedance measurement, it is proposed thaiatti@l cation site
exchangedn T2 may trigger disproportionatioaf Mn** to Mr?* and Mrf* pairsat the
octahedral sites. Therefore, the proposed compensation mechanism for T2 involves

partial cation site exchange and disproportionation of*Néms.

A solid solution of MgdopedLi-MnOs was prepared by solid state reactigith two
possiblegeneral formulad,i2+2xMgmMn1.mOs andLi2MgmMN1.mOz.m, 0 ¢ m ¢ 0.10. The
compensation mechanism is proposeihtolve thereduction in Mn oxidation states and
creation of oxygen vacancieg, Q¢ 0¢& 0'Q0 , with the assumption that
there is no lithia loss and the Mn is initially in tetravdlstateImpedance spectroscopy
analysis showed an increase in conductivity was observed fordblged sample
compared to the undopdd.MnOs. The presence of mixed valence Mn provide a
conduction pathway for electronic hoppingurther increase in condueity was
observed on quenched MippedLi-MnOs (~ 108 S cm?). The electrical properties of
Mg-doped LiMnOs are therefore depend on the number of mobile cheageer, Mn3*-

Mn** pair. It is speculated that an increase in electrochemical behaviour is expected.
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Chapter 1: Literature Review

1.1 Introduction

The increase in awareness on the effect of global warming towards the
environment and owociallife has led to a tremendous increase in the development of
alternative renewable energy technologies and to be less dependent on temdéirgte
resources ich as coal anadil. The projected growing demands for these renewable
energy sources such as solar, wind, hydropower or geothermal over the next several
decades require the developmentahore efficient sustainable energy storage system
(figure 1.1). These energy storage systeroaldbeusedeffectivelyin portable electrical
devices, electric vehicles and even in power grid applicatidhs

2020-2030
400 I Others N
350

300 -® Industry & stationary energy

250 | w EVs China
200

150 EVs exclude China K Predicted values

Capacity(GWh)

100 m consumer electronics

50 | N |

2030

Figurel.1 Present and future market for Lithidion batteries (LIB) including electric
vehicles (EV) Bl

Current batter technologies have been hovering around lithiom batteries
(LIB), lead-acid batteris, NFMH and N+Cd but are still incapablef copingwith the
requirement of future demands. Interest in the development of LIBdesspurrethy
the discovery of the possibility dithium-ion (Li-ion) insertion and extraction from
intercalation compouds inthe 19805 which subsequently led to the commercialization
of theworldd first LIB in the early 199081,
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Significant attention has been given to the development of LIB as the main
electrochemical energy storage in the last two decades due to its high specific and
volumetric energy density, measured in Whtleqpd Wh 1* respectively, which represent
the amount of energy that a battery could store with respect to its mass and Viglurae (

1.2) 8. Due to these outstandingafares, LIB has been seerb®usedisthe mainpower
source imwide variety of applications such as mobile phones, laptops, poweraools

electric vehicles.

The currentommercialeed LIB, however s still facing several challenges such
as the limited lithium (Li) supply, high cost, safety issue, hazardous (the use of cobalt
(Co)) to the environmentand low practical energy densit§ 1% Several possible
alternatives were proposed such as the use of alternative metal ions instéauliolf lais
monovalent alkali metals (Np ™!, divalent alkaline earth metals (®1y ' and
multivalent cations (A and zrf*) 2 (table 1.1). Othes such asthe use ofan
environmentally benign and abundant active matesiats as manganesereproposed
Thereforejt is necessary to have some understanding on their crystal structure and their
thermodynamic stabilityvith respect tovariation in compositiomnd temperature, hence

their phase diagram, tdilise them as a potential battery material.

400

300

Smaller size —>

200

Energy density (W h I)

100
Lead-
acid

Lighter weight ~—3»

I 1 I 1
0 50 100 150 200 250
Energy density (W h kg™)

Figurel.2 Energy storage comparison of different battery tyfies
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Tablel.1 Comparison between various metals for batteries: theoretical capacity,

reduction potential and effective ionic raditls

Specific Volumetric Reduction Effective

Element capacity capacity potential ionic radius
(mMAhgh (mMAhmL?Y) (Vvs SHE) (A)
Li 3861 2026 -3.04 0.76
Na 1165 1128 -2.71 1.02
K 685 591 -2.93 1.38
Mg 2205 3833 -2.37 0.72
Ca 1337 2073 -2.87 1.00
Zn 820 5851 -2.20 0.74
Al 2980 8040 -1.67 0.54

1.2 Lithium -ion batteries

A battery system is an electrochemical cell t@ivers stored chemical energy
into electricalenergy through oxidation and reduction readiorhere are three main
components in a battery systetine anode which is the source of electrons, the cathode
where the electrons sink and the electrolyte which allows the diffusion of metal ions but
prevents electron transpofthe separator acts a barrier to avoid contact between the
electrodes while allowing the ions to pass freely through theleminum (Al) and

copper (Culre usedor current collectors for the cathode and anode, respectively.

A typical rechargeable LIB systerfigure 1.3), involves reversible insertion and
extraction of lithium (Lf) ions into/from an electrode. During charging;, lans are de
intercalated from the cathode and travel through the electrolitie ttnode. At the same
time, electrons from the cathode &weced to travel through the external circuit and re
join with Li* ions at the anode. The electrochemical reactions ¢hatpiace during

charging are as shown:
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At the athode : 0DQ0HE 0DQOU0 wdQ®Q (1.2)
At the anode O0TQOQ ot wd QO (1.2)
Overall reaction : 0QO00 6+t 0QOD0 0@ (1.3)

where M is transition metal (Co, Ni or Mn).

During discharging, an exact reverse process takes place. ldeally, the electrodes
should provide a good conductivity for both electrons and ions to pass through.
Conversely, the electrolyte should have good ionic conductivitybbwn electronic
insulatorto avoid any seftlischarge.

The overall battery performance largely dependent on these three main

components which give the energy density, cyclabditglits safety.

e

T

Current

Anode Electrolvte/ Cathode
Separator

« Carbon e Li-ion e Transition Metal @ Oxygen

Figure1.3 Schematidllustration of a typical lithium-ion battery during dischard®!
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1.3 Cathode materials

Current electrode matergalsed in commercialized LIBrebasedn intercalation
materials. These intealation materialarechoserbecause of their capability to stor€ Li
ions in theirsolid host network and at the same time provide pathways foiohs to
diffuse/remove into/from the host network reversibly during electrochemical process. The
typical host network in LIB is either of transition metal oxides, polyanion compounds or
metal chalcogenides. The lattevbé®deen widely studiedndamong many types, LiTiS
(LTS) has been commercialized by EXXON due to its high gravimetric energy density
andgodad cycle life. However, due to its low voltage, the usage has been limited {o low
powered consumer products

The research on intercalation matesitdr cathods hasbeen focussedn the
transition metal oxides and polyanion compounds due to high gravimetric and operating
voltage (able 1.2). These compounds capme furthe divided into different crystal
structures: such as layered rock salt, spinel and olivine, which correspond to the well
known cathodes: LiCog%, LiMn.0, 4 and LiFePQ ], respectively(figure 1.4)

Tablel1l.2 Commercialised cathode compounds, their specific capacity and

average voltag€!

Specificcapacity Volumetric capacity Average

s, oo, (mAho) ancm) - votage
P (theoretical/experimental) (theoretical/commercial) V)
Layered LiTiS2 225/210 697 1.9
LiCoO2 274/148 131363/550 3.8
LiNi 0.33Mno.33C00.3302 280/160 1333/600 3.7
LiNi 0.8C0o.15Al 0.0502 279/199 1284/700 3.7
Spinel LiMn 204 148/120 596 4.1
Olivine LiFePOy 170/165 589 3.4
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(®)

Layered LiCoQ Spinel LiMn,O, Olivine LiFePQ
2D 3D 1D
|

Dimensionality pathway for Liions diffusion

Figurel.4 Schematis of differentcrystal structurgof intercalation compound and their
Li* ions diffusion pathwagfor LIB: (a) Layered rocksalt (LiCoQ), (b) Spinel
(LiMn204) and (c) Olivine (LiFePg) 116

There are several requirements for a material to be selectedadisodein a

rechargeable battery systéf:

i. It should havea goodionic and electronic conattivity to give high current and
power density.
ii. It should haveahigh conducting ion (L) to molecular weight ratio to give high
capacity, coupled with high cell voltage to produce high energy density.
iii. It should exhibit reversible (de)intercalation without or with minimum reversible
structural change® prolong battery cycle life.
iv. It should have good intercalation properties to allow easy insertion and
extraction of conducting ions duritige electrochenical reaction.
v. It should havea low molecular weight and high density to give high capacity
and easy portability.
vi. It should be chemically stable and not react whiqelectrolyte
vii. It should have electrochemical potential within the electrolyte energy tean
preventany unwanted oxidatiof electrolyte (at theathodé or reduction (at
theanodé from forminga passivation layer folid electrolyte interface (SEI)
(figure 1.5) 181,
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) A
S
- g LUMO .
S w% A 5
.‘__5 anode. | T T 7] 1 2
g 5 “
©
E | 41 _\(- E
g HOMO v tathode
o 7//
7

Anode Electrolyte Cathode

Figurel.5 Schematic diagram of energy levels in LHBOMO and LUMO represent the
highest occupied molecular orbital and the lowest unoccupied molecular orbital

respectivelys: chemical potential anBy: energy gap®l

1.3.1Layered transition metal

Compounds with the layered rock salt crystal structure are the preferred cathode
materials for Liion batteresbecause not only do they exhilitigh potential against the
lithium anode buhave goodtructual stabilityduringthe electrochenical processThey
havegeneral formula LIM@(M = Co, Ni, Mn,etc) of a layered rock salt structure which
is identical tothe U-NaFeQ structure with space grolyod . Both Li* and M* occupy
the octahedral sites of alternate (111) platfe®! (figure 1.4).

One of the earliest layered rock salt structuresubetransition metal oxides was
LiCoO2. It was introduced by Goodenoudh in 1980 and due to its outstanding
electrochemical propertieSONY started to commercializeahduntil today, this type

of battey is still in use in many consumer devices.

LiCoO; hasa relatively high theoretical specific capacity of 274 nhAg?, thus
making this material very attractive. However, the typieglacity of LiCoQ is relatively
low (145 mAh g) with an average voltage of 3.8[V. This is attributed to the phase

transformation from hexagonal to monoclinic symmetry wherLthén content drops
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below 50% thus resulted in capacity fadifig!. In order to avoid such issue, the-de
lithiation of Li1yCoGQ; is thereforeimited to1-y < 0.5

Due to the increased concern for the environment and cost, researchers are looking
for an alternative material to replace Co. LiNi&hdLiMnO2 havebeenproposedsince
they are isostructural to LiCeOHowever preparation of stoichiometric LiNis rather
challenging since NI tendsto replace Liinstead obxidizing to Ni*, thusblocking the

pathway for LT ion diffusion and results in poor electrechical performanci?.

LiMnO> also showed a poor cycling performance owing to the structural
transformation into a spinel structure duringlitl@ation. This is attributedto the
disproportionation of M# to Mr?* andMn** /! followed by the migration of Mt ions
into the vacant s within the Li layers resulting in a significant structural change.

1.3.1.1Li2MnQOs asa cathodein LIB

LioMnOs has a layered rock salt structuvigh a monoclinic symmetry and space
group C2/mlt hasa slightly differentcompositionin the transition metal Yeer compared
to LiCoO,. Rearranging the chemical formula to give LiMn23)O., shows that Li
occupies 1/3 of the positions in Mitane to form an ordered LiMmayer while still
maintaining Li/Mn ratio of 2:1f{gure 1.6). Due to its higher content of Li, this layered
compound generates a higher theoretical specific capacity of 458 mAwith an

average voltage &.8 V[

a=0.4937 nm

b =0.8532 nm

¢ =0.5032 nm

b= 109. 460
(at ambient temperature)

Figure1.6 Crystal structure of lMnQOgz [2°]
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Despite having such higtheoretical capacity (if all Liions are extracteq
LioMnOs does possessaajordrawback. LiMnOsis electrochemically inactivi&” since
Mn** cannot be furtheoxidizedto a higher valencas shown by Kubobucleit al. 251,
Thisis because the Mhis considered stable in the octahedral environf&nitiowever,
someanomalouselectrochemical activities havgeen observednd suggestions have
been put forward to explain thigehavior Kalyani et al " reported thait might indeed
be due to th@resere of stableMn® andRobertsoret al 2% said that it might due to
oxidation of electrolyte at the cathode that causes an ionic exchange betivaed Hi

to occur.

Paseroet al ?° proposed thathe anomalouselectrochemical activitiesvere
attributed to theoxygen deficiencyin LioMnOs.4 and as aesult Mn** was partially
reduced toMn3®". The presece of mixed valency of Mn enhances the electronic
conductivity through the ease of electrons hopping between them. Therefore, during
electrochemical charging, this Mrwill be oxidizedto Mn**, releasing one electron. At
the same time, Liions deintercalateand diffuse through the electrolyte ttte anode
Thus, the amount of M ions present in the material controls the electrochemical

activity.

Electrochemical datan Li-MnOz prepared in various conditiossiowedthat the
capacity increases with increasiogygendeficiency (table 1.3). Although the values
obtained aresignificantly less than the theoretical value, it provesuite effect of

oxygen content orhe electrochemicdlehaviorof electrode materials

Tablel1.3 Li.MnOs prepared in various conditions and its relation to oxygen deficiency

and capacity?”

Oxygen deficiencyd ~ C2Pacity (after 20 cycles)

Li2MnO3 Sample mA h gt
P (+ 0.003) & 0_59)
High O, partial pressure 0.001 0.5
Solid-state reaction at 900° 0.009 4
Quenched 1000°C 0.013 6
Quenched 1100C 0.027 13
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Cathodes are generally electronic insulators in their discharge state. There are
several ways to improve their electronic conductivity such as using additives (carbon),
generation of mixed valency by oxygen mstnichiometry or generation of mixed
valencyby doping.Doping has beemvestigatedby several authons order to improve
the conductivity of LiMnOs 130 31,

The use of Mg aa dopantin the layered rock salt structure has been studied by
Tukamoto and West? with LiCoO». An increasén electranic conductivity by over two
orders of magnitude at room temperatues observedA reduction indischarge capacity
with increasingVig contentwas seervhich wasattributedto the reductionn thenumber
of Co® in the materialHowever, the possible use of Mg ada@pantin LiMnQs is not

yet known tobe reported

Based on the compositional triangle ot@iMnOs-MgO system figure 1.7),
there are three main stoichiometries on th&®WnOud join that have been widebtudied
for potential cathode materials:2MnO3z (monoclinic,6¢¥d ), LIMnO2 (orthorhombic,

0 & & Yand LiMreO4 (cubic,”0@d ) B3, The first two have the same res#lt structure
but with different lattice type and the last one has the spinel structure. The substript
MnQqd indicates that the composition has a variablggex nonrstoichiometry which

results in different stoichiometries, structures and polymorphisms.

MgO
1.0

Mg,MnO,

Mole %
0.6

0.4
MgMn O,
0.8
0.2
1.0/ 7] 2l\:ITnO3 LiMﬂ? 204\

Li,O 0.2 0.4 0.6 0.8 1.0 MnG,

Figurel.7 Composition triangle of the O-MgO-MnOqd system with known phases on
the joins LbO-MnOg and MgGMnOxq
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1.4 Manganese oxide system

The MnO system contains four known stable phases: MMD2O3, MnzO4 and
MnO, and several other metastable phases, which et appropriaterangesof
temperature and oxygen partial pressure. Unlike stable phases, metastable phases are
phases that could be thermodynamicatigtastable ounstable bukinetically stable.
What this means is that the reaction rate to transform into a stable state is slow, thus
requires a certain amount of energy to move from metastable state to a more stable state.
Moreover,this amount of energy could lreferredto as activation energy or energy

barrier igure 1.8).

Unstable

Metastable

Stable

Figurel.8 Schematic diagram showing three states of stability with an arrow indicating

an energy barrier in moving from metastable to a stable state.

The complexity of the MO system is due to the presence of variable oxidation
states of Mn cations: M, Mn®** andMn?*. These different valencies of Maisefrom
different oxygemon-stoichiometry within the system. Witimincreasan temperature,
MnO. undergoeghermaldecomposition to MiDs, MnzO4, and finally to MnOB4 as

shown by the following reactions:

e O 0¢eD PCG (1.4)
o0e0 © c0ED ch'S (1.9
DED © abe U pcﬁ (1.6)

11
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The transformatiosn between variousmanganese oxides undatifferent
conditiors areshownin figure 1.9. MnO; exists in many plymorphs butthe most stable
phase is known as pyrolusite-MnO), which has a simple tetragonal rutile (3)O
structure®!, At temperaturg 0f535 to 700 C, b-MnO; transformed into MgOz. Mn2Os
exists in two stable polymorpha-kurnakite (a-Mn20s) and bi kurnakitébixbyite (o-
Mn20s) 281, b-Mn,03 is commonly observed athighertemperature but canansformto
a-Mn,0s below ~ 35 C B7: 38l |ike MnOs, MnsO4 known as hausmannite, also has two
stable polymorphsa-Mnz0s andb-Mn304. At ambient temperature, tleeMnz04 has a
distorted spinel structure due to the presence ot'Nms in the octahedraite with
formula 0 ¢ 0 ¢ O B9%40 At ~ 1170 C, a-Mn3O4 transforms td>-Mn3Oa,
with a cubic spinel structuf€d. MnO which has a cubic rock salt structure, exastsve
~ 1560 C. 8. Most of these phases in the Mnsystem have been well established with

the exception of a few metastable pha&ed.

MnO

Cubic,"Ododa

A

. In air at
b-Hausmannite o-Mn O)) ~1560 °C

Cubic Spinel;O'Qa

~1170°C

o a-Hausmannite @-Mn O,)
% Tetragonal Spinel® ¥& & Q
-
(]
S naia

L n air a
o Bixbyite (b-Mn_0O,) > 940 °C
= Cubig, 06

2 In air
<35°C
In air at In air

535-700°C| |>300°c | Bixbyite (@-Mn,0)
Orthorhombic

Pyrolusite (0-MnO.)

Tetragonal Rutile)t & & &

Figurel.9 Schematic diagram showing the transformation of stable phases of

manganese oxide with temperature taken from literaturédafa
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The calculated phase equilibria ftire Mn-O system hae been described by
Wang and Sundmatf?! (figure 1.10) and Grundyet al B (figure 1.11). Theb-MnO, b-
Mn20s, a- andb-Mnz04 phasesreoxygenstoichiometric as there is no report described
otherwisel®’l. There were variations in the recorded temperature at which the phase
transitiors of these phaseseseobservedt@blel.4). The phase transition 6fMnO: to
b-Mn203 andb-Mn,0s to a-MnsOs were reported to be between 350 to 6732649
and 685 to 1077 °® 47501 respectively. The transformation afMnsO4 (tetragonal
spinel) tob-Mn3z04 (cubic spinel) was observed to be between 1095 to 120BuiG&

largernumber of measurementported values df170 to 1177 °C87: 41 49, 558],

The reversible transformation betwean and b-Mnz04 polymorphs does not
involve any decomposition reaction. Doris and Mas6f suggested that these
polymorphs in fact, have a different ionic configuration, with MA" in b-MnzOa4
undergdng partial disproportionationgd € P 0 & 0 &€ , which explained the
cubic structure formatiomt higher temperaturand the observed small increase in
conductivity. They proposed the chemical forneular the hausmannite polymorpto
be:

a-MnzO4: 0 € 0 ¢ 0
b-MnzOs: 0 € D€ 0 ¢ 0 ¢ 0

Driessen® proposed two mechanisms that coegblainthe formation of cubic

spinel at high temperature

(a) The distorted spined-MnzO4 has M+ ions in the octahedral site, which
accommodatethe fourth 8l electron in théQ orbital. Withanincreasen
temperature, th@umber of MiA* ions with the fourth 8 electron in the
Q orbital also increases. The presence of electron® in  hasa
tendency to distort the crystal structure in the opposite direatiar (1). As
a consequence, the energy gap betwessettwo orbitals reduces. Therefore,
it wasproposedhat at a certain temperature, a sudden transititimetcubic

phase s possible when both orbitals have the same energy.

13
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(b) The possibility of catian distribution between tetrahedral and octahedral
sites which reduces the number of Rrons in the octahedral sggasalso

proposed to beesponsible for the distorted spinel structure.

Between these two suggestions, the latter was chosen as the most probable cause
by the author with a probabilityf a small degree of inversion at high temperature. The
author dismissgtany possibility of disproportionation at high temperature, thus gave both
a- andb-MnzO4 phases similar Mif and Mr#* oxidation states. Severatherauthors
also havea similar opinion with no change in charge sta@@®posedor the a- to b-

Mn3O4 transition(®3: 6%63],

Further descriptiagion the spinel structure and Jaheller effectaredescribed in

the appendices of this thesis.

14
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Figurel.10 The calculated phase equilibria of partial binary diagram between

0 ¢ mole fraction of oxyge® 0.67 from Wang and Sundmép
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Figurel.11(a) The calculated phase equilibria of partial binary diagram between
0 ¢ mole fraction of oxyges 0.70 from Grundet al. B! (b) The enlargement of the
phase equilibria between 0.¢45mole fractionof oxygen¢ 0.70 and
1000 K¢ T ¢ 2500 K
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Tablel.4 The phase transitions and their respective temperatures

(from literature data)

Phase Transition

Temperature (°C) in air

References

a-MnzO0s - b-Mn304 1200 Schmier and Steft*!
1177 Ramana Rao and Taél
1172 Southard and Mooré!
1172 Pankratz4°)
1170 McMurdie and Golovatd!
1170 Irani et al [
1170 Grundyet al B
1160 Van Hook and KeittP?!
1157 Metselaaset al. 5]
1134 Keller and Dieckmank®!
1095 Tromelet al. [5¢
b-Mn203© a-Mn30x4 1077 Pankratz*’!
970 Kissingeret al (48!
950 McMurdie and Golovaté!
884 Ingraham®!
685 Klingsberg and Ro¥®!
b-MnO2© b-Mn2Os 670 McMurdie and Golovaté!
570 Dubois and Urbaiff”
550 Kissingeret al. 14!
527 PankratZ*°!
350 Klingsberg and Ro¥!
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1.5MgO-MnOg4 system

The MgOMNQO4 system containfour phases that haveeen reportedMgMn204
641 MgMnOs 51, MgoMnQ4 1881 and MgMnOs 71 (figure 1.7). MgsMnOs has a cubic
rock salt structure as reported by Kasper and PfheBoth MgMrnOs and MgMnOa4
have a spinel structur@andthe latteris aninverse of the formeMgMnOz has a cubic
spinel with defect structure, recently reported by Sehed %%, Out of thesefour phases,

only MgMn204 has Mn in the trivalent state.
1.5.1The phase diagram

A pseudebinary phase diagram of MgnOq has been desbed by Barkhatov
et al. (8 over the temperature range 8DR00 °C figure 1.12(a)). Samples were heated
for a period of 126840 h in air and quenched to room temperature. The phase diagram
was constructed together with the combined data from the liteft§Pe Howezer, only

a few details were given to comprehend the work made by the author.

Joshiet al "% reported that the current phase diagram is not well established due
to insufficient data for temperatures below 800 °C. &bthos were interested in the
tetragonal to cubic spinel region of the phase diagrarsitin high-temperaturex-ray
diffraction and quenched data on several compositions combined with previous literature

were used to construct the phase diagram shovgure 1.12 (b).

The two phasadiagrams (a, b)ra different from each othegspeciallyin thehigh
temperature Mirich region However, both reported that there is a phase transition from
low-temperaturdetragonal spinel thigh-temperaturesubic spinel at high Mn content.
For composition Mn = 2/3 (MgWi®s), a mixture of tetragonal and a cubic spinels
observemver the tempeature range 60000 °C. Thecubicregion was dependent on the

Mg content and extended tdavertemperature region witincreasingVig content.

Both diagrams also showed that ##nOs is a single line phase up to ~ 1050 °C.
However, data collected by Joski al at this composition between 9250 °C
indicated thepresere of MgO over that temperature range. A mixture ofMigOg and
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cubic spinel region wasbservedetween Mn ~ 0.15 to 0.45 below temperature ~ 1050
°C.

The spinel structure in the M@s-MgMn2Os solid solution has attracted
considerableinterest because of its high electronic conductivity duea teopping
mechanismassociated witlthe presence of multivalent cations (MnMn® * and Mrf*)
as reported by Panda and Ho Jifty MgMn2O4 which is structurally arelogousto
LiMn 204 has alsdoeen studieds a potential cathode materiahiagnesiurvion batteries
(MIB) ["274 However, the study was constrained by the slovi*Min diffusion dwe to
its bivalency and small ionic radius that resdlin a strong catioranion electrostatic

attractionsd’® 81 The electrostatic attraction ener@y, can be defined as the amount of

energy required to separate the ionic species and is govered oyl o mb és | aw:
[ARANO)
0O . .7
T“- 1
where,

Z+, Z = magnitude of ionic charges
e = electronic charge, 1.60210%°C
ev = electric permittivity of free space, 8.85410* F cnt

r = catioranion distance

18



Wan Sulong, PhD Thesis, Chapter 1

1600

1400

1000

800

Figure1.12 A pseudebinary phase diagram for MglInOq System described by (a) Barkhattval ©8 1980 and (b) Jostait al. ['®! 2014
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1.5.2MgMn 204

Numerous studiewiave beenreportedon MgMmnO4 spinel with a particular
interest in structural propertieshe degreeof inversion and electronic properties.
MgMn204 has been reported to exhibit two polymorgimalogousto a- andb-Mn3zOa.

At room temperature, MgM4 possesss a tetragonal spinel structure, isomorphous
with thehausmannite structure wilth,/amdspace group, and lattice parameterss.721

(1) A,c=9.315 (1) A and/a= 1.6282 (5% 7" "® The Mg and Mrationsare distributed
overthe d-tetrahedral and@octahedral sites respectively withircabic closed packed
oxygenarray(16h) (figure 1.13): 0 "Q 0 & 0 . The presence of Miions in
the oct&edral environmeris responsible for the crystal distortion due to the Jbglter

effect[’8,

O(16h)

M(8) ® - Mg(4)

Figure1.13 The crystal structure of MgM@®, ['°]

At higher temperature, thetragonakpinelof MgMn>O4 transformed int@ cubic

structure Several authors have proposed mechanisms for this transition

Irani et al 53 reported thathe transition from tetragonal to cubic spinel of
MgMn2O4 occuss abruptly at a critical temperature ~ 850, where a sddendrop of
axial c/aratio to near unityvas observedThey proposed that this anomaldehavior
was due to the conjugate actioi (a) the partial migration of M¥iions from octahedral
to tetratedral sites, and (b) the randomization of the orientation of the distorted octahedra.

Thisis consistent witlthetheoretical expectatiaof Wojtowicz % and Kanamorf?.
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The cation distribution triggers a structural transformation from tetragonal to
cubic spinebndresulted in alegree ofinversion reaction. The proposed general formula

is:
0Q 0¢ DQOU ¢ 0 (1.8)

Rosenberg and Nicolalf? reported that the transitionccus in a narrow
temperaturegangeof 8801 950 °C. They proposed that the cubic spinel formation is due
to the migration of M§ ions to the octahedral sites which then triggers the
disproportionation o0 ¢ P 0 ¢ 0 ¢ . Consequently, all the Mhions have
then migrated to the tetrahedral site. This disproportionation reduces the numbét of Mn
ions in the octahedral site and a culike structure was therefore observed. They are also
reported that the slowooled MgMnOs, still revealed some cation diddution but to a

lesser degree. Thiegproposed general formuweas

DQ D¢ 0Q0E 0¢ 0 (1.9

MEntil t anrdredered tha the transition from tetragonal to cubic
spinel is similar tdhat proposed biRosenberg and Nicold®f! but with abroadertwo-
phase domain betweeBT °Cand950 ~ 1000 °C. The firgiccurenceof cubic spinel at
760 °C was facilitated bthe inversion process which decreases the number Hfitvirs
and increases the number of mdistorting Mg+ and Mrf* ions in the octahedral site.
Thisreduces the ability for the structure to retain its collective tetragonal orientation and

hence reducebe transition temperature.

Rosenbergt al 'l also studied the transition temperature with variation in Mg
content withinth& "Q0 ¢ 0 system between®@y ¢ 1. A linear decrease in transition
temperature with increasing was observed whiclis similar to the expectation of
Wojtowicz B, In addition, a slight decrease in the lattézratio was also observed for
the slowcooled samples (with tetragonal gl structure) with increasing. They
claimed that the reduction in lattic#a ratio was attributed to the presence of a small
fraction of Mg ions on the octahedral site, thus reducing the*Nions, after heat
treatment at 1200 °C.
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Barkhatovet al. 3 claimed similar disproportionation of Mhions in the
octahedral site but witthe additional possibility of partial migration of Mt from
octahedral téhetetrahedrasite instead of a full migration. Théoee, a mixture of MA',
Mn3* andMn** in the octahedral site is then possiflkis gives general formula:

0Q 0 ¢ DQbe D& 0¢ 0 (1.10)

In principle, the argumentsverwhich mechanism of the cubic spinel formation
is preferabledependupon whether the octahedral site is occupied witii*"\éation or

with a mixture of MA" and Mrf* cations as previously described.

The inversion degreg, which can be referred as the cation migration of either
Mn or Mg to tetrahedral or octahedral sites respectively in the tetragonal spinebM@gMn
has been studied by several autttr§? 8 Radhakrishnan and Bisw#% using neutron
diffraction on quenched samples showed that the cation migration occurred from 550 °C
onwards, below which any caticmredistribution is unnoticeabldigure 1.14). Beyond
550 °C, the inversion degree incredsapidly owing to théncreasng number of Mg*

migrated to the octahedral site.

However, only a few authors have reported on the inversion degreehigthe
temperatureubic spinel region of MgMiOs. Iraniet al 5% reported that ahetransition
temperature, an inversion lof= 0.225was observéa ML n £ i | £ a H%repBredi Kk e s ¢ u
an inversion of = 0.489 (3was observetbr the sample quenchdémbm 1250 °C

>

dagree of inversion — =
&

=
=

I R
0 W o o a W

Figurel.14 The variation of the degree of inversion with temperature for
MgMn;04 reported byRadhakrishnan and Bisw&s
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Barkhatovet al. % also measured the inversion degree of the cubic spinel using

in-situ xray diffraction with varios Mg content within the) "Q0 ¢ 0 system
between (b <y ¢ 1.4. The inversion degree was observed to decreasslyirveth

increasingy between ¥ y ¢ 1.4,

Manyresearchersad attempted to prepare a single phase of M@hy various
method. Malavasiet al ®4 and Aazoni et al ¢ (figure 1.15) carried outsolid state
reaction withthefinal calcination temperature at 1200 for at leassix days. Based on
the XRD pattern, a single phase of Mgi®a wassuccessfully prepared

(211)

(101)
(103)
(224)

(220)

I(Ar.Un.)

400)
(411) (402) (206)

(112)

@23

(215)
116

£
Lﬁm

20 30 40 50 60 70
20

Figure1.15 The XRD pattern of MgMsO, 84 86l

Several others, Kiret al. Bl Rahman and Gero&4, Liu et al [ and Yagiet
al. [ however had preparethis composition byarious methods and the XRD patterns
showed an extra set of peaks which appeabetseparateiom the known tetragonal
MgMn2O4 spinel refletions (figure 1.16). Yagiet al. " reported that this extra refléat
was due to impurity while othet&8 claimed that they had successfully prepared a pure
phase of tetragonal MgM®@s. Theseextrapeaks can generalbe observedt 2f ca36°,
44°, 58° and 63° with Cu &radiation, depending on the quality of the datagi et al
[7°1 ysed different radiation wavelength & 0.77370.7739 A)andhence the @ position

is differentto the others, bus at similar 2f positions if convertetb Cu Ka radiation.
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Figure1.16 The XRD patterns of MgMi®©4 showing an extra set of redion (red arrow) from different literature data:
(a) Kimet al 71, (b) Rahman and Gero%8, (c) Liu et al ¥ and (d) Yagiet al [l
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1.5.3Mg2MnO4

Mg2MnOQsis an inverse spingtan be described by "Q 0D QO0 ¢ 0
where oneeighth of the tetrahedral sitareoccupied by M§" and half of the octahedral
sites are occupied by Mgand Mrf* ions in an oxide array environmerig(ire 1.17).
Unlike normal MgMn2Oa4, the Mn in this inverse spinel is in tetravalent stéte
Therefore, with the absence of #rions in the octahedral environment, no Jadleter
distortion can be expected. Hence,.MgO4 formed a cubic structure wit'@a space
group with lattice paramet&f! as shown inable1.5.

. Mn/Mg (O sites)
®o°

) @ Mz (Tysites)
L

Figure1.17 The MgMnOj4 crystal structuré

Tablel.5 Comparison between three different compositions with spinel structure within

the MgOMnNQO4 system

Mn 304 MgMn 204 Mg2MnO 4
Normal spinel  Normal spinel  Inverse spinel
General formula AB204 AB204 B(AB)O4
Tetrahedral site Mn?* Mg?* Mg?*
Octahedral site Mn3* Mn3* Mg?*, Mn**
Structure Tetragonal Tetragonal Cubic
Space group @ ToaQ @ ToaQ "oad
a(A) 5.71 5.721 (1) 8.336 (3)
c(A) 9.35 9.315 (1) -
cla 1.64 1.63 -
Reference I\\chieer}:iennggd g/' :' S :'[ég]; é Garget al 0
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1.5.4MgeMnOs

MgsMnOg,wh i ¢c h 1 s k n-phasé afteersKazdSSwziki o described
the structure PNasCdi Clg 2, wherel denotes as vacancwas first discovered by
Kasper and Prené&! in 1953. During the same period, another exan@lePbQs, with

similar structure was discovered by Christ and CRitkand Fahe{?*.

As reported by Kasper arrener®’), MgeMnOg has a rock salt superstructure
with lattice parameteg = 8.381(2) A, withOdod space group, whicts double that of
cubic MgO (4.203 A). The main characteristic of this structure is that it contain& a hig
number of ordered cation and cation vacanciethénoctahedral sites of a cubic close
packedoxide array and thus the formula can be rewritten agvMigl OIt appears that
the closepacked arrangement contains 32 oxygens in a unit cell vanetistributed
over8c- and 24-sites. Since the Mn occupied-4ite and the Mg occupiefid-site, this

leavesthe ordered cation vacancies to bdtasite figure 1.18).

Figurel1.18 Crystal structure of MgVinOg

The possibility of using this material apatentialelectrode in an energy storage
system haspparentlynot yet tobe on reported A study on the magnetic and optical
propertieshas beenmadeby Porta and Valigl®®. Taguchiet al % reported on the
success of doping with lithium in (MgLiy)MnOg for 0 ¢ y ¢ 0.3 and as a resuftartial
oxidationof Mn*"to M°* was proposedHowever, no dataerecollectedon itselectrical
properties
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1.5.5MgMnO 3

MgMnOs was reported by Chamberlaret al. " to be an limenitetype
compound (FeTig) with ageneral formula AMf{Os, where A = Ni®8 Co® and zn
971 1t has a hexagonal structure with lattice parameted.945A andc = 13.73A, and
may require a high pressure to forxitempts to prepare it ambient pressure may result
in a cubic structure witloxygendeficiercy after heat treatment between 60000 °C.
Arjomand and Machift® reported that hexagonal MgMs©ould in factbe formed at
1 bar pressure when heated at 900 but beyond this temgrature, aroxygendeficient
cubic structurevas observed However, prolonged heat treatment at 9Q0for seven
days showed that there was no evidence of hexagonal Mgphe@ent in the sample as

reported byPavlyuchkowet al 201,

The oxygendeficientcubic structure of MgMnel could be considered as either
(a) the structure possesses a mixture of'Mnd Mrf* in the crystal lattice described by
0 "Q 0 Q0€& 0D&g O or(b)ithas ordered cation vacancies described by
0 Qo0& O ®l wherel denotesavacancy These models havespectiely, a cubic

spinel and a cubic defect spinel structure with both belong to the same space group of
"0Qd . The latter can be rewritten ad "Q 0Qqoeg; ; ¢ [51202109

Seehreet al 1] reported that this cubic defect spihels a lattice parametar= 8.2923

A
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1.6 Aims and objectives

The Li-Mn-O system contains two phases that are important for lithium battery
applications, the spinel LiM©4 and the layered rock saltaMnOz. There are problems
to be soled and uncertainties concerning optimisation of the properties of both phases,
and the effect of dopants. -MnOs has been reported to show some anomalous
electrochemical behaviour and further investigation on this phase is planned. The initial
objectiveat the beginning of this study was to investigate the effect of dopant, Mg, on (i)
solid solution formation within the pseudoternary phase diagram@FNMgO-MnQOqd
system, and (ii) their electrical properties (chapter 3). This was based on the success of

doping a layered rock salt LiCe@vith Mg and the observed increased in conductivity
[32]

Unlike the LpO-MnOud system, studies on Mg®InOd has not been equally
extensive. In this thesis, several compositions were prepared initially on the\vigo

join and showed contradicting results from the reported liter&flire

(i) the formation of a wide cubic solid solution at intermediary temperauee
the range 0.56 x ¢ 0.80 of MgMn1.xOd instead of ghasemixture
(ii) the formation of high temperature tetragonal spinel polymmplguenching)

instead of a cubic spinat low Mg content.

Based on these results, the objectives wedefined as (i) to investigate and
construct the pseudanary phase diagrawf the MgO-MnQud system (chapter 4), (ii) to
study the relevant crystal structusesd their possible doping mechanigftisapter 5 and
6), and (iii) to investigate the electricatoperties and their relationship to tbeystal

structure (chapter 7).
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Chapter 2: Experimental techniques

2.1 Solid state synthesis

Samples were prepared by sedithte synthesis using precursors (with their
respective drying temperature) as shownaipnle 2.1. Reagents were weighed in their
stoichiometric amounts, mixed and ground with acetone in an agate mortar and pestle for
45 minutes to form a paste. The mixtures were then put in gold/platinum boats and heated
in a muffle furnace at 650 °C t®a0 °C beforeslowly cooling to room temperature at 5

°C/min.

Table2.1 Reagentspurity, supplier and drying temperature

Reagent Purity Supplier temp[e)rr;/tigge °C)
LioCOs 2 99% Sigma Aldrich 180
MnO_ 2 99% Sigma Aldrich 180
Mg(NOz)..6H.0 2 99% Sigma Aldrich -

2.2 X-ray diffraction (XRD)

XRD is an important technique that is widely used in solid state chemistry for
qualitative and quantitative analysis. It is also known aéinigerprinttechnique for the
qualitative identification of crystalline phase(s) or compound(s) presents wtdomés
by comparing with the known diffraction patterns in the database. In this case, the
reference used was thli®wder Diffraction File(PDF) compiled by the International
Center for Diffraction Data (ICDD) that contains more than 350,000 diffractionripatte
to datel'l. Usually different crystalline phases have their own unique diffraction pattern
but it is not uncommon for them to have similar patterns. In practice, the fingerprint
identification of experimental diffraction patterns should focus on ¢laé positions (i.e.
d-spacing) with relatively correct intensity and compared with known PDF data. Lattice

parameters of a phase or compound can also be measured accurately with an internal

37



Wan Sulong, PhD Thesis, Chapter 2

standard for peak position calibration. For quantitative analyggyeak intensities of a
diffraction pattern could be used to determine average crystal structure of the crystalline

phase(s) present.

When an incident xay beam interacts with matter, the beam can be either
absorbed or scattered. The scattered beareitizar be diffracted coherently (with same
wavelength) or incoherently (with longer wavelength than the incident beam). This
coherent scattering is therefore used falayx diffraction experiment. When adjacent
beams are scattered-pmase, a constructiviaterference occurs as a result of which
sati sfy t hiffgurdil)deguptin2.10).a w

Figure21Der i vati on 8f Braggbés Law

Braggods € _ Qi Q¢ — (2.2)
where: n = order of reflection,
& = wavelength of incident beam,
d =d-spacing,

d= Braggbs angl e.

In this work, three different diffractometers were used: STOE STADHRyX
diffractometer with Mo K1 (I = 0.7®3 A) and Cu K1 (I = 1.5405 A) radiations with
linear position sensitive detector (PSD) witth &xgle range 5° to 40° and 10° to 80°
respectively, andh-situ high temperature Xay diffraction (HTXRD) Siemens D5000
with Cu Ka radiation(l = 1.5418 A with 2gangle range I0to 90 (table2.2).

38



Wan Sulong, PhD Thesis, Chapter 2

Table2.2 Diffractometers used, their radiation and analysis

Diffractometer Radiation 2d Analysis

Phase analysis, lattice parameter
measurement, structural refinement

STOEStadi P Cu Kaz 10~80 Phase analysis

STOE StadiP Mo Kai:  5~4C

Siemens D500( Cu Kaay 10~90  Phase argsis(in-situ)

In HTXRD, the powdered sample was dispersed sparsely onto a Pt sheet heater
and the temperature was monitored through the thermocouple connected to the bottom of
the Pt sheet. The heating was done in air with rate of 200 °C/min (3.33 °C/s) and the data
were collected after an equilibration time of 3 to 4 hours.

In order to determine the unit cell symmetry, size and shape of a crystalline phase
or compound, indexing (assigning Miller indices) of individual Bragg reflection and
lattice parameter measuremesit a diffraction pattern was done using the software
WinXPOW (version 3.0.5 of STOE & Cie GmbH, Germany). A silicon standard of SRM
640e from National Institute of Standard and Technology (NIST) was used as internal
standard for & peak position calibratmm The indexing and lattice parameter calculation
can also be done manually using thedin at i o met hod by combinir
(equation(2.1)) and the equation thatlates the interplanar spacing and unit cell size
(equation(2.2)). However, manual calculation tends to get more tedious and complicated
for a lower symmetry lattice tygpwhen the angles are not 90° and the use of software is

desirable.

The relationship between interplanar spacidgadjacent plane$kl) for a cubic
lattice type is given by:

(2.2)
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Therefore, combining equati@@.1) and(2.2) would give:

OEL =0 0 a (2.3)

where, — is constant and by taking the ratio &fE - the values of

Q@ Q & couldbe determined.

2.3 Neutron diffraction (ND)

The ND technique is similar to XRD and f
but uses different radiation type that provides different information. It is an expensive
technique that utilises a nuclear reactor neutron source or a pulsed spallation neutro
source (ISIS, RutherforAppleton Laboratory, Oxford) in order to produce a very highly

intense neutron beam fome-of-flight (TOF) analysis.

Neutrons have no charge and unlike XRD, interact with atomic nuclei instead of
with electrons. Therefore, theutron scattering length is independent offlsie-, and t he
general decrease in intensity with increasid@i2gle, as observed in XRD patterns, is no
longer observed. In addition, ND can also detect light elements (such as Li, H) better than
XRD, since hey are strong neutron scatterers, especially in the presence of heavy
elements. Neighbouring atoms in the periodic table or ions with similar number of
electrons (such as Mgand &) could also be easily distinguishable using ND, but not
using XRD {igure 2.2).
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Figure2.2 Neutron coherent scattering length as a function of atomic nufhber

In TOF M, the diffraction angleqlis fixed and the entire neutron spectrum (with
variable wavelengt h, ) i's used. |t measur
detector fom the source with known distance between the source, the sample and the

detectorThe neutron wavelength depends on velocity given by the de Broglie relation

From Planckods equation;

@
o — (2.4)

Einsteinds equation;
0 4 (2.5)

But neutron has mass, therefare v, de Broglie equation;

0
— 2.
_ T (26)
Sincev = L/,
@
— 2.7
- %o 27
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Substituting equatio(2.1) to (2.7);

0 % 0i @0 — (2.8)
where;
t = the total time of flight,
m = the neutron mass,
h= the Planckos cSk)stant (6.62607
L = the total flight path from source to sample to detector,
d = half the Bragg scattering angledj2

d = d-spacing

The TOF ND data in this work were collected using the Polaris powder
diffractometer with incident wavelength in the range of 0.1 to 6.0 A. Five separate
detector banks were positioned at each side of the beamline to collect the scattered
neutron data: three at low angles (10° to 60°), one at right angle (85° to 95°) and one at
back scattering angle (130° to 160°). Powder samples were filled into a vanadium canister
ofvolume~15cth Data were coll ected oivdeer, dlu7rOateilor

h is equivalent to ~ 1 hour in the neutron beam).

2.4 Rietveld refinement!®®

The Rietveld refinement method was adopted to refine the structure of the
crystalline materials. The refinement was done through series of minimisations of the
least sgare calculation to match the calculated theoretical profile to the observed
experimental profile (data from XRD or ND) over the whole diffraction pattern.
Essentially, a good starting model (relatively similar to the expected structure) is required
in order to proceed with the refinement, although this is not always the case (for an
unknown structure). The GSAS (General Structure Analysis System) with graphical user
interface EXPGUI was used in this work.
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A good high resolution XRDr ND datasetis oftenrequired for the refinement.

Thi s i s to ensure that al |

t he

ndi vi

intensities tend to overlap, especially at lowdrahgle (highd-space). Due to this, a

longer dataacquisitiontime (especially using Mo radiation) is essential and since the

refinement also includethe background contribution, a good signal to noise tatio

important to avoid any unaccounted peak intensities.

The goodness of fit given by the reliatyilfactor and the difference profile were

dual

used as quality indicators in the refinement. The latter is preferred as it can be observed

visually. However, expressing them in numerical terms helps to guide the refinement

process in the right direction. Théwee, several reliability factors: )RRup, Rexp andc?

were used to highlight the refinement quality between the calculated and observed data.

R-factor
Bsw ¢ Oi ® Gooooscb
Bsw € wis

Weighted R-factor

BO ® £€Qi © 0OOG®
B0 o € wi

Y

R-expected

0 0
B0 w € wi

Goodnessof-fit
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where,

yi (obs) = observed intensity data at siep
yi (calc) = calculated intensity data at step
Wi = weighting factor at steip

= number of observations / data points

P = number of parameters

During the refinement, the numerator term ipddd Ry, are minimised. The

expression indicates the difference between the observed and calculated data. Both

reliability factors are often quoted in the refinement result and usually include the

background contribution. The mismatch in intensity between obsemweédalculated

data might contain contributions from structural or instrumentation factors gnd R

eliminates the dependencies of the peak profile shape fadéally, the refined R

values should approach the statisticabRaluebut this is not alwgs the case.

Several parameters were used in the refinement as shown below:

1. Scale factor.

The scale factor is the first parameter to be refined as it adjusts the calculated
profile to be on the same scale as the observed pattern. Usually, the scale factor

is allowed to refine in every cycle of refinement.

. Background.

The background parameter is used to fit the background of the observed
diffraction pattern. Several polynomial functions with different terms are
available but the Shifted Chebyschev was pretesince it fit the background
rather well with most refinement data. The number of terms initially used was
6 and this could be varied depending on the quality of fit. This parameter was

allowed to refine in every cycle of refinement.

. Unit cell / lattice parameter.

The unit cell parameter is used to fit the Bragg peaks position to the observed
diffraction pattern. The peak positiortbgpace) are ideally determined by the
lattice parameter and the unit cell symmetry. This parameter was also allowed

to refine in every cycle of refinement.
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4. 2dzero.
The zereshift is used for the specimen displacement parameter correction in
the transmission geometry. For Bra§gentano setup, the shift (shft) and / or
transparency (trns) parametepstd be refined instead.
For ND, DIFA can be refined instead off 2ero and is dependent on the

detector bank position.

5. Profile parameters (peahape function).
The peakshape profile is governed by the sample and instrumental factors and
is usually best described using the pseMaigt function (combination of

Gaussian and Lorentzian functions).

Gaussian: FWHM 2= U tarf d+ V tand + W (2.13)

Lorrentzian: FWHM = X tand + Y / cosd (2.149)

where FWHM is the full width of a Bragg peak at half maximum of its height
and U, V, W, X and Y terms are related to crystallite size, strain broadening,
etc which togethedescribe the average pestkapes over the whole pattern.
For ND, sigl, sig2 and ganil, gam2 can be refined instead, which describe

the Gaussian and Lorentzian parts of the ps&(aigt function.

6. Atomic positions.
The fractional coordinates,(y, z) of each atom in the unit cell can be refined
based on their scattering power (XRD) or scattering length (ND). Normally,
atoms in O6speci al positionsd (eg. (0,
they are fixed by the unit cell symmetry. If more thae atom occupies the
same site, a constraint can be set up for their atomic positions, occupancies

and thermal parameters.

7. Fractional occupancies.
The fractional occupancies of each atom in the unit cell can be refined to check
the possibility of partialeplacement by other atoms or the presence of site

vacanciesAn occupancy constraint can be applied if more than one atom
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occupesthe same site and the sum of the individual occupancy should equal

1 on the assumption that the site is fully occupied

8. Themal displacement coefficient.
The thermal parametedisoc(A?) , i s a measure of the
vibration/ displacement at a particular site. A higi value usually indicates
that the site may have some vacancies or may require a lightertatoen
present. Thus, thermal parameters are highly correlated to the fractional
occupancies andises are usually the last parameter to be refined. The value
for theUiso is generally between 0.005 and 0.025 A

A damping factois applied whenever nesasyin theearly steps of refinement
to avoid the refined model diifig too farawayfrom the initial value which could lead

to a false minimum.

2.5 X-ray Absorption Near Edge Structure (XANES)?: 19

X-rays interact with matter through elagt@attering (as used inray diffraction),
inelastic scattering (known as Compton scattering, which contributes to the background
radiation) and absorption (electronic transition within atoms). The absorptierapican
be used to study the local struewf the material such as the oxidation states, bond
lengths and coordination numbers. Thus, the study requires a high er@ggource

and in this project was conducted at the Diamond Light Source, Oxford.

The XANES technique is used to study the gmeoxidation states of elements
present in a sampli.uses the absorption ed@esuallyK-edge)of the electronic structure
and compargit with the standardedges The K-edge in this context represents the
minimum energy required to ionise an electfiiamm its 1s ground state. In the presence
of two components (mixed oxidation states),Khedge may show the average of the two
components. However, this is not a straightforward comparison especially when the
reference compound does not have mixed oxidation states to begin with. As the oxidation
state increases, tikeedge spectrum is displatéo a higher energy, due to the increase

in difficulty to ioniseK shell electrons.
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In this work, 10 mg of samples were mixed thoroughly with 150 mg of cellulose
(Avicel@ PH1 01 (~ 50 em particle siteagrtarfandom Si gt
pestle. Then the samples were pressed in a 13 mm die using a uniaxial press. All the
pellets (including the reference pellets) were placed in a plastic holder in the beam line of

the instrument. Athena software was used for data an&fysis

Standard samples with known oxidation states of Mn were prepared using the
same method described abotab(e2.3).

Table2.3 Standard samplepurity, supplier andheir valence(s) used for XANES

Reagent Purity Supplier Valence(s)
MnO_ 2 99% Sigma Aldrich 4+
Mn2Os 99.9% Sigma Aldrich 3+
Mn304 97% Sigma Aldrich 2+, 3+
MnO 99% Sigma Aldrich 2+

According tothe BeerLambert law, the transmittedray beam is given by:
0 "0Q (2.15

where:
It = the transmitted intensity
lo = the incident beam intensity
€ = | i ne acoeffieidnts or pt i on

t = thickness of sample

Based on equatiqg2.15), the linear absorption coefficient is very much dependent
on the atomic number, Z and hence the number of electrons. The lower the number of
electrons, the more penetrating theays will be and as a result, the linear absorption

decreases.
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2.6 Thermal analysis!?

Differential scanning calorimetry (DSC) was used to investigate any thermal
events that might occur and their reversibility during heating and codiingg2.3). A
thermal event can be cause by many factors such as melting, decomposition or a
polymorphic transition. It is a powerful technique to study phase diagrecesjunction

with x-ray diffraction.

Exothermic

AT

Endothermic

Temperature

Figure2.3 A typical DSC endothermic peak profifé

Samples wrapped in Pt foil were placed in an alumina crucible heated from 25 to
1300 °C at 10 to 50C/min heating/cooling rate and the sample temperature compared
with that of an inert reference material (in this case an empty alumina crucible). The data
were collected using a NETZSCH 404C instrument and analysed using Proteus Analysis

software.

2.7 Impedance spectroscopy (IS)2

Impedance spectroscopy isr@ndestructive technique thatan be usel to
measurehe electrical properties (normally resistariR@nd capacitance;) of ceramic
materials. When a small alternating (AC) voltage was applied madrfeequency range,
different electroactive regions/components could be characterised such as grains, grain
boundaries and sampédectrode interface. This is because each region/component has
its own characteristic time constaht,wheret = RC, and ths can be represented by a

series equivalent circuit of parallel RC elemefitsufe 2.4).
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C

Figure2.4 A schematic of a parall@Celement

Sincet is related to frequencyf, the parallelRC element can be further

represented by:

1 Y6 p (2.16)

] ¢"Q (2.17)

where umax represents the relaxation frequencies of different regions/components
(different parallelRC element). What this means is that at low frequency, current will

flow mainly throughR. As the frequency increases, cap
and currenttarts to flow througlC. At a certain frequencymax, equal amounts of current

flow through bothR andC. Therefore, a wide frequency range is needed to investigate

the effect of different electroactive regions/components.

Animpedance complex planeplotal so known as a Nyqui st p
a semicircle for a parall®@C element figure 2.5). The resistance value can be obtained
fromtheintercepton he Z6 axi s whil st the capwci tance
using equatiori2.16).

When there is more than one component present, the impedance complex plane
plot displays two or more seruircles. Each sentircle represents parall&C element

(which represent a compongand they are usually connected in series.
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Figure2.5 A typical impedance complex plane plot for a parallel RC element

Different regions/components give different capacitance values that can be used

to identify their electroactive regions. A capacitance is given by:

5
5 - - — 2.18
6 5 (2.18)
where:C = Capacitance

& = permittivity of free space (8.854 x 10F cn!)

a = relative permittivity of sample

A = surface area of sample or electrode contact

d = thickness of region sample or electrode separation

Each region/component has different thickness which as a result would give
different capacitance value. Generally apacitance value in the order of 0 cm? is
expected (for a material with typical permittivity value of ~ 10) to be associated with the

bulk properties of the sample. A summary of capacitance values with their possible

electroactive regions is listed table2.4.

Impedance data can be represented in different graphical forms: complex

i mpedance pl ot , Z* c apacf taancenwinatwos of f r e qu e

impedance and electric modulus vs frequency plot.
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Table2.4 Capacitance values and their possible interpretébon

Capacitance (Fcm?)  Responsible regions

10712 Bulk
101t Minor, second phase
101t-10°8 Grain boundary
101°-10° Bulk Ferroelectric
10°- 107 Surface layer
107 -10° Sample- electrode interface
10* Electrochemical reactions

In this work, sample powder was mixed with a small amount (10 %) of PVA
binder by grinding them in an agate pestle and mortar. Next, the powder was pressed into
a pellet with 0.5 tons gbressure using the uniaxial cold press. Then, the sample was
sintered at its respective reaction temperature for 10 h in a muffle furnace. The dimensions
(thickness and diameter) and weight of the sample were measured. After that, either a

gold (Au) or indum gallium (InGa) paste were applied to the opposite faces of the pellet.

If the Au paste was used, the pellet was heated in furnace at 850 °C for 2 h to
eliminate any organic component. If InGa was used, the impedance experiments were
carried out direcyl without the necessity to dry the electrode. In and Ga are both two
solids at room temperature but become liquid in contact with each other as shown in the
phase diagranfigure 2.6). The best ratio for the electrode In:Ga is 0.17:0.83 lIa&a
both solids are transformed into liquid at room temperature at this eutectic composition.

The advantage of using InGa is that it can be applied to a pellet directly after
preparation or quenching and measurement can be carriedoedtiately. However, the
disadvantage is that the maximum operating temperature of InGa for impedance

measurement is around 200 °C before the electrode loses its integrity.
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Figure2.6 GaIn phase digram*®

Data were collected using a Solartron Modulab Impedance Analyser with 100mV
alternating voltage, over frequency range 10 mHz to 1 MHz. Low temperature impedance
measurements were carried out using an Oxford Instrument cryocooler and datedcollec

using an Agilent E4980A Precision LCR meter over the frequency range of 20 Hz to 1
MHz with 100 mV alternating voltage.
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Chapter 3: Synthesis and characterisation of

magnesium- doped lithium manganate, LbMnO 3

3.1 Introduction

LioMnOs hasbeen proposeds an alternative source of cathode materials not only
due to its high theoretical capacity of 458 mAy* but also due to the environmentally
benign nature of manganese compared with cobalt or rfitk€he manganese present
in the LbMnOz exists in the tetravalent stadedtherefore, it has not been possible to
extract Li electrochemically as the manganese is unlikely to be oxidised tbiMthe
octahedral environmertl. However, somenomalouselectrochemical activities have
been reorted B and several suggestions have been put forward to explain this

behaviour.

Pasercet al % proposed that oxygen deficiency witHiieMnOs was themain
cause of partial reduction of Mhto Mn®*, which was dependent on the processing
conditiors. The presence of mixed valency of M to increasedlectronic conductivity.
During electrochemical charging, Miis oxidisedto Mn**, and at the same time,'lions
deiintercalate and diffuse through the electrolyte to the anode. Thugsntmealous
electrochemical activity observed was proposed to be dependent on the amoufit of Mn
present in the sample.

The use of Mg as dopantin the layered rock salt struce (LiCoQ) has been
studied by Tukamoto and Wé$t An increasen conductivity by over two orders of
magnitude at room temperatwe@s observedHowever, discharge capacity shows some
reduction as the Mg content increasEsis was attributedo the eduction ofthe Co*

content in the material.

In this work, in order to promote the conductivity 0fMinOs, Mg was introduced
to the undoped sample through solid state synthesis by four possible ionic compensation
mechanismslhese involved creatiaof: Li vacancies, Li interstitials, setfompensation,
and O vacancies. Phase analysis was conducted to determine the possible success of

dopingandthe electrical conductivity was measured.
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3.2 Experimental

Sampleswere preparedby solidstate synthesis. Precursors were initially dried
overnight to eliminate moisture and stored in a vacuum desictaitdte3.1). Thepristine
sample ofLioMnOs was preparedby using LioCOs; and MnQ precursors These
precursorsvere weighedn their stoichiometric compositions based on their calculated
molecular weightaNext, hey were mixed and ground with acetone using an agatéar
and pestle Then, thesenixtures were put inside a gold (Au) boat and heated over the
temperature range 600 to 950°C. Intermittent regrinding and phase amagsarried

out after each temperagustep.

Table3.1 Reagents (all from Sigma Aldrich), their purity and drying temperature

Precursor Purity Drying temperature
LioCOs 2 99% 180°C
MnO: 2 99% 180°C
Mg(NO3).2.6H.0O 2 99% -

Four mechanisms of formatiovereinvestigatedn order to synthesize Mdoped
LioMnOs (table3.2). Mg(NGs)2.6H.0O was useds the source of MgO. SamplesnoE
0.05 and 0.1Qvere preparedor all mechanismausing similar conditions as outlined
above.The mixtureswvere initially heatect 19°C for4 h, 350°C forl0 h and finally at
650°C forlOh in order to expelvater, NQ and CQ respectively Subsequent heating in
air for all samples asat 750, 85@Gnd 950°C for 10 hours with intermediate regrinding

and phase analysis.

Table3.2 Mechanisms oformationto synthesizeMg-doped LiMnOs

Mechanism of

formation General Formula Remarks
Joinl  2Li*A Mg#+Vi Li2-2mMgmMnOs Creation of Li vacancies
Join 2 Mn* A Mg?* + 2Li* Liz+o2nMgmMn1-mOsz  Creation of Li interstitials
Join 3 2Li" + Mn* A 3Mg? Li2-2nMQgamMn1.mO3  Selfcompensation

Join4  O*+ Mn*A Mg?+Vd** LioMgeMn1mOsm  Creation of O vacancies
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Figure3.1 A composition triangléd.i.O-MgO-MnQOd showing the possible solid solution
locii of Mg-doped LiMnOs

Phase analysis usadS TOEStadiP x-ray diffractometer, MoKy ( & = 0. 70930 )
with linear position sensitive detector (PSD) at an accelerating voltage of 20 kV and tube
current of 5 mA. Datavere recordeaver the & scan range 5°40° with astepof 0.1°.
Ge monochromator was used to remowexdhid Ky, thus giving monochromatic d4

radiation.

Qualitative analysis of the XRD patterns used WinXPOW software package
version 3.0.2.1 and PB#+ 2014 by comparing with data frotine InternationalCentre
for Diffraction Data (ICDD).

Pellets of calcined samples were prepared by grinding the powdered samples with
a drop of Polyvinyl Alcohol (PVA) binder and pressed using a 10 mm diameter die in a
uniaxial press up tt.0 tons. Pellets were put into Au boasitered in air at 100TC for
10 h andslow-cooledin the furnace to room temperature. Au paste electrodes were

printed on opposite faces of the pellets and dried at@d0r 2 h. Impedance data were
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recorded using SolartromModulab Impedance Analyzerith 100 mV of alternating

current (AC) withafrequencyrange of 1dnHzto 1 MHz.

In order to study the effect pbssibleoxygen deficiency in the samg|eéhe same
pellets were resintered at 1000C overnightandremoved from the furnace in order to

i eazei n 0 t h e i Theireléctricalgptoperties were-neeasured
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3.3 Phase analysis and characterisation aflow-cooledLi-MnO3

3.3.1Phase analysis o$low-cooledLi2MnO3

The XRD patterns of kMnOs synthesise@t 950 °C are shown ifigure 3.2. At
950 °C, the diffraction peaks are tmeost intenseand the sharpest indicating a well
crystallised material is formed especidlly peaks between 9° to 16d &lated to Li and
Mn ordering in the transition metal layét<$*. All peaks at 950C of the XRD pattern
are in good accordance with theported literaturef Li.MnOs (PDF Q1-084-8630) 12§

alayered rock salt struate indexedn monoclinicC2/mspace groutable3.3).
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Figure3.2 XRD pattern forslow-cooledLi,MnOs at 950°C Vertical red bagindicate the
pattern from ICDD PDF 0084-8630.InsetshowsXRD pattern from the literatur® at 900°C.

Peak (*) was not indexed since it coincides with reference silicon peak
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Table3.3 Indexing data foslow-cooledLi,MnOs heated at 9560C

NO 2dws(®) h Kk | 2dac(®) D2d(°) Intensity  dobs(A)  deac(A)
1 8578 0 0 1 8583 -0.0044  100.0 4.742 4.740
2 9548 0 2 0 9537 0.0112 26.5 4.261 4.266
3 99%6 1 1 0 9.965 0.0010 27.4 4.083 4.083
4 11091 -1 1 1 11106 -0.0152 17.5 3.670 3.665
5 14938 1 1 1 14949 -0.0109 8.3 2.728 2.726
6 16810 1 3 0 16.809  0.0012 38.8 2.426 2.426
7 17205 -1 1 2 17.208 -0.0035 9.2 2.371 2.371

0 0 2 17.214 -0.0091 2.370
8 17531 -1 3 1 17516 0.0151 9.5 2.327 2.329

2 0 0 17.547 -0.0159 2.325
9 20182 1 3 1 20.196 -0.0143 82.8 2.024 2.023
10 21951 -1 3 2 21937 0.0135 13.7 1.863 1.864
11 24.039 2 2 1 24030 0.0090 6.2 1.703 1.704
12 25559 -2 4 1 25563 -0.0050 7.6 1.603 1.603
13 26.071 -1 5 1 26.058  0.0137 15.0 1.572 1.573

2 4 0 26.079 -0.0075 1.572
14 26173 1 3 2 26.187 -0.0133 18.1 1.566 1.566
15 26.816 -3 1 2 26.823 -0.0070 6.7 1.530 1.529
16 27909 -2 4 2 27917 -0.0081 6.8 1.471 1.470
17 28458 -1 3 3 28.459  -0.0002 26.6 1.443 1.443
18 28.885 -3 3 1 28874 0.0118 35.3 1.422 1.423

0O 6 0 28882  0.0037 1.422
19 33605 -2 6 1 33591  0.0142 9.6 1.227 1.227

-4 0 1 33601 0.0044 1.227
20 33879 3 3 1 33.867 0.0120 7.8 1.217 1.218
21 34833 -2 2 4 34821 0.0121 10.0 1.185 1.185

0 0 4 345832  0.0005 1.185
22 35479 -2 6 2 35459  0.0193 16.2 1.164 1.165
23 36.071 -1 3 4 36.067  0.0046 9.8 1.146 1.146
24 36587 2 6 1 36.604 -0.0171 6.7 1.130 1.129
25 39.286 3 3 2 39.279  0.0067 8.3 1.055 1.055

Symmetry: Monoclinic, Space group: @2 Final 2 window: 0.02a= 4.928 (2) A,
b=8.533 (3) Ac=5.023 (2) Ab = 109.34 (2) and \blume= 199.31 (7) A
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3.3.2Impedancespectroscopy analysis on slowooled LMnO 3

The electrical conductivity on pristine sleswoled LbMnOs was determinedhy
impedance spectroscopy analysis. The impedance complex plane, Z* pleMoiQzi
and their respectiveo,optdbtesadbpt woYbem@ér a
375°C are shownn figure 3.3.

The Z* plots show two semicircles in which the larger Higilquency ards
attributedto the bulk response and the smaltew-frequencyarcis attributedto either
the grain boundary response or the sarefgetrode interface response. The resistance of

the sample decreased with increasing temper

The conductivity (YO06) pl ots as a funct
observed at low and intermediate frequency addspersionat high frequency at both
temperaturesThe high-frequency dispersion could be associated with a power law

behaviour.

The capacitance (Co) against frequency
independent plateau (632 10 F cm?) at higher frequency attributed to the bulk
response, followed by a broadpersion at amtermediatdrequency. A capacitance (at
~ 108 F cnt) observed at low frequency could probatdpresersthe sampleslectrode

interface response.

The Zn asabafvhgtiopdf fequensshowtwodi st i nct atZo maxi
low and highfrequencies The low-frequencyZ 6 ma x i mbenattribugegto the
samplee | ectrode interface response. The near|l"
at higher frequency indicate the bulk response of the sample.
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3.3.3Impedance spectroscopy analysis on tMnO 3 quenched from 1000 °C

The impedance complex plane, Z* plot 0$MnOs quenched from 100TC in air
and their respecti +&0 sgpredc tdoshomiodgue34yY o6, CO6 a

The Z* plots show a more weltlefined large semicircle and a residual that
becomes a depressed semicircle and finally a nearly flat response at lower frequency
range on t hmreearlZ iNgalsemicirsleat 2T5h°€is attributed to the bulk
responsdwith an associated capacitance & £.102 F cm'?), together with a residual
tail probably attributed to the samgéectrode interface impedance (wiiecapacitance
of 3.4x 108 F cmi?).

The Ydas g funmtion of frequency show that there is a nearly frequency
independent plateau at the intermegliaéquency with a dispersion at a higher frequency
at both temperatures. A small ldvequency dispersion can be seen at 300 °C.

The C6 against frequency slpvcoded sasmigleow a s
with a plateau at high frequenaftributed to the bulk response, followed by a large
dispersion at intermediate frequency. A capacitance observed at low frequency may be
attributed to the samplelectrode interface response.

The 20 and Mb versusfrequencyplots also show similar charactastics to the
slow-cooled sample. The lower frequency peakis b&comesless apparent and tZeo
and Mo atdighernfraquencghow betteroverlappingpeaks indicating good
electrical homogeneity of the sample
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3.3.4Arrhenius plots of Li2MnO 3

The resistance of the bulk response ersactedrom the bulk semicircle at the
I ntercept poi nt o nandtieeonductvitawerasrivadffomtht e Z*
Arrhenius equatiof3.1).

s 0QwR (3.1)

where,
s = Conductivity (S cri)
Ea= Activation energy (eV)
R =Universal gas constant (8.314 J rh&l™?)
T = Temperature (K)

A = Constant

Both slowcooled and quenched AMnOsz show a linear behaviour on the
Arrhenius plot figure 3.5 (a)). The conductivityof the quenchedsample is higher
compared to the slowooled sample, accompanied by a small reduction in activation
energy from 0.85(4) to 0.75 (1) eVThe increase inonductivity of quenched tMnO3
is probably associated with the small amount of oxygen loss in the sample. As a result, a
partial reduction of Mff to Mn" is expected for electroneutrality. The presence of mixed
valence state of Mn thus provides a pdssilonduction pathway for electron hoppifig

The activation energy (0.75 eV) of the sample quenched in air is in good
agreement with the literature dafaygre 3.5 (b)), where it lies irbetween agrepared
sample (1.28 eV) and sample quenched in mercury (0.11 eV). This shows that the
conductivity of any given sample is likely depends on the amount of oxygen content, i.e.

synthesis conditions.
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Figure3.5 Arrhenius plot of LiMnOs: (a) Slowcooled (SC) and quenched (Q) from
1000°C (in air). (b) Literature daté for sampleprepared in different conditions:

8 High O content, As-prepared and x Quench&dm 1000°C (into mercury)
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3.4 Phase analysis and chacterisation of Mg-doped Li2MnO 3

3.4.1Synthesis and phase analysis of Mdoped Li2MnO 3

The phase analysis summary for 5 and 10 mol %delged LiMnOs can be
representeth the composition triangle of t®-MgO-MnOQud (figure 3.6). A single phase
of Mg-doped LiMnOswasobservedn joins 2 and 4téble3.4) (figure 3.7).

MgO
Join 3,1%90
, 5% p 10 % : Single Phase
1 5% r 10 % : Phase mixture

0.2
X 0.8

0.4

Join 4, LiMgO, /' A 06 Mole %
Mole % X f ’ Join 1, MgMnQ
0.6 \ N/ ) \ / /

Join 2, LiMgO, N |
08 ) > S\ ” \\ ‘ 1/ :
\ ’ / “5\\\\\\: N '// /\ ‘ /
1.0 \ 7p”’ﬂ}%§’ ‘ /

0.2 04 0.6 0.8 1.0
Li.O Li ,MnO, MnO
Mole %

Figure3.6 A composition triangle ofi-O-MgO-MnOq showing summary of phase
analysis on joins 1 to 4 for Mdoped LiMnO3

Table3.4 Resuls of 10mol % Mg-dopedLi-MnOs at 950°C in air

Mechanism of formation Expected formula Phase(s)resent

Joinl 2Li*A Mg?+ Vi Li1.8Mgo.1MNnO3 Li2MnQOs, LiMn 204
Join2 Mn**A Mg?"+ 2Li* Li22Mgo0.1Mno.903 LioMnOs
Join3 2Li*+ Mn**A 3Mg?* Li1.8Mgo.3Mno.o03 LioMnQOs, MgO
Join4 O%+ Mn*A Mg®+Vo**  LiaMgoiMno.oOz.9 LioMnOs
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, LiMn O,
®MgO

LiZMgo‘anO.QOZ‘Q
LJ\..___JLJULJ\____N».A&__.“ Join 4

LI 1.8Mg0.3M n0.903
LA..JL%ULL_MM\. Join 3

Li 2 M8, M, O,

LA._._.J\...M.JL_.._M“._;\.Join 2

Li 18Mg, ,MnO,
LM LJUL/\.._.AM«-..” Join 1

0 25 30 35 40
29()
Figure3.7 Comparison of XRD patterns for join 1 to 4 of 10 mol %-Mgped LiMnOs

b

5 10 15

Relative intensity (a.u.)
3

heated at 950 C fdrO h and slowly cooled to room temperature. Phase pure samples

were observetbr joins 2 and 4

The creation of lithium vacancies @in 1 somehow triggered possiblgartial
reduction of MfA* to Mn>°* for charge balance, thus causing the formation afrsdary
phase LiMnO4. Double cation substitutiomcreasd the Mg content irjoin (3) and

resulted in the appearance of MgGsasondohase.

Both joins 2 and 4 were indexed using monoclinic space gé@imandit can
be concludedhat these compositions were single phasdle 3.5 shows indexing data

for join 2.

The lattice parameters for both joins 2 and 4 for stowled samplewere plotted
against pristine MnOs (figure 3.8). Both joins showa relatively minimal change in
lattice parameter.
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Table3.5 Indexing data foslow-cooledjoin 2, Li2 2Mgo.1Mno. 903

No 2dws(®) h k | 2dac(®)  D2d(°)  Intensity  dobs(A)  deac(A)
1 8571 0 0 1 8571 -0.0004 92.3 4.746 4.746
2 9552 0 2 0 9543 0.0090 22.7 4.259 4.263
3 9937 1 1 0 9935 0.0022 16.5 4.095 4.096
4 11070 -1 1 1 11.091  -0.0210 11.4 3.677 3.670
5 16799 1 3 0 16799  -0.0002 411 2.428 2.428
6 17.174 0 2 17190  -0.0161 8.2 2.375 2.373
1 1 2 17195  -0.0210 2.372

7 17523 -1 3 1 17514  0.0089 10.4 2.328 2.330
8 20165 1 3 1 20170  -0.0051 100.0 2.026 2.025
21.944 0 1 21918  0.0261 15.3 1.863 1.866

1 3 2 21932  0.0116 1.864

10 26140 1 3 2 26145  -0.0046 20.6 1.568 1.568
11 27.959 1 5 1 27.955 0.0041 8.5 1.468 1.468
12 28.450 -1 3 3 28.445 0.0048 31.7 1.443 1.444
0 2 28448  0.0018 1.443

13 28.880 6 0 28902  -0.0217 35.6 1.422 1.421
14 33595 -2 6 1 33581  0.0141 9.8 1.227 1.228
15 34.811 0O O 4 34.783 0.0277 10.6 1.186 1.187
2 2 4 34.794 0.0175 1.186

3 5 1 34818  -0.0069 1.185

16 35465 -2 6 2 35455  0.0101 17.2 1.164 1.165
17 36060 -1 3 4 36042  0.0171 10.3 1.146 1.146
0 3 3605  0.0031 1.146

18 36.569 6 1 36566  0.0026 7.4 1.130 1.131
1 2 36569  0.0000 1.130

19 39287 -2 6 3 39312  -0.0252 9.0 1.055 1.054

Symmetry: Monoclinic, Space group: @2 Final 2f window: 0.03.a = 4.946 (3) A,

b=8.527 (3) Ac=5.027 (5) Ap = 109.3 (1) and \blume= 200.17 (14) A
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Figure3.8 Lattice parametesg, b, c and cell volumeY: (a)join 2, Li2.2Mgo.1Mno.oO3

and (b) join 4Li2Mgo.1Mng.902.9 slow-cooled from 950C

3.4.2Impedance spectroscopy analysis on sleeooled 10 mol % Mgdoped
Li2MnO3

The impedance spectroscopy analygas conducte@n single phase samples:
join 2 (Li2.2Mgo.1Mno.903) and join 4 (i2Mgo.1Mno dOz2.9). The pellets were heated at 950
°C for10h and slowly cooled to room temperature.

3.4.2.1Li2.2M@go.1Mno.903 (join 2)

The impedance complex plane, Z* plot of joinLR.2Mgo.1Mno.oOs and their

respecti ve

are shownn figure 3.9.

specZbposMoppto¥é, aCod tdoedd emper at

The Z* plos showtwo semicircles in which the wetlefined higher frequency

arc is attributed to the bulk response and the smalleffriequency arc is attributed to

either the grain boundary response or the sarefdetrode interface respons€he

absence of bw-frequerty spike in the Z* plot indicating that the mobile charge carrier

is dominatedy electronic conduction.

The

YO

pl ot s

as

a

f uwo mearlyosameptateaix fatr e qu e n ¢

intermediate frequency with a dispersion at a higher frequency observedhat bot

temperature.
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The C6 against frequency plots show a pl
bulk response (~ 13 10* F cm?), followed by a large dispersiat lower frequency.

Thelow-frequencycapacitance of ~ 1F cni! maybe attributedo the samplelectrode
interface response.

The 20 and Mo versusfrequencyplotsshownear | 'y over |l apping pe

MO ma x highdreqaenhcy, indicating the bulk response of the sample.
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Figure3.9 Li2.2Mgo.1Mno.90s (join 2) slowcooled: (a) Impedance complex plane, Z*
plot (inset shows smalllofv r equency arc at 206 AC) and sp

Co6, -Z0d)and MO at °Cl79 AC and 206
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3.4.2.2Li2M@o.1Mno 902 9 (join 4)

The impedance complex plane, Z* ploft join 4 Li2Mgo.1Mno¢02.9 and their
respective spec-ZpMds cplpdtcs Yat, tCempaenrd€t ur es 1

are shownn figure 3.10.

The Z* plots show an overlapping of two semicircles which attributed to the grain
boundary and the bulk response at low and high frequency respectively. The arc for the

grain boundary respoesslargerthan the bulk response.

The YO plots as a function of frequency

at intermediate and high frequency.

The C6 against frequency plots show two
high frequency attributkto the grain boundary and bulk response respectively, followed

by a noisy dispersion towards lower frequency.

The Zo vasud rMgquency plots show separate g

at high frequencyThis indicatesthat the sample does not havectiieal homogeneity.
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3.4.3Impedance spectroscopy analysis on quenched 10 mol % Migped
Li2MnO3

The impedance spectroscopy analygas conductedn quenched samples: join
2 (Li2.2Mgo.1Mno.903) and join 4 Li2Mgo.1Mno.902.9). The pellets were heated at 1000

for 10 h and quenched to room temperature (in air).

The impedance complex plane, Z* plots of joins 2 and 4 with their riégpec
spectroscopiZo,YOMo bl oa rsfigueer3dl asdHiguse 3.121 n
respectively.

The Z* plos for both quenched samplekowsimilar characteristics. Two arcs
were observedhich could be attributed to the grain boundary and bulk response at low
and high fregancy respectively. Again, now-frequencyspikewas observedn both
sampleswhich could be associated with the ionic conduction. Therefore, the conductivity

is dominatedby electronic conduction.

The YINs @ funation of frequendpr both sampleshowtwo frequency
independent plateaux at tihermediatefrequency. Ahigh-frequencydispersion was
observed and shifted out of theeasureavindow with increasing temperature.

The C6 against frequency pbeaattributedchow t wo
the bulk and the grain boundary response at high and intermediate frequency respectively.
A low-frequencydispersion was noisy at low temperatarelthe signal became better
with increasing temperature as the sammeoms less resistie. Thelow-frequency
capacitance of ~ to 10’ F cni* may be attributedo the samplelectrode interface

response.

The 20 and Mb versusfrequencyplotsshowd ou bl e peaks on t he Z«¢
a single peak on t hhghfidquensym& xit ma. oM hehé oWo as
correspond to the grain boundary and bulk response thus indicating the electrical

heterogeneity of the sample.
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Figure3.12 LioMgo.1Mno 9029 (join 4) quenched: (a) Impedance complex plane, Z* plot

and

3.5Arrhenius plots

spectroscopic-Zpl ansg Mb) *€¥@ 203( AC, C& 0

Generally, all samples show a linear behaviour on tineefius plotfigure 3.13).

Theslow-cooled LbMnOs has the lowest conductivity with activation enerigyof 0.835

(4) eV, followed by its quenchedample with Eof 0.75 (1) eV, within the temperature

range 150 to 400C.

The slow-cooled 10% Medoped L{MnO3z on joins 2 and 4show higher

conductivity than the@ristineLi-MnQOa. Join 4 shows conductivity an order of magnitude

higher than join 2 and wit similar activation energy, within error$he increase in
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conductivity is probably dué anincrease in partial reduction of Kthto Mn®" with

increasing Mg content.

The quenchedamples 0fl0% Mgdoped LyMnOz on joins 2 and 4howthe
highest condudtity at atemperatur@ange 2Go 200 C as compaxkto the slowcooled
samplesBoth samples showed aativation energypf 0.43 e\, which are about half of
their respective kon their slowcooled sampled his is probably due to the simileffect

shown by the quenchedMnO:s.

Table 3.6 summariseghe activation energy and conductivity data of samples
prepared. It also includéke conductivityvalue extrapatedto room temperature based
ontheArrhenius plot§assuming that the conductivity behaves linearly with temperature
and there is no change in the activation energy)room temperatutethe projected
conductivity for the quenched sample of 10 mol %-dégped LMnOs for joins 2 and 4
is expected to be ithe order of thred¢o four ordes of magnituds (~ 10% S cm?)

compared taheslow-cooled samples (~ #6to 102 Scm?).

Temperature C)
500400 300 200 100

Li,MnO, 950 C S
Li,MnO, 1000C Q
Join 2 950C SC
Join 2 1000C Q
Join 4 950C SC
Join 4 1000C Q

Eq=0.43(2) eV

-4 Ey=0.43 (1) eV

[ ul 2 ¥ Ne)

'
a1
1

E,=0.75 (1) eV

logs (S cm?)
>

1
~
1

-8
E,=0.835(4) € Eq=0.77 (2) eV
-9 '|'|'|Ea':|0.'79|(:!-)|e'|'|'|'|'|'
121416 18 20 22 24 26 28 3.0 3.2 34 3.6
1000/T (KY)

Figure3.13 Arrhenius plot of LiMnOg, Li22Mgo.1Mno 9Oz (join 2) and
LioMg0.1Mno.9O2 9 (join 4) for slowcooled (SC) and quenched (Q) samples with their

respective activation energys E
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Table3.6 Comparison of activation energy and its conductivities (measured and

extramlated)

Sample State Activation Conductivity Conductivity
Energy (ScmbatT | (Scmb)atT(°C)
(eV) (°C) extrapolated
LioMnOs Slow-cooled 0.835(4 | 1.1x10°(200) | 6.3 x 10 (25)
Quenched (inair)] 0.75(1) | 1.6 x 16°(200) | 2.6 x 10'*(25)
Li22Mgo.1MnooOs | Slow-cooled 0.79 (1) | 9.6 x 1(°(150) | 1.0 x 10*2(25)
Join (2) Quenched (in air){ 0.43 (1) 1.0 x 1 (150) 7.1 x 1C° (25)
LizMgo.1Mno¢O29 | Slow-cooled 0.77 (2) | 9.0x 1 (150) | 1.1 x 10" (25)
Join (4) Quenched (in air)| 0.43 (2) 1.2 x 1 (150) 8.3 x 17 (25)

3.6 Discussion

From the XRD and electrical property results, it is clear thaflhOs; hasbeen
successfully dopedith Mg, but the doping mechanism(s) is nbvious Thisis because
there are two uncertainties associated with the synthesis procedure and subsequent results.

First, samples may lose somexQiduring heating in an open environment,
especially those on join 2. Thus, although single phase prodectsobtaine@dn both
joins 2 and 4, the products in both cases may approximate to join 4. If tHzgomducts
were single phase and contained interstitiaidus, this would be an unusual result since
rock-salt related, lithiunbased oxides are usually restricted to a maximum cakggen
stoichiometry of 1:1 aanyextracations would occupy interstitial tetrahedral sites which
share faces with occupied abedral sites. The mechanism proposed forjarunlikely,
therefore.

Second, the Mn oxidation state in the solid solution products may not be
exclusively 4+. Most Mrbased oxideswith the exception ofLioMnOs, have Mn
oxidation states less than 4+hagh temperature. For example, Mn oxides pass through
the sequence MG Mn203- Mn304- MnO on heatingLi-MnOs, is unusual in that
it contains Mfi* and is stable at high temperatures, to at least 1200t is therefore
possible that Mgloped LiMnO3z may have a reduction in thexidation state of Mn.

Indirect evidence for thiss obtainedfrom the electrical property results in which the
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conductivity of the quenched samples is several orders of magnitude thightrat of
slow-cooled samples; the imphtion is that at high temperatures, samples lose oxygen,

giving mixed valence 3+, 4+ of Mn, whieh regainedluring slow cooling.

From the location ofoin 4 on the phase diagram, it appears that the doping
mechanism involves replacement of Mn by Mg,airprobable 1:1 ratio, but without
changein Li content.This thereforerequires either thereationof oxygen vacancies or

(possible) reduction of Mn oxidation state to achieve charge balance. Possible
mechanisms ideally include:

in 00 0°QO0 (3.2
or cD ¢ cO0 OD¢ 0 "Q

in 00e 0& 0QO0 (3.3
or ol & ¢c0 O ¢b ¢ 0 "Q

in 00@e 0¢e 0QO0 (3.4)

Since samples appear to pick up oxygen during slow cooling, this is good evidence
that charge compensation involves oxygen vacancy creatitwoas $y all mechanisms
(3.2) to (3.4) and that quenched samples have mixed valence Mn as shown by
mechanism$3.3) and(3.4). Of these two mechanisn(8,4) is more likely since M#f is
the oxidation statdéo be accessed first during doping or oxygen loss. tverefore
proposed that mechanis{8.4) may be the preferred compensation mechanism at high

temperatures combined with the possibility of oxygen uptake during slow cooling, to
give:
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0¢ Poove g (35)
T T

and b0:  0E 0QO (34) +(35)- (36)

3.7 Conclusiors

In summary, the LMnOs has been successfully doped with Mg with the
obsenationof a single phase on join 2 and join 4. It was proposed that the compensation
mechanism involves the creation of oxygen vacancies and as a direct consequence, a

partial reduction of Mfi to Mn®*" wasexpected for charge balance.

Impedance measurements on all sintered pellets does not indicate any low
frequency spike in impedance complex plane plots which could be associated with the
ionic conduction blocking at the samy@iectrode interface. Hencdet charge carrier is
dominated by the electronic conduction.

An increase in conductivity was observed for all quenched samples compared to
their respective slowooled counterparkor the oxygerdeficient samples of 10% Mg
doped, both joins show significant increase in the conductivity, accompanied by a
reduction in activation energy. A further loss in oxygen results in an increase’fn Mn
Mn** pair which create an easier conduction pathway for electoohsh o p 6 bet ween t
Mn valency state andsaa result, the electronic conductivity increalsgseveral orders

of magnitude (compared to the slawoled undoped kMnOs).

It can be concluded at this point that the use of Mg as dopantMmOg cathode
material can improve thelectronicconductivty of the samplg This shows that the role
of oxygen norstoichiometry in Mgdoped LyMnOz has significant effect to the
conductivity. Although, their electrochemical properties are not yet known, based on the

impedance measurements, an increase in etdwmical activity is expected.
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Chapter 4: Subsolidus phase equilibriain the MnOg T
MgO system

4.1 Introduction

The binary system bO-MnOd has been widely studied féithium-ion battery
applications as an alternative to materials containing toxic cobalt (Co) and nickel (Ni).
Several known electrode materials are present within this system such as layered LiMnO
and spinel LiMaOs. MgO muld be anexciting dopant for thissystem as it has been
reported byTukamotoand West!! that it helps to improve the conductivity of LiCeO
by more than two orders of magnitude at room temperathegnitial studyin this thesis
(chapter 3showedthat apartial solid solutionformedwhen LbMnOs was dopedvith
Mg up to~ 10 mol %.

The compositional triangle of theubsolidugpseudeternarysystem LO-MnOg-
MgO was constructeds shown irfigure 4.1. The join between MgnOd shows three
distinct knownphaseswhich are MgMnaOs, MgzMnOs and MgMnQOs. MgMn04 2 3
has been studied apotential electrode material in magnesium ion battgaescularly
since it has aimilar structure to the lithium counterpart. It is not yet known whether
MgsMnOs hasbeen studieds an alternative electrode material especiallyittium-ion
battery applicationsThis may be due to the difficulty to obtaia single phase of
MgsMnQg 5,

A phase diagram for thklgO-MnQOqd system has been reportéicyure 4.2). At
low Mg content (< 40 mol %), above 700 ,°@&o solid solutionswere observed
tetragonal spineadtlow temperature and cubic spirshigher temperaturét 86 mol %
Mg, MgsMnOs appeareds a single line phase which subsequently decomposes into a

two-phase mixture of cubic spinel andd, Mn)O when heated above ~ 1050C.

During initial study ofthe MgGOMnQOqd system, it was founderendipitouslyhat
MgsMnOs is not just a single line phase busalid solution over a wide compositional
range. Further to this, at low Mg content (< 40 mol %), a new tetragonal spinel polymorph

was observed when heated at higher temperature instead of a cubic spinel. Following
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these new findingsa more extensive study thfe subsolidus phase equilibmetheMgO-

MnQqd systemwasmade

Mole %
0.6

0.8
1.0
0.2 04 06 0.8 1.0
Li,O Li,MnO, LiMn O, MnO,
Mole %

Figure4.1 Partial pseuddernarycompositional trianglef Li,O-MnOg¢-MgO.
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Figure4.2 Binary phase diagram ¢fieMg-Mn-O system in air showing possible phase

boundaries as reported by Joshall”]
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4.2 Experimental

Samples were prepared by sedidite synthesis using precursors of
Mg(NO3)2.6H0 (2 99%) and MnQ (2 99%, dried at 180°C). Both (frorBigma
Aldrich), were weighed in their stoichiometric amounts according to the formula
MgxMn1.xOd, mixed and grounaith acetone in an agate mortar and pestle. The mixtures
were put in alumina boats ahéatedat 150 °C fod h and 350 °C fol0 h to eliminate
water and N@ Finally, the samples were heated at 1000 °@Gfdays with intermittent

regrinding.

For the pupose of phase diagram studies, compositions were prepared=nith
0.05, 0.1, 0.2, 0.3, 0.33, 0.4, 0.5, 0.6, 0.7, 0.8, 0.86, 0.9 and 0.95. Small portions of the
reacted batch samples were wrapped in Pt foil and heated isothermally in a vertical tube
furnaceat temperatures in the rang@0 °C to 1200 °C and quenched into liquid nitrogen
at the end of the heat treatment (approximatéingeate 200 °G™?) [,

Phase characterization use@®TOEStadi PX-ray diffractometer using Mo Kh
radiation with alinear position sensitive detector. Initigdhaseanalysis and lattice

parameter measurement used the STOE Witsoftware package

Thermal analysis was conducted on a small portiorwdd, 0.05, 0.1, 0.2 and 0.3
using the NETZSCH 404C instrument amalsanalyzedising Proteus Analysis software.
Samples were heated from 25 to 1300 °CCRC/min heating/cooling rate.

HTXRD was condated on a small portion of= 0, 0.2, and 0.3 using Siemens
D5000 withCu Kaaverageyradiation [ = 1.5418 A) with 27angle range between 1and
90.
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4.3 Slow-cooled samples

The XRD results for sloveooled samples of 0.05x ¢ 0.30 at rate 0.2C/min,
showed a similar patterfiqure 4.3). All reflections fromone compositiox = 0.30 were
indexed using the tetragonal space grigufamd(141), a=b=5.7256 (3, c=9.3176
(9) A, V = 305.45 (33, latticec/aratio= 1.6274 (2) and thus it can be concluded that
thesecompositions were single phasalje4.1). Several reflections showed an increase
in intensity such as (101), (004), (220), (213) and otherwesth@ decrease in intensity
such as (112), (200), (204), (312) with increasing shift in peak positions to highed?2

angleswas observetbr all reflections up ta= 0.3Q insetfigure 4.3.

Relative intensity (a.u.)

101

211

103
224

12

1
200
13
301
204 105
312
303
116
305
332
413
422

U x=0.20

Relative intensity (a.u.)

UWWx: 0.05

T T T T T T T T T T T T
5 10 15 20 25 30 35 40

2q()

Figure4.3 XRD patterrs for slow-cooled MgMn1.xOd for 0.05¢ x ¢ 0.30. Inset shows

peak shifting to higher@angle over the range 18 2d ¢ 21°
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Table4.1 Indexing data fox = 0.30 slowcooled from 1000C

No 2dws(®) h k | 20ac(®) D2d (°) Intensity dobs (A) deatc (A)
1 8343 1 0 1 8338 0.0049 96.9 4.875 4.878
2 13327 1 1 2  13.329 -0.0019 24.1 3.056 3.056
3 14232 2 0 0 14.232 -0.0008 16.2 2.863 2.863
4 14928 1 0 3  14.928 -0.0003 78.1 2.730 2.730
5 16516 2 1 1  16.517 -0.0013 100.0 2.469 2.469
6 16.717 2 0 2 16.721 -0.0038 30.6 2.440 2.439
7 17512 0 0 4 17515 -0.0022 42.7 2.330 2.329
8 20176 2 2 0  20.180 -0.0045 51.8 2.025 2.024
9 20677 2 1 3  20.682 -0.0048 14.3 1.976 1.976
10 2185 3 0 1 21.868 -0.0128 9.4 1.871 1.870
11 22635 2 0 4 22639 -0.0041 10.6 1.807 1.807
12 2308 1 0 5 23.090 -0.0023 27.0 1.772 1.772
13 24257 3 1 2 24.262 -0.0055 12.0 1.688 1.688
14 25194 3 0 3 25195 -0.0009 17.1 1.626 1.626
15 26183 3 2 1 26.188 -0.0051 37.0 1.566 1.565
16 26841 2 2 4  26.842 -0.0012 67.4 1.528 1.528
17 27212 2 1 5 27.228 -0.0153 13.0 1.508 1.507
18 28690 4 0 0O 28.691 -0.0004 36.3 1.431 1.431
19 29.050 3 2 3  29.053 -0.0029 12.9 1.414 1.414
20 29942 4 1 1 29.928 0.0143 11.7 1.373 1.374
21 30110 2 0 6 30118 -0.0074 11.9 1.365 1.365
22 3080 3 0 5 30.851 -0.0016 12.4 1.333 1.333
23 31757 1 0 7 31750 0.0069 8.9 1.296 1.297

3 3 2 31757 0.0001 1.296
24 32489 4 1 3 32491 -0.0025 18.4 1.268 1.268
25 3338 4 2 2  33.390 -0.0023 14.9 1.235 1.235
26 33812 4 0 4 33812 -0.0001 19.7 1.220 1.220
27 34126 3 2 5 34126 0.0000 11.1 1.209 1.209
28 34963 2 1 7  34.950 0.0134 13.4 1.181 1.181
29 35463 0 0 8 35456 0.0074 11.6 1.165 1.165
30 36369 5 0 1 36.364 0.0047 9.6 1.136 1.137
31 36861 4 2 4 36.854 0.0080 9.1 1.122 1.122
32 37146 4 1 5  37.145 0.0018 14.9 1.113 1.114
33 37914 3 0 7 37911 0.0025 8.6 1.092 1.092

5 1 2 37917 -0.0033 1.092
34 38552 5 0 3 38548 0.0039 14.2 1.074 1.074
35 39237 5 2 1 39.234 0.0036 10.1 1.056 1.056

Symmetry:Body-centredtetragonal, Space grouigi/amd Final 2 window: 0.02
a=5.7256 (3) A £=9.3176 (9) A, V = 305.45 (3)¥andc/a= 1.874 (2)
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At higher values ok (> 0.30), a mixture of phases was present in the-slogled
(at rate 0.XC/min) samplesfigure 4.4). Thus, ak = 0.33, a small amount of tisecond
phase started to appeared with peaks obsencedlét3, 19.6 and 27.9 2d whichgave
a mixture with tetragonal spinélhe peak intensity of this second phase (denoted as C1)
increases with increasingup tox = 0.50. Atx = 0.50, another set of peaks (denoted as
C2) which is similar to C1 appeared at asgleghtly lower than the C1 and thus gave a
threephase mixturetetragonal spinel, CandC2. In the range 0.7@ x ¢ 0.80, only a
mixture of C1 and C2 was observed, withiaereasan intensity for C2 with increasing
x. Beyondx 00.86, only a mixture of C2 and MgO was observed, witfinareasen

intensity for MgO with increasing.

The powder XRD pattern for=0.86 €igure4.5), showed the C2 reflectismvith
the Miller indices according to MlyInOs (Suzuki phase) witfOdod space group. The
Suzuki phase was reported to have a cubic rock salt structure with avid Mrf*

octahedrally coordinated in the oxide array with six oxygen ions.

The C1 reflectiorhas a similar pattero C2 but at aslightly higher 2f angle and
therefore, has aubic structuresimilar to C2 but with smaller unit cell size. The initial
appearance of Cdtx = 0.33, could indicate the possibility of a cubic spinel struchat
formed due to the reduction in theumberof Mn3* in the octahedral environment.
Therefore,initial thoughts were thaCl and C2 could probably lessignedo a cubic

spinel and a Suzuki phase structure respectively.
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Relative intensity (a.u.)

Figure4.4 XRD patterns for slowcooled 0.05 x ¢ 0.95. Inset shows the mixture of C1
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Figure4.5 XRD pattern for slowcooledx = 0.86 A mixture of Suzuki phase and MgO

was observed
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4.4 Quenched samples

From the result on the sleaooled samples, it was suspected that in some cases,
structuralchanges occurred during slow cooling. Experiments were therefore carried out

on samples quenched from various temperatures.

4.4.1Effect of temperature on compositiornx = 0.20 for MgiMn 1.xOd

Small quantitesof x = 0.20 wereheated in the temperature range 500 to TZ0D0
and quenched to liquid nitrogen {igure 4.6). Two similar diffraction patterns were
observed at low andigh quenchtemperaturg but with slightly different & angles At
900°C and lower, the XRD patterns look similar to the tetragonal struchservedor
the slowcooled samples. A second phasarted tdorm at around 950C and became a

single phase from 103 onwards.

The low temperature phase (sample quenched fronfGp@as indexed using
the tetragonald./amdspace groupa = b = 5.7383 (4, c = 9.3588 (10, V = 308.17
(3) A3, c/a=1.639 (2) and so it can be concluded to be a single phabke4.2).

Thehigh-temperaturgphase (sample quenched from 108) was also observed
to have a similar pattern to tHew-temperatureassemblage but with different peak
positions (&). Therefore, it s indexed using the same tetragadgdbmdspace group,
a=b=5.7866 (7T, c = 9.1466 (154, V = 306.27 (5A%, c/a= 1.586 (3) and it can
also be concluded as single phasdle4.3). The lower and higher temperature plsase
of compositiorx = 0.20 are denoted as T1 and T2 respectively for easy reference.

It canbe observedhat thelattice parametersf these two phaseseredifferent
(table4.4). T2 hasa parameter larger arcparameter smaller than T1. Therefore Xoer
0.20, the calculated lattiaa ratios forT1 (at 500°C) and T2 (at 1050C) were 1.63
and 1.58 respectively.
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Figure4.6 XRD patterns fox = 0.20 quenched from 500 to 1200 °C into liquid
nitrogen. Two polymorphs Th() and T2 § ) were observed.
SC=slow-cooled

In order to study th@ossiblereversibility of transformatiorbetween these two
phases as a function of temperatua small quantity of powder &f= 0.20 was heated
and quenched from 80T (step 1), then 105TC (step 2) and returned to 800 (step
3), for 10 h at each stefimilar XRD patterns were observed for T1 and T2 as shown in
figure 4.6. Lattice parameter measuremenwtre conductedt each stepdble4.5), and

indicated that th&ransformations reversible between T1 and T2.
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Table4.2 Indexing data fox = 0.20 quenched from 50C, T1 (p )

N 2dos(®) h k | 2dac(®)  D2d(°)  Intensity  doss(A)  deac(A)
1 8324 1 0 1 8315 0.0094 60.8 4.886 4.892
2 13279 1 1 2 13287  -0.0071 27.9 3.067 3.066
3 14196 2 0 0 14201  -0.0045 19.0 2.870 2.869
4 1488 1 0 3 14870  -0.0018 70.0 2.741 2.741
5 16474 2 1 1 16478  -0.0038 100.0 2.475 2.475
6 16665 2 0 2 16.674  -0.0086 28.6 2.447 2.446
7 17434 0 0 4 17.437  -0.0028 34.2 2.340 2.340
8 20131 2 2 0 20135  -0.0040 42.2 2.029 2.029
9 20608 2 1 3 20617  -0.0096 11.4 1.983 1.982
10 22559 2 0 4 22558  0.0007 13.2 1.813 1.813
11 22990 1 0 5 22992  -0.0015 27.7 1.780 1.780
12 24198 3 1 2 24200  -0.0027 15.1 1.692 1.692
13 26123 3 2 1 26128  -0.0046 39.2 1.569 1.569
14 26755 2 2 4 26756  -0.0013 63.9 1.533 1.533
15 27140 2 1 5 27127  0.0132 12.2 1.512 1.512
16 28196 1 1 6 28197  -0.0008 10.7 1.456 1.456
17 28622 4 0 0 28626  -0.0036 38.1 1.435 1.435

3 1 4 28640  -0.0173 1.434
18 30743 3 0 5 30746  -0.0024 13.6 1.338 1.338
19 32403 4 1 3 32405  -0.0025 18.8 1.271 1.271
20 33308 4 2 2 33309  -0.0006 15.4 1.238 1.237
21 33712 4 0 4 33714  -0.0021 17.6 1.223 1.223
22 34819 2 1 7 34808  0.0113 14.5 1.185 1.186
23 35290 0 0 8 35295  -0.0047 11.9 1.170 1.170
24 37.027 4 1 5 37.029 -0.0022 14.9 1.117 1.117
25 38447 5 0 3  38.449  -0.0013 16.2 1.077 1.077
26 39160 5 2 1 39142  0.0173 10.8 1.058 1.059

Symmetry:Body-cented tetragonal, Space groui@:/amd Final 2f window: 0.02
a=5.7383 (4) A £=9.3588 (10) A, V = 308.17 (3)%&ndc/a= 1.639 (2)
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Table4.3 Indexing data fox = 0.20 quenched from 108C, T2 (s )

N 2dos(®) h k | 2dac(®)  D2d(°)  Intensity  doss(A)  deac(A)
1 8315 1 0 1 8318 -0.0028 46.4 4.892 4.890
2 13355 1 1 2 13357  -0.0022 34.2 3.050 3.049
3 14081 2 0 0 1408  -0.0010 21.1 2.894 2.893
4 15115 1 0 3 15110  0.0044 63.1 2.697 2.697
5 16375 2 1 1 16376  -0.0015 100.0 2.490 2.490
6 16676 2 0 2 16.680  -0.0041 22.4 2.446 2.445
7 17852 0 0 4 17.845  0.0076 26.2 2.286 2.287
8 19966 2 2 0 19.965  0.0005 37.7 2.046 2.046
9 22797 2 0 4 22803  -0.0064 12.6 1.795 1.794
10 23470 1 0 5 23463  0.0064 24.2 1.744 1.744
11 24093 3 1 2 24008  -0.0049 17.0 1.699 1.699
12 25138 3 0 3 25133  0.0047 18.6 1.630 1.630
13 25929 3 2 1 25930  -0.0012 40.4 1.581 1.581
14 26905 2 2 4 26901  0.0044 63.8 1.524 1.525
15 28383 4 0 0 28382  0.0012 33.1 1.447 1.447
16 30514 2 0 6 30492  0.0227 10.6 1.348 1.349
17 30991 3 0 5 30995  -0.0040 14.0 1.328 1.327
18 32304 4 1 3 32304  0.0000 19.5 1.275 1.275

1 0 7 32312  -0.0080 1.275
19 33724 4 0 4 33727  -0.0027 14.5 1.223 1.223
20 35379 2 1 7 35403  -0.0232 11.3 1.167 1.166
21 37141 4 1 5 37144  -0.0037 15.4 1.114 1.114
22 38265 5 0 3 38268  -0.0022 14.6 1.082 1.082

3 0 7 38275  -0.0001 1.082
23 38827 5 2 1 38819  0.0082 10.6 1.067 1.067

Symmetry:Body-centredietragonal, Space grou@:/amd Final 2 window: 0.03
a=5.7866 (7) A £=9.1466 (15) A, V = 306.27 (5)¥andc/a= 1.586 (3)
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Table4.4T1 (p )and T2(s ) atx = 0.20 lattice parameter and lattiwa ratio vs

temperature
tergsspaiﬂre a(A) c(A) Volume (A3) cla
1200 C 5.8030 (2) 9.0835 (5) 305.89 (2) | 1.5653 (1)
1100°C 57786 (6) | 9.1755(15) | 306.39 (4) | 1.5878 (3)
T2 1050°C 5.7866 (7) | 9.1466 (15) | 306.27 (5) | 1.5806 (3)
1030C 5.7845 (4) | 9.1584 (12) | 306.45 (3) | 1.5833 (2)
900 C 5.7445 (5) | 9.3456 (15) | 308.40 (4) | 1.6269 (3)
850°C 57450 (5) | 9.3535(14) | 308.71 (4) | 1.8281 (3)
800C 57422 (6) | 9.3502 (16) | 308.30 (4) | 1.6283 (3)
" 7007C 57399 (4) | 9.3552(10) | 308.23 (4) | 1.6298 (2)
600°C 57389 (4) | 9.3557 (11) | 308.13 (3) | 1.6902 (2)
500 C 5.7383 (4) 9.3588 (10) 308.17 (3) | 1.6309 (2)

Table4.5 Lattice parameter and latticéa ratio measurement for reversibility studyxat
= 0.20 between T1 and T2

Quench 3 Phase
temperature a(A) c(A) Volume (A) c/a observed
Step 1 800 C 5.7418 (3) | 9.3564 (9) | 308.46 (3) | 1.6295 (2) T1
Step 2 1050 C 5.7739 (4) | 9.2168 (15)| 307.26 (4) | 1.5963 (3) T2
Step 3 800 C 5.7408 (3) | 9.3503 (7) | 308.15 (2) | 1.6288 (2) T1

In order to investigate any weight change between these two polymorphs, a pellet
of compositionx = 0.20 was prepared and sintered at 11D@nd slowly cooled to room

temperature at rate B/min. The pellet weightvas recordednd was placed in a Pt

envelope and reweighed. The pellet was then heated and quenched fran(S&p 1),

1050 C (step 2) and returned to 800 (step 3). The weight of the Pt envelope together
with the pelletwas measuredt each stepand no difference in weight was observed
indicating that any oxygen loss might be minimal and undetectable by the method used

(table4.6).
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Table4.6 Weight loss study fox = 0.20 between T1 and T2.

SC=slow-cooled, Q = quenched

Weight (g)
Phase | Temperature E‘ellet Pellet
with Pt
T1 | 1100 °C (SC)| 0.5239(2) | 0.2212(2)
Step 1 T1 800 C(Q) | 0.5239(2) | 0.2212(2)
Step2| T2 | 1050 C(Q) | 0.5239(2) | 0.2212(2)
Step 3 T1 800 C(Q) | 0.5239(2) | 0.2212(2)

4.4.2Effect of composition on T1 phase quenched from 85

A small quantity ofx = 0.05, 0.10 and 0.20 was heated at 85@&nd quenched
into liquid nitrogen. The observed diffraction patterns showed that all the peaks shifted
to higher 2f anglewith increasingx (figure 4.7). Each diffraction pattern was indexed

using the tetragondi/amdspace group and cée concludedo besingle phase.

The peak shift indicates that there was a change id-ipacings and hence the
unit cell size. In order to investigate this change, lattice parameter meas\garasnt
conducted on samples containing silicon as an internal standard (for peak calibration)

usingaSTOE Stadi P diffractometer with Mex radiation. The lattice parameter, volume

andaxial c/aratio against compositiowereplotted figure 4.8).

Both lattice constasia andc deaeaséd with increasing. The axialc/aratio also

showed a slight decrease with increasing
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Figure4.7 XRD patterns of T)lx = 0.05, 0.10 and 0.20 quenchieoam 850°C into

liquid nitrogen Inset shows peak shift to highamgleover the range
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Figure4.8 Lattice parametes, c, cell volume )V, and axiak/aratio, of T1 for 0.05F x
¢ 0.20 quenched from 85 into liquid nitrogen compared to MsD4 (x = 0) at room

temperature. Error bars are smaller than the data points
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4.4.3Effect of temperature on compositiornx = 0.40 for MgiMn 1xOd

At x = 0.40 €igure 4.9), a mixture of T1 and Ctvasobservedrom 500 to 700
°C. At 800°C, the XRD pattern shows a mixture of T1 and T2. A single phat2 whs
observedetween 850 to 110TC. At 1200°C, MgO started tdorm and gave a mixture
with T2.

p T1
s s T2
12, . . 1 c1
S ® MgO
MgO Sg s S® < <SS SS O 1200C

M Nb\_.JL.A il JJL 1100°C
v ML . N | AJL 850 C

A_‘ 50 VR p s ) P
P _
; ILM VS S, \Mj” W g00C
p 1
T1,C1 oo Mor 3P o p N p P

A p P

Relative intensity (a.u.)

700 C

M500_C

29 ()

Figure4.9 XRD patterns fox = 0.40quenched from 500 to 1200 °C into liquid

nitrogen, wher&C = slow-cooled
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4.4.4Effect of composition onsamples quenched from 1050 °C

A small quantity of samples between ®x ¢ 0.95 were heated at 108C and
guenched ito liquid nitrogen. The XRD patterns for the entire rangere analyzed
(figure4.10). In the range @ x ¢ 0.10, the spectnaere identifiedas T1 with all the peaks

shifted to ahigherangle with increasing.

A single phase of T@&as observetletween 0.2@ x ¢ 0.40; peak sits were seen
both to lower and higher angleg(re 4.11). Inset patterns showed that peaks (112),
(103), (202) and (004¥ere shiftedo higher 20 angles and the opposite for peaks (200),
(211) and (220).

At x=0.50, a mixture of T2 and MgO was observed untilD.95 with a decrease
in intensity for T2.

® ®MgO
®
T2 + MgO ® A A X =095
‘ - 4JA; A x=0.90

= A - M x=086
\t‘g A ~ A\ ‘k A x=0.80
é‘ L \.....JJL\ I-A'\_ AA...J\\...._.X =0.70
8 — 6}* A J’,LL M A J\A x = 0.60
) +
"é' 2 J\___J‘L S8 A~ A&\ X = 0.50
g T2 A A J\-A.,_M Y\ LIL X = 0.40
E A J\A_J\..AA AN\ M.A__L/\____X =0.33
¢ J\.,_.LA__A—A_,J\__A_J_
2 A x =0.30

1 A A LA__,._A_J\L_.L._.X: 0.10

Tl A I - A_.A.AI A / 'A_M?__A-A_'.J_-IX =0
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Figure4.10 XRD patternof MgxMn1xOd quenched from 1050 °C into liquid nitrogen
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Figure4.11 XRD patterns of T2 quenched from 1050 °C into liquidfdd 0.20¢ x ¢
0.40. Inset shows peaks shifted over the range& 28 ¢ 21°

An additional compositiomvas preparedt x = 0.36 in order to studfurtherthe
change in lattice parameters for T2 tetragonal spinel solid solution. A small amount of
powder ofx = 0.20, 0.30 0.33, 0.36, and 0.4@as mixed with silicon (as internal
standard) for diffraction angle calibration. Data of lattice constants, vanichexial c/a

ratio against compositiongere plottedn figure 4.12.

Lattice constanta and ¢ show an increase and decrease respectively with

increasingk. The axialc/aratio also shows a decrease with increaging
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Figure4.12 Lattice parametes, c, cell volume )V, and axiak/a ratio of the T2 for

0.20¢ x ¢ 0.40 quenchettom 1050°C into liquid nitrogen. Error bars are smaller than

the data points

4.4 5Effect of composition on samples quenched from 1000 °C

Samples quenched from 100Q (figure 4.13) show similar changes to those

observedjuenched froni050 C for 0.050x 00.40 except that at= 0.20, a twephase

mixture of T1 and T2 was observed. Similar peak shift patieens also observeds in
1050 C spectra for T1 and T2.

A C2 solid solutionwas observetetween 0.5@x O0.80, except ax = 0.67
where a thre@hase mixtureC2, T2 and MgO was observedThe (311) and (400)

reflections showed a decrease and increase in intensity respectivelyargfising.

At x ©0.86, a mixture of Suzukihaseand MgOwas observeshere MgO was

more dominant at = 0.95.
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Figure4.13 XRD patterns of MgMin1xOd quenched from 1000 °C into liquiczN

4.4.6Effect of composition on samples quenched from 900 °C

A similar phase transition pattern to that at 10@0was observedor samples
quenched from 900C (figure 4.14) for 0.050x 00.95. Two distinct differences were
that a mixture of T1 and T@as now observedt x = 0.30 and the cubisolid solution
was continuous from= 0.50 to 0.80. No peak splittingas observetbr the @ reflection
as compared to trow-cooledsamples. R#ern shifts and peak intensity variations are
similar to that at 1000C.
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Figure4.14 XRD patterns of MgMn1xOd quenched from 900 °C into liquid2N

In order to study the transition from T2 t@ (0.400x 00.50) at 90C°C, four
additional compositions were prepared with 0.42, 0.44, 0.46 and 0.48. Samples were
prepared using the same precursors and expehmaethods.

XRD data figure 4.15) for x= 0.44 to 0.48 showed a similar pattern wigirailar
intensity distribution that could probably indicate the reduced tetragonality of T2 with
increasing, instead of a twqgphase mixture of T2 and cubic.
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Figure4.15 XRD patterns for 0.4@x O0.50 quenched from 900 °C into liquid N

The reflections fromx = 0.50were indexedvith cubic space groupdom (227),
a=b=c=28.3813 (4A, V = 588.85 (3)A3, and thus it can be concluded that the
compositiorx = 0.50 is a single phas&ble4.7). This reflection can aldoe indexedvith
cubic spacgroupFmom (225) which resulted in the same refined lattice parameters. The
difference between these two space groups is Htaim has an extra symmetry element
of a body diagonal-glide plane associatedth its cubic structure. This extra symmetry
resuts inanadditional rule for reflection to be observedi:&+l = 4n, where fkl) are

theMiller indices andh is an integer.

The XRD patterns observefigure 4.16) do obey this additional rule of reflection
whereby peaks correspondRaom space group, (200), (420) and (640) over the range
5° ¢ 2g ¢ 40° were absent. However, the absence of these peald @also mean that a
destructive interference had occurred due to the resultant effect of the form fiactor,

wherefun ~ 2fmg. In order to determine the suitable space group for C2, neutron diffraction
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has been carried out. Tentative results showedbaeflections are best indexed using

Fmom space groumstead ofFdom andaredescribed later ichapter 6

Table4.7 Indexing data fox = 0.50quenched from 95€C

N  2dws(®) h k | 2dac(®) D2d(°) Intensity  dobs(R)  deac ()
1 8414 1 1 1 8.406 0.0088 45.0 4.834 4.839
2 13751 2 2 0 13.747  0.0037 18.9 2.963 2.963
3 16135 3 1 1 16.134  0.0009 100.0 2.527 2.527
4 16857 2 2 2 16.857  0.0005 9.8 2.420 2.420
5 19491 4 0 0 19.488  0.0023 55.4 2.095 2.095
6 23930 4 2 2 23927 0.0034 9.0 1.711 1.711
7 25402 5 1 1 25402  0.0004 47.2 1.613 1.613
8 27699 4 4 0 27.697  0.0020 68.8 1.482 1.482
9 28995 5 3 1 28993  0.0015 10.9 1.417 1.417
10 31039 6 2 0 31.044 -0.0044 5.3 1.326 1.325
11 32219 5 3 3 32217 0.0014 14.9 1.278 1.278
12 32599 6 2 2 32.600 -0.0006 10.5 1.264 1.264
13 34094 4 4 4 34.093 0.0011 11.3 1.210 1.210
14 35176 7 1 1 35176  0.0005 6.5 1.174 1.174
15 36913 6 4 2 36.919 -0.0065 5.8 1.120 1.120
16 37930 7 3 1 37.932 -0.0020 17.8 1.091 1.091

Symmetry:Facecentredcubic, Space groufpdom, Final 2f window: 0.01
a=8.3813 (4) A and V = 588.85 (3FA

The C2 solid solution XRD patternsfigure 4.16) show a change in intensities
with increasingx particularly for peaks (311) and (400). The peak (400) intensity
increases and peak (311) intensity decreases.

Lattice parameters were measuredxfer0.50, 0.60, 0.70 and 0.8figure 4.17).
The cubic solid solution observed a Aorear change with compositiofhe lattice
constant, showsa decrease with increasirgip to slightly less than 0.70 followed by a

small increase untit = 0.80.
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Figure4.16 XRD patterns for 0.5@x 00.80 quenched from
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Figure4.17 Lattice parameter measurement for @#cubic solid solution for 0.50 x

¢ 0.80quenched from 958C into liquid nitrogen with statistical errdrarsof 2 es.d.s
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4.4.7Effect of composition on samples quenched from 700 °C

The diffraction patterns for samples quenched from 0nto liquid N> are
shownin figure 4.18. A limited solid solution of Tiwas observedver the rang®.050
x 00.20. A cubic spinel phase formed fromx = 0.30 giving a mixture with T1 untd=
0.40. Atx = 0.50, aC2 solid solution(ss)was observedOver the rang®.600x O0.80,
a mixture of cubic phases 1G@s andC2 ss) coexist, which cabe observeat ahigher
angle, 25 02q O30 . The identifiation of C1 ss and C2 ss was described in sedt®n

Forx ©0.86, a mixture of Suzukihaseand MgOwas observed
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Figure4.18 XRD patternf MgxMn1xOd quenched from 700 °C into liquidoNInset
shows two cubic phase€1ss andC2 ss) present over the range

25 029030
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Since the reflections between C1 and C2 solid solutions are not well separated,
insetfigure 4.18, further phase characterization was carried out on a single compaosition
x = 0.67 usingSTOEStadi PX-ray diffractometemwith CuKai (I = 1.5405 Ayadiation
Based on Br ag g aaliatibramavelength, tha refleatiand betveen C1 ss
and C2 ss could be better resolved. Small amounts of powder were heated over the range
700 ~ 950 °C and quenched at 50 °C intervals into liquid nitrogen. Refgylie @.19)
showed that the amount of cubic ss phase is reduced with increasing temperature. A single

phase of C2 ss was observed from 900 to 950 °C.
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Figure4.19 XRD patterns (CuKa: radiation) forx = 0.67 quenched from 700 to 950

°C. Inset shows mixture @1ss andC2ss over the range 42 2d ¢ 45°
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4.5 Differential Scanning Calorimetry (DSC)

4.5.1DSC of MnO2

A DSC thermal analysisvas conductean pristine MnO: (figure 4.20). The
samplewas heateth argon/air at ratd0 C/min from room temperature to 1300 and

slowly cooled to room temperature using the same rate.

Three endotherio peaks an@neexothernic peak were observed during heating

and cooling respectively.

The first two endotherio peaks at 600 and 95 were attributable to the
polymorphic transitions of MnPto Mn:Oz and Mr:Os to MnzO4 tetragonal spinel
respectively as shown by the XRD patgermmf samplesquenched from different
temperaturedigure 4.21). The third endotherio peak at 1180C, does not indicate any
polymorphic transitbn based on the XRD pattsmwbservedTentative results on HTXRD
(section 4.6.1) however, showed a formation of BOu cubic spinel at higher
temperatures. This suggested that the third endothermic peak was attributed to the

polymorphic transition of MgO4 tetragonal to cub spinel.

All reflections of the sample quenchefiom 1300 C were indexed using the
tetragonal space groldn/amd(141) a=b=5.7664 (5, c=9.4658 (12, V = 314.75
(4) A3, lattice c/aratio = 1.6415 (3) and thus it can be concluded that sample was
single phasetéble4.8). Samples quenched from 1000 to 13@0showed similar XRD

patterrs to the Tltetragonal spinel.

On cooling,the singleexothernic peak at 1130C could therefore be attributed
to the polymorphic transition of M@4 cubic to tetragonal spinel (sectidr6.1). A small

exothernic peak aica 70 °C is probably due to some moisture absorptigthe sample.

The endotherin and exotherric peaks at 1180C and 1130C respectively, were

further investigated using HTXRD amgedescribedaterin section4.6.1
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Figure4.20 DSC cunes for MnQ heated to 1300 °C
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Figure4.21 XRD patterns for pristine MnEjuenched over the range 500 to 1300 °C

into liquid No. Mn3O4 T represergtetragonal spinel. No evidence for cubic spinel or T2

was seen
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Table4.8 Indexing data for pristine M4 querched from 1300C

NO 20ws(®) h k | 2dac(®) D2d(°) Intensity  dobs(A)  deac(A)
1 8241 1 0 1 8260  -0.0181 23.8 4.935 4.925
2 13174 1 1 2 13.185  -0.0109 38.3 3.092 3.089
3 14124 2 0 0 14.131 -0.0075 19.4 2.885 2.883
4 14714 1 0 3 14723  -0.0086 75.1 2.770 2.768
5 16384 2 1 1 16.389 -0.0052  100.0 2.489 2.488
6 16551 2 0 2 16.562 -0.0114 22.2 2.464 2.462
7 17230 0 0 4 17.238  -0.0082 24.2 2.368 2.367
8 2003 2 2 0 20.03 -0.0008 26.6 2.039 2.039
9 22355 2 0 4 22359 -0.0036 12.4 1.830 1.829
10 22739 1 0 5 22743 -0.0039 31.7 1.799 1.799
11 24058 3 1 2 24060 -0.0016 16.3 1.702 1.702
12 24971 3 0 3 24954  0.0168 18.2 1.640 1.642
13 25994 3 2 1 25993  0.0012 38.7 1.577 1.577
14 26549 2 2 4 26548  0.0012 68.5 1.545 1.545
15 27898 1 1 6 27.896  0.0027 7.8 1.471 1.471
16 28488 4 0 0 28.483  0.0051 29.8 1.441 1.442
17 29697 2 0 6 29.695  0.0019 9.3 1.384 1.384

4 1 1 29.705 -0.0081 1.384
18 30495 3 0 5 30.489  0.0060 11.0 1.349 1.349
19 31505 3 3 2 31505  0.0001 6.3 1.306 1.306
20 31.939 4 2 0 31.930  0.0097 6.4 1.289 1.289
21 32211 4 1 3 32207  0.0037 16.1 1.278 1.279
22 33112 4 2 2 33126 -0.0140 11.6 1.245 1.244
23 33481 4 0 4 33484  -0.0028 10.5 1.231 1.231
24 34457 2 1 7 34451  0.0058 11.7 1.197 1.198
25 3488 0 0 8 34.883  0.0028 9.3 1.183 1.183
26 36.755 4 1 5 36.755  0.0007 12.5 1.125 1.125
27 37619 5 1 2 37.620 -0.0006 6.5 1.100 1.100
28 38226 5 0 3 38223 0.0024 12.1 1.083 1.083
29 38939 4 0 6 38932  0.0073 8.0 1.064 1.064

5 2 1 38940 -0.0006 1.064

Symmetry:Body-centredtetragonal, Space groui@:/amd Final 2f window: 0.02
a=5.7664 (5) A £=9.4658 (12) AV = 314.75 (4) Randc/a= 1.6415 (3)
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In order to check the reversibility éfansformation betweepolymorpts during

heating and cooling, the experiment was repeated psistineMnO, heated separately
at 850°C and 1050C (figure 4.22).

For sample heated at 83C, figure 4.22 (a), a single endothermic peak was
observed, attributed to the polymorphic transition of Mn® Mn,Os. There was no

exothermic peak was observed on cooling.

For sample heated at 108Q, figure 4.22 (b), two endothermic peaks were
observed at ~ 59fC and ~ 900C attributed to the polymorphic transitionsMhO. to
Mn20s and MnOs to MnsO4 tetragon&spinelrespectively. Again, no exothermic peak
was observed on cooling.

At the end of each experiment, a phase analysis was conducted for both samples
and showed a single phase of {@and MrsO4 tetragonal spinetespectively

0.05,

(2)850°C — Heating 0-051(b) 1050 C, e
------- --- Coolin * - RN — Heating
0.004 .. 9 0.004 - “el . --- Cooling
S -0.05- — )
£ g -0.05]
2 -0.104 2
3 > -0.101
2 -0.151 =
f=
Y 0.20] & -0.15
-0.251 -0.204
TEXO TEXO
-0:30 ' ' ; i ' -0.25 : : , : ,
0 200 400 600 800 1000 “5 200 200 500 800 1000
Temperature ) Temperature C)

Figure4.22DSC curves for Mn@heated to: (a) 850 °C and (a) 1050 °C

110



Wan Sulong, PhD Thesis, Chapter 4

The irreversibilityof thetransitiors MNO2 A Mn20z and MrrOs A MnzOs, are
probably due to the decomposition of Mied MrpOs respectively by oxygen loss from
the sample with increasing temperature. Therefore, any oxygen uptake during cooling is

very slowandmay be regardeds negligible.

5

cbéfjxugug 0¢0
3

5

ol €0 iy cO &V
3

4.5.2DSC ofx = 0.05, 0.10, 0.20 and 0.30 of MgIn 1-xOd

A small portion ofx = 0.05, 0.10, 0.20 and 0.3@Gasused for thermal analysis.
Samplesvere heatedéh argon/air at raté0 C/min from room temperature to 10@ad

1300 C and slowly cooled to room temperature with the same rate.

A single endotherim and exotherne peakwere observetbr all samplesf{gure
4.23). However, the temperature range for the endotitepeaksare widenedwith
increasingk for 0 ¢ x ¢ 0.30. Itwas observethat atx = 0.30, the endothelimpeak is so
broad that the onset temperatwas observedt about ~ 500C. Considering the tip of
the endotherima peak at which a complete transition occurred, it lbarseerthat the

transition temperature decreases with increasiiog O ¢ x ¢ 0.30 figure 4.24).

The exothernt peaks also showed a similar trend in which the peaks became

broaderedand reduced in height with increasixgr 0 ¢ x ¢ 0.30.

The broadeningof the endotherim peaks implid that the transitiomccurs at a
wider rangeand passes throughtwo-phaseregion This is consistent with the XRD

patterrs described in sectio#.4.
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Solid lines araleducedrom XRD data on quenched samp{dscussed later). The

dashdot lines are the predicted phase boundaries eOMand T1 solid solution of <

0.05 since no measurement was carried out within this range.
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4.5.3DSC 0of T2, x = 0.20 of MgMn 1:xOd

A small portion ofx = 0.20quenched from 110%C into liquid nitrogen wassed
for thermal analysis. Sampleas heatedin argon/air at rat&0 C/min from room

temperature to2l00 C andrapidly cooled to room temperature with the same rate.

Small exothermic (~ 37%C) and endothermic (~ 10E&) peaks were observed

on heating, followed by a single exothermic (~ 8€) peak on coolingfigure 4.25).

The small exothermic peak observed on heating shows a possibility of phase
transformation of the sample. In order to investigate further, the experiment was repeated
with the same rate, heated up to 80 a temperature slightly higher than the exothermic
peak (on heating). A phase analysis was carried out on the same sample after the DSC
measurement. The XRD pattern obtained is similar to the T1 safitplee@.26). This
showed that the exothermic peak, at ~ 3Z5could be attributed to the T2 (metastable)

- T1 (stable) transformation.

1.54 —— Heating
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@
0 -1.0-
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Figure4.25DSC curves for T2¢ = 0.20atrate 50°C/min
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Figure4.26 XRD patterns for T2x = 0.20. (a) Refletion before DSC measurement
(T2). (b) Refletion after DSC measurement heated to 8D@t 50°C/min and rapidly

Relative intensity (a.u.)

cooled to room temperature using the same rate

4.6 High-Temperature X-ray Diffraction (HTXRD)

4.6.1HTXRD on MnO 2

An in-situ HTXRD was conductedn a small quantity of pristine Mn@nd data
wererecorded at 30, 500, 800, 1100, 1300 and 14D@figure 4.27). The samplavas
heated at rate 8C/min and was kept dhe measurementtemperature for four houts

allow equilibration before each measurement.

A single phase of Mn@was observed from room temperature to 500At 800
“C, a single phase of M@z was observedA mixture of MOz and MrsOa4 tetragonal
spinelwas observedt 1100 C. At 1300 C, a cubic spinel of MiD4 (denoted as MiDa
C) was observed together with a small amount og@®4rietragonal spinel (denoted as
Mn3z04 T). A single phase of Mi®4 cubic spinel was observed at 14@D. Five extra
peakswere observeat 2f ca 39.3, 45.7, 66.7, 80.3 and84.8, corresponding tét

heating slab.
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Phase analysis comparison between denchedsample figure 4.21) and
HTXRD data showed that M@4 cubic spinel formatiorwas only observed in the
HTXRD at ahighertemperaturet@ble4.9). Therefore, from the DSC resuligure 4.20),
it can be concluded that the endothermpeak observed at 1180, was probably
attributed to the polymorphic transition of 8@y tetragonal to cubic spinel (since there

was no evidence at higher temperature of T2 tetragonal phase).

In preparing the HTXRD experiment, the sample powdss spreadn top ofa
Pt slab over a wide area. The temperatvas recordetdy a thermocouple attached to the
bottom of the Pt slab at a specific point. Tgresenceof a small quantity of M#Os at
1100 °C and MnrO4 T at 1300°C could probably be due to the temperature gradient along
the Pt slab whichiesuled in incompletetrangormation Despite this, the main phase

observed was identifiable.

Table4.9 Phase analysis data comparison between XRD on quenched &dO
HTXRD. T represent tetragonal and C represent cubic

Phase(s) present
Terrlgggature XRD on thequenchedample HTXRD
1400 - Mnz04 C
1300 MnzOs T Mn304 C, MnsO4 T (small amount)
1100 MnzOs T Mn3O0a4 T, Mn20Os (small amount)
800 Mn2O3 Mn20s
500 MnO,, MnO3 (small amount) MnO;
30 MnO; MnO;

The rapid polymorphic transition of M@4 from tetragonal to cubic spinel could
probablybe becausthe Mr?* ions are randomly oriented in the distorted octadiesites
at high temperature. This randomization caalldw the cubic symmetry of My®a to be
achievedstatistically On quenching, the Mt ions are collectively returnedo their
favorabledistorted orientationwhere they align cooperatively in adjacent unit cells

Thus a tetragonaspinel structures formed.
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Figure4.27 HTXRD patterns for Mn@ Mnz:Os T represent tetragonal spinel and

Mn304 C represents cubic spinel
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4.6.2HTXRD on x = 0.20 and 0.30 of MgMn 1.xOd

HTXRD was conducted ox= 0.20 and 0.30 in order to investigate pussible
presence of cubic spinslichaswasshown byx = 0 (MnQ) (figure 4.27). The samples
were heated at 3C/min and kept at measuredemperature for four hour® allow

equilibration before each measurement.

For samplex = 0.20 igure 4.28 (a)), a single phase of T1 tetragonal spinel was
observed up to 908C. At 1000°C, a cubic spinel (denoted &4) formed and gave a
mixture with T1. A single phase @1 sswas observedt 12® °C. No evidence of

tetragonal T2vas observed

For samplex = 0.30 {igure 4.28 (b)), a mixture of Tland C2was observed from
700 to 90C°C. A single phase of1 sswas observedt 1100°C. Again, no evidence of

T2 was observed

These HTXRD data indicate the presence Gflasinstead of a T2 as shown by
the quenched samples. Again, t6& sswas observed probably due to the random
orientation of the M# ions, similar to the observed Mdy cubic spinel described in the

previous section.

However, on quenching, this C1 cubic sginloes not revert to T1 tetragonal
structure, but undergsan unavoidable cubic to T2 tetragonal spplehse transitioas
shown by the XRD patterrdigure 4.6). This resultdiffers from that of pureMnO., and

gave an early indication that the T2 tetragonal spinel might be a metastable phase.
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Figure4.28HTXRD (a)x = 0.20 and (bx = 0.30 of MgMn1.xQOd. T1 = tetragonal spinel; C1 = cubic spinel. No evidence dkfragonal spinel

was observed
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4.7 Pseudaebinary phase diagram in the system of MN@MgO in air at
70071 1100 °C

A combination of XRD results on quenched samples, DSC and HTXRD have
enabled a phase diagram to be construdigdré 4.29). Three large singiphase solid
solution areas that exist under equilibrium conditions have been idenfifiede are:
tetragonal spinel, T1; cubic spin€ll; cubic spineBuzuki phase, C2. In addition, a
second tetragonal spinel, T2 was prepared, by rapid transformation of C1 during
guenching, which appears to be entirely metastable and does not appear on the

equilibrium phase diagram.

The phase diagramas constructedrom a variety of results on 19 different

compositions, described in sectiof.2, with general formula:

DbQE O

Since Mn can adopt various oxidation states, the general fogoek not specify the

oxygen nomstoichiometry d.

Phase analysareinvestigatedisingXRD data of quenched samples and HTXRD
data, atvarious temperature The obsrved phase(s) armarked in anxy-plot of
Mg/(Mg+Mn) mol fraction against temperature. Based on these plotted data, approximate

phase boundaries were identified.

In addition, transition temperatures from DSC measurements, taken at the
endothermic peak maxima ¥ 0.05,0.10, 0.20 and 0.30, matched well with the phase
boundary deduced from the XRD data on quenched samples, within égors4.24).
However, it is still uncedin whether th endothermic peakn heatingcorresponds to a

direct T1- C1 transition,ora T1 T2 transition.

The part of thephase diagram between Dy and MgMnOs, figure 4.29, is
binary since all phases that appear have compositions that also lie on this join. They have

the spinel stoichiometry A4 with fixed oxygen stoichiometry, but their variable
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Mg:Mn ratio requires the average Mn oxidation state to vary from 2.67+ yOMbo
4.00+ in MgMnOsa.

MnO. and MnOs are both stable manganese oxides at lower temperatures but we
found no evidence for éier of these, or solid solutions derived from them inddéged
compositions flgure 4.29). Similarly, MnO is a stable, high temperature manganes
oxide but was not encountered here for temperatures up to at leastCL#OMn-rich
compositions. DSC resultsn MnG; showed three endotherms on heatifgufe 4.20)
attributed to transitions between Min0s, tetragonal MgOs and cubic MBOs at
600, 950 and 1188C, respectively. On cooling, a single exotherm at 1°(30s seen,
attributed to the cubic to tetragonal transition insMn This tetragonal phase is regarded
as the engmember of the T1 solid solution seridgyre 4.29), whose compositional

extent increases with deasing temperature to exg¢ ~ 0.28 at ~ 600C.

HTXRD confirmed the existence of the tetragonal to cubic transition at high
temperature in MgD4 and also showed that an extensive solid solution of cubiddpegd
compositions formed, which could not peeserved on quenching to room temperature.
Instead, the materials changed to the tetragonal polymorph, T2. From the XRD results on
a given composition, say = 0.20, either T1 or T2 single phase polymorphs with
significantly different lattice parameterawobtained, depending on quench temperature.
Further, the T2 to T1 transformation took place on annealing T2 quenched polymorph at,

say 800 C (table4.5) and as shown hiype DSC results at ~ 378C (figure 4.25).

The phase field of cubic spinel, C1 solid solutifigure 4.29), extends ovethe
composition range € x ¢ 0.40 but is limited at lower temperatures by a eutectoid where

it transforms to a mixture of T1 and a cubic phase of compositon50 at ~ 760C.

At higher temperature, quenched samples (T2) over the range& 440.48
show a gradual reduction in tetragonality before entering the range digG @.15)
which covers the range 0.8 < 0.86. Further work is required to fully characterise the
materials in this region of redut¢éetragonality and especially determine whether there

is a morphotropic phase boundary or a-pt@se regiondéiween C1 and C2 phases.
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The cubic solid solution region, C2, extends to the approximate composition of
the Suzuki phase MYINOg and appears to be single phase over the entire composition
range above ~ 90TC. The compositiox = 0.67 would corresponds, ideally, to the limit
of solid solutions with spinel stoichiometry sincexat0.67, the formula is Mg/in**Oa.

Forx> 0.67, a different solid solution mechanism is required and is speculated to involve
the replacement mechanism fla  2Mg?* and involve the location of extra cations in
interstitial sites that are unoccupied in the spinel structure. Results of imtetiusal

studies in these compositions are presentetiapter 6.

The C2 solid solutions are not stable over the whole composition &a8§6,°C
but decompose into two different cubic comoss, as shown by an immiscibility dome

with an upper consulate temperature of 85Qfigure 4.29).

D Clss
Mn,0; + MnO,
1200 T A Tiss
C1+ g0 3 nio
<O Ti+C1
1100 - [ c1+mgo
@® Mgo
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Figure4.29 Pseudebinary phase diagram of Mgn1xOd over the rangé00to 1200
°C. The solidlines represent the possible phase boundaries based on XRD data for

samples quenched in liquickNThe brokeHrines arepredicted boundaries
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4 .8 Discussion

Manganese exhibits various oxidation states within the NM@@a system. The
expected Mn oxidation states, chemical compensataigeneral chemical formulare
shownin figure 4.30. These cover the cation:oxygen ratio of 3:4 for spinel structures for
0 Ox 00.67 and rock saltelated structusawith x > 0.67.

Forx < 0.33, itis expected that Mn exhibits botk2nd 3 oxidation states with
partial substitution of Mfi by Mg?* with increasing. At x = 0.33, only Mi* is expected
due toreplacement of M#t by Mg?* ions. Over the rang€.33< x < 0.67, itis expected
that partial substitution of two Mt ions with a pair of M§" and Mrf* ions acurs.
Therefore, within this domain, is expected that Mn exhibits a mixture of 8nd 4+
oxidation states. Beyond= 0.67, itis expectedhat the Mn aly exhibits a4+ oxidation
state and #urtherincrease irx resuls in the creationof Mg?* interstitials accompaied
by the reduction in thaumberof Mn*" ions. Thes@xpectationsissumehatthere are no
changes in oxygen content and the oxyglattice in cubic close packed throughout. It
also assumes that there is no disproportionation éf Mto a mixture of MA* and Mrf*,

such as has been suggedted!.

Mn3+ Mn4+
Mn oxidation

. 2+ 3+ Mn3+ + Mn4+ Mn4+
region Mn™ + Mn

Chemical

3+ 2+ 4+ 4+ 24
substitution 2Mn* - Mg* + Mn*| [r2 M- Mg

General " T— " "
formula (MgMn, )Mn,"10,] |Mg*)IMgMn “Mn,,*10] [Mg,,* Mn,," O,
O¢cyc1 O¢czc¢1l o¢tnc¢1
. , . : . : . :
0.0 0.2 Mgwvn,0, 0.4 0.6 Mg,MnO, (.8 Mg MnO,
Mn O,
XMg,Mn, O,

Figure4.30 The expected M oxidation states, chemical substitution and general

formulae within MgMn1.xOd
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The xray diffraction patterns for slowooled samples of= 0.33 (MgMnOs), X
= 0.67 (M@MnOs) andx = 0.86 (MgMnOs) indicate that attempts to prepdiese
stoichiometric compositions througlolid state method were not really successful since
phase mixturesere observedt these compositions.

Studies on the quenched samples showed that there amedj@ndiscrepanas
compared to the reported literatdfeé™!l. First is the formation of tetragonalT2 sson
guenching compositions in the range & ¢ 0.42instead of a cubic spinel. However,
based on HTXRD, a cubic spinel was obsemduigh temperatur@stead of detragonal
T2. Thereforejt appears thaa rapid polymorphic transition from cubic spinel to T2
occurs duringjuenchingand the temperature at which this occur is very much dependent

onx).

Both polymorphs (T1 and T2yere indexed using theamel4i/amdspace group
but with different unit cell parameters. Téevary differently with compositionT1
(figure 4.7) and T2 (figure 4.11). T1 showed aslight decrease imnit cell size with
increasingx while maintaining its tetragonality whereas T2 showeadaxe prominent
change of its unit cell shifting away frotatragonal towarda pseudecubic structure,

with increasingk.

It has been reported that b has lattice parametar= b= 5.7621A, c = 9.4696
A, cla=1.64, V = 314.41 A2 BBland MgMnO4 hasa=b = 5.728A, ¢ = 9.346A, c/a
= 1.63, V = 306.64 A4 Both have the same tetragonal spinel crystal structure of
[4:/amd but with a smaller unit cell foMgMn2O4. The tetragonal spinel for both
compoundss attributed to thelistortion ofthe crystalstructure due to the presence of
Mn3* ions in the octahedral sites known as Ja&kher effect!** 11 The difference
between these compiionsis that the tetrahedral site is occupied by?Mand Mg*
respectively, in MgOs and MgMnOs. The reported axiat/a ratio showed a slight
decrease from 1.64 in M@sto 1.63 in MgMnOs.

An ideal spinel has formula of AB.s where the A and Bcations occupy
tetrahedral and octahedral siteespectively, within the oxide array environment. The
B2O4 partis simplya rock salt structure but with B ismccupying alternate octahedral

sites.The B cation is surrounded by six amsin the octahedral environment.
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There are two possible sites for Mgwhen doped into MyDa: either the
tetrahedral site or the octahedral site. In the®rcompound, the Mt ion tendsto be
on the octahedralite due to its higer Qystal Field StabilisationEnergy, CFSEandas
a direct consequengcthe Mrf* ion will placeitself tetrahedrallyTherefore, théormula

of Mn304 can be rewritten ag) € 0 ¢ 0 .

Substitution of the Mg on the octahedral site would result in a drastic reduction
of the axialc/a ratio due to the reduction irumber oMn3* ions responsible for the Jahn
Teller distortion of MaOa. Since there is no such reduction observed in the T1 sample
(figure 4.7), the most probable compensation mechanism is by an isovalent substitution
of Mn?" with Mg?* at the tetrahedral sdhttice. Therefore, th@roposedchemical

formula would be:

Model A: 0 Q0 E VI 0 (4.3)

As a result, the T1 unit cell parameter decreasedingtieasen Mg content (G<
x ¢ 0.20) at 850C, since the ionic radius of My(0.72A) is slightly smaller than M
(0.80A) in their tetrahedral environmehf!. The subtle decrease in lattice parameters

andaxial c/a ratiosof T1 areconsistent with the reported literatdt@.

Data forcompositiors within T1 solid solution domaintable 4.4), showed that
the axialc/a ratio is generally constant with increasing temperature. This suggested the

validity of model A as compensation mechanism for T1 solid solution.

Further increase in temperature results in transformationl to C1 cubic as
shown by the HTXRD and upon quenching, a rapid- CI2 transformation occurs. A
dramatic decrease ixial c/aratio from T1 to TAvas observed, attributed toeduction
in numberof Mn®*" ionsin the octahedral environment which is responsible for the-Jahn
Teller distortion. The tentative explanation for these results, confirmed by the
crystallographic studies presenteddhnapter 5 concerns the nature of the structural
changes associated withe tetragonal to cubic phase transition in-tgped MROa4. In
particular, the Megdopants are located solely on the tetrahedral A sites in T1 but are

distributed over both tetrahedral and octahedral sites in T2; since theTQltransition
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occurs very raply during quenching there may be insufficient time for cation site
occupancies to change and therefore, the Mg distribution over the two sets of sites in T2
is likely to be the same as that in Cdiop to quenching. On annealinf2 at lower
temperaturesthere is sufficient time for cation reorganisation to occur, giving the
distribution in the low temperature equilibrium polymorph, T1. The T2 structure has
higher entropy than T1 due to the greater Mn/Mg disorder and is kinetically stable at low

temperatee after quenching, but is thermodynamically metastable.

A nortlinear change in lattice parameterasmbservedor T2 with increasing
(0.20¢ x ¢ 0.40), withas ma | | obsdrviechak ~60.33. Unlike T1, the/aratio of T2
showed a more dramatic clggnwith increasing. This could be associated with a further
reduction in number of Mt ion in the octahedral site with increasixglt is expected
that ideally, ak = 0.33, all the Mf" ion has been replaced by Kidgon at the tetrahedral
site and the M¥¥ ion is fully occupied at the octahedral site. Beyar0.33, two Mi*
ions will be replaced by a pair of Migand Mrf* ions, thus reducing in number of ®fn
at the octahedral site, upxe= 0.67 figure 4.30).

he °0Q 0 4.2)

Therefore, a ¢ 0.33, the reduction in number of #nat the octahedral site
depends solely on the high temperature site exchange kbt @33, a combination of
chemical substitutio(¥.2) and site exchange could be responsible for the reduction in the

axial c/aratio observed in T2.

Reversibility of transformation between T1 and T2 staslied forx = 0.20. It can
be concludedhat the T1 and T2 phas&ansformreversiby and no change in weight
was observed indicating that any possible loss of oxygen is negligible.

Based onXRD data ofquenched samples and HTXRD data, the presence of T2
was onlyobservedvhen there is a presence of Mg in the samples. The quenched data
collected on Mn@at 1300 C indicates only a single phase of ¥ is observedvhich
has a similar diffraction pattern to T1. However, the HTXRD data showed the formation
of Mnz04 cubic spinel had occurred instead of MesO4 tetragonal spinel.
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The formation of cubic spinel at high temperature as observed from HTXRD
could probably be attributed to the R@s octahedrdoeing randomly orientedithin the
spinel structure at high temperature e$eoctahedra share common edges, anbkbw
temperatures, a cooperatidestortion with neighboringcomplexes arises; T1 in a
direction that maximized th@ahnTeller distortion At high temperaturegachcomplex
can be oriented independentigcause of higher entropy¥herefore, at any instant, a
cubic spinelike structure can be statiséity observed when the randoryiented
complexesare equally distorteth each of the three cubic ax€mn quenbing,theCl1 to
T2 transition is very rapid angrobably only involves orientational distortion of

octahedral complexes within the crystal structure.

The DSC results, showed a single exothermic peak on cooling, even at a rate of
50 °C/min (figure 4.25). Due to the vast different in cooling rate between quenching (~
200 °C/s) Bl and DSC measurements, we are unable to determine whether this single
exothermic peakarresponds to either the C1 cubic spiell2 or the C1 cubic spinel

- T1 transformation.

Nevertheless,hie temperature at whic81/T2 was observediecreases with
increasingx. This could probablybe attributedto the cation siteexchange between
tetrahedral and octahedral sites which result in the reductimmaberof Mn3*ion at the
octahedral siteAs a result, the efficiency for cooperative orientation of the -Jaglier
distortion is reduced, hence the transformation tentyeras lowered. Therefore, ii¢
suggested that the formation of C1/T2 spinel dependhe number of Mti ion present

at the octahedral site. The possible compensation mechanisms are desactiagpdein5

The minimum temperature at which Wasobsenedin quenched samplegas~
760 °C, over the rang8.300x < 0.50. Below this temperature, a mixture of T1 and a

cubic spinelwas observedrhis could be attributed to:

a)t he #fifmreeaxfe a small numb &®soatahedra andoml y
b) thei f r e mde of a s maiohin thewotahadral site$ a rédgit
of site exchange.
c) the reductionin numberof Mn®" ion at the octahedral sitdue to the
replacementvith Mg?* and Mrf* (figure 4.30).
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The secondmajor discrepancywith literature data was the formation of a
temperature dependent cuBazuki phaseolid solution C2,over the rang® . 50< O

0.8 instead of ghasemixture of cubic spinel and Suzuki phé&séof fixed composition.

The lattice parameter measurements show ainear relationship with change
in composition ite., Mg content) figure 4.17). The change in lattice parameter is
probably due to the change in compensation mechanisms as shdgaré4.30.

Structural analysis is describedanapter6.

The formation ofC2 solid solutionwas initially observedat x = 0.50 with
increasingx. Thisis probablydue tothe reduced influence of Mhion in distorting the
structure as itvas suppresseoly theincreasein numberof Mg?* and Mrf* ions in the

octahedral environmeftigure 4.30).

An immiscibility domewas observedt a lower temperature of thé2 solid
solutionrange with an upper consulate temperatu8®6- C atx ~ 0.67 On cooling, the
C2 phasebecameunstable and separated into twolid solutions: cubic spinetolid

solution and Suzuki phaselid solution.

4.9 Conclusiors

A pseudebinary phase diagram for Mdn1.xOd has been constructed using a
combinatiorof quenchingx-ray diffractionand thermal analysiMany composition®n
the MgOMnNOQuq join, weresuccessfully synthesizedl solid statereaction Appropriate
reaction conditions have been identified to ensure the reaction reached thermodynamic

equilibrium due tahereducedmobility of Mg?* ion in solid state diffusion.

For MnsOs, thehigh temperatureubicspineltransformednstantaneouslinto its
low tetragonal MeO4 phase on quenchingyithout any formation ofin intermediary
metastabl@haselt is suggested that thegh temperature, neguenchableubic MrgO4
structue isdue to the randomization of the R®s octahedron which equally distorted

in all of the three axes.
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Two tetragonal spinesolid solutionswere observedn quenchingand both
phases were indexed using tetragonal space grougy/amd with different unit cell
parametersThe low temperature T1 was observed in ther\h region with proposed
compensation mechanism by a direct substitution ofMnMg?* at the tetrahedral site.

The high temperature T2 shows the possibility of cation site exchange between the
tetrahedral ath octahedral sitehatcauses structural disorder as a result ofianrease

in the configurational entropy

HTXRD data shows the presence of cubic spatdligh temperatusanstead of
T2 tetragonal phase. On quenchingapidtransition fromcubic pinelto T2 tetragonal
phasavas observedn combination with the DSC result showing only a singletleerm,
this suggested thdi2 ss is probably metastable and thus does not appear in the phase

diagram.

A limited range oftemperature dependecuibicsdid solution C2was observed
over the rang®.5 ¢ x ¢ 0.8. This cubicsolid solutionwasindexed usingeither cubic
space group dfrdom andFmom, but later foundy neutron diffractior{chapter 6}hat
theFmombest described fdhe indexing ofC2. A nonlinear change in lattice parameters
with compositions was observelhe C2 ss appears to be unstable as it decomposed into
two different cubic phases below ~ 88D, where they c@xist within a immiscibility

dome.
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Chapter 5: Structural analysis of tetragonal

polymorphs T1 and T2

5.1 Structural refinement of Mn 304

The initial structural refinement was performed on a known sample composition
to validate the refinement steps; subsequent refinements of other compositions would
then follow. An XRDdatasebf standard MgO4 (Sigma Aldrich, 97% purityyvas used
The Mn paitions were restricted by symmetry at tetrahedia| #hd octahedral (3 sites
and O in (16) site.

The structural refinement proceeded as described in the methodology section. The
starting model and the parameters used were as listeblm5.1. The R values and
atomic coordinates at different stages of refineraesmsummariseith table5.2. The scale
factor, background (6 terms of Chebyshev function) and lattice parameter were refined
first and were allowed to refine in the subsequent refinements, followed bypaeto
and peak profile coefficients whiahere fixedafter convergence, columl. The atomic
y and z coordinates of O1 were refined next and walso fixedafter convergence,
column 2. After that, the occupancy of Mn1 and Mn2 were refined together and showed
values slightly higher than unity, column 3. The occupancies of MnMadvere then
fixed to unity. Next, the occupancy of oxygen was refined and gaaiaslightly lower
than unity, column 4. However, at this step,abwiousimprovements were observed in

thec?, Ryand Ry values The occupancy of Odias then fixedo unity.

In order to test the reliability of all site occupancies, the Mnl1, Mn2 and O1
occupanciesvere fixedwith full occupancyandtheir Uiso valueswere refinedn turn.
First, theUiso of MNn1 and Mn2 were refinegiving a value higher than the default value
as shown in column 5. Then thi, of O1 was refined and also gavaluehigher than
the default value, column 6. As a final step, the atomic coordinates of O1, thermal
parameters of Mn1, Mn2 and O1 and profilgametersvere refinedgsimultaneoushand

smallerUiso values closer to the default valugere observed;olumn 7.
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The final result, column 7, shows a good fitvaeen the observed and calculated
data table5.1) with good statistical parametecs = 1.27, R = 2.88 % and &, = 3.65
% andrealisticisotropic thermal parameteitsble5.2). The refined lattice parameters are
a=5.7605 (1) A and = 9.4660 (2) A with lattice/a ratio = 1.64326 (4) which are in
good agreement with that reported in the literafute

It is well-established that M4 has two coordination environments for the
manganese with Mii and M?* ions accommodated in the tetrahedral and octahedral
sites respectivell ¢8. The Mr?* ions do not have any site preferenaeljke Mn®* ions
which prefer to be on the octahedraésiue to its higher crystal fieldabilzationenergy
(CFSE)Pl. The presence of M in an octahedral environment tends to induce a-Jahn
Teller distortion which results in the lengthening of its two axial bownith fespect to
the other four equatotibonds).This canbe clearly seem the refined bond lengths of
Mn1l and Mn2 to the oxide ioriable5.3a).

The tetrahedrallcoordinated Mnl_O1 gave four bond lengths of 2.048 A,
whereas, Mn2_01 gave four bond lengths of 1.929 A and two bond lengths of 2.277 A
in the octahedral environment. Based on the oxide ion radius irtetrehedral
environment (1.24 R1% the calculated radius of Mn1 is 0.808 A, which is similar to the
reported MA* ionic radius, within ewrs'. The Mn2 radius cannbie directly calculated

due to its different bond lengths which result in a distorted octahedron.

Further to this,he valences of the cations were calculated based on the sum of the
bond valencedyvs of all the bonds associated with the cations.

- L1
wLi A %6— (5.1
wherero andB are empirically determined parameterss the bond lengthy is

the bond valence parameter &g a constant with a value of 0.3gfor Mn?* and Mr#*
are 1.790 A and 1.760 A respectivé! 12

The calculated valences forrl and Mn2 were 1.99 and 3.02 respectively and

therefore suggests their oxidation statelse 2+ (Mn1) and 3+ (Mn2).
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Table5.1 Starting modebf Mn3O4 (PDFE 00-024-0734)

Atom  Multiplicity X y z Occupancy 10 Uiso (A2)
Mn1l 4b 0 0.25 0.375 1 1.0
Mn2 8c 0 0 0 1 1.0

O1 16h 0 0.5278 0.2411 1 1.0

a=b=5.7621 Ac = 9.4696 A; Space groupl4./amd

diff

+ + obs
10,0004 ] ——calc
bckgr

8,000+

INtensity (counts)
()]
o
o
?

4,000

2,000+

2q()

Figure5.1 Rietveld refinement data for observ@is) calcubted (calc) and difference
(diff) profiles of Mn3O4 atroom temperature
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Table5.2 Structural refinement of M¥®4 at room temperature

1 2 3 4 5 6 7
Ml | 4b Occupancy 1.00 1.00 1.02 (1) 1.00 1.00 1.00 1.00
100 Uiso(A2) 1.00 1.00 1.00 1.00 1.27 (5) 1.27 1.09 (4)
Mn2 | sc Occupancy 1.00 1.00 1.05 (1) 1.00 1.00 1.00 1.00
10 Uiso(A2) 1.00 1.00 1.00 1.00 1.01 (3) 1.01 0.88 (3)
Occupancy 1.00 1.00 1.00 0.98 (1) 1.00 1.00 1.00
o1 | 16n 10 Uiso(A2) 1.00 1.00 1.00 1.00 1.00 1.32 (8) 1.16 (6)
y 0.5278 0.5287 (4) 0.5287 0.5287 0.5287 0.5287 0.5278 (3)
z 0.2411 0.2399 (3) 0.2399 0.2399 0.2399 0.2399 0.2400 (2)
a(A) 5.7623 (1) 5.7623 (1) 5.7624 (1) 5.762 (1) 5.7624 (1) 5.7624 (1) 5.7605 (1)
c(A) 9.4703 (2) 9.4703 (2) 9.4702 (2) 9.4703 (2) 9.4703 (2) 9.4703 (2) 9.4660 (2)
Volume (A% | 314.45(1) 314.45 (1) 314.46 (1) 314.46 (1) 314.46 (1) 314.46 (1) 314.11 (2)
G? 2.04 2.02 1.95 2.01 2.00 1.98 1.27
Rp 3.58% 3.59% 3.53% 3.58% 3.56% 3.55% 2.88%
Rwp 4.63% 4.62% 4.53% 4.60% 4.59% 4.57% 3.65%
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Table5.3 (a) bond lengths, (bpond angles of refined M.

(a) (b)
Mn30q4 Mn3Og4
Vector Length (A) Angle Degree (°)
(4) x Mn1_O1 2.08 (2) (4)x 01_Mnl1_O1  112.9(1)
(4) x Mn2_0O1 1.929(1) (2) x O1_Mnl1_0O1 1028 (1)
(2) x Mn2_0O1 2.277(2) (4) x O1_Mn2_01 90
(4) x O1_Mn2_01 90
(2) xO1_Mn2_O1 96.9 (1)
(2) x 01_Mn2_0O1 83.1(1)

5.2 Structural refinement of T1 tetragonal spinel polymorphs

A sample ofx = 0.20 of MgMn1.xOd, quenched from 500 °C was usedstady
the structure of the T1 tetragonal spinel polymoihsed on the refinement result on
MnsOs (section5.1), it was suggestethat Mr?* and Mr?* occupy the tetraddral and
octahedral sites, respectively. Thus, the formula of:®4ncan be representedby

0 & 0 & O . There are two possible sites for Mgvhen doped into MiOx:

tetrahedral B- or octahedral &site, as shown itable5.4.

Table5.4 Possible sites of Mg doped into MgOa

Tetrahedra(4b) Octahedra(8c)
Mg?* Mn?* Mg?* Mn3*
lonic radii (A) 9 0.72 0.80 0.86 0.785
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5.2.1T1 tetragonal spinel quenched from 500C (x = 0.20)

The Rietveld refinement has been performed using a similar procedure to that
described for MgOs. The same starting model wased {able5.1). Two modelswvere
testedwhich correspond to the Migeing introducedo either tetrahedral site (Mgl
model A) or octahedral site (Mg2model B.

In order to test the first model (model AYlgl was introducedo the Mnl
tetrahedral B-site The R values and atomic coordinates at different stages of refinement
are summarisenh table5.5. The occupancy of Mgl and Mnleveset to be 0.6 and 0.4
respectively (constraiato full occupancy), consistent with the chemical composition of
x = 0.20.TheMn2 was set tde fully occupiedat the octahedraldSsite. First, the scale
factor,backgroundcell parameter, zerpointandprofile parameters were refined in turn,
column 1.Next, the O1 atomic coordinate was refined, column 2. Timenpccupancy
of Mn2 was refined and gawevalue of unity within error, column 3. After that, the
occupanies of Mgl and Mnlwere refined, and gave slight increase andlecreasen

values respective)ycolumn 4.The occupancy ratio of Mg¥in1 was fixedat 0.6:0.4.

The occupancy of O1 was then refined gave a value slightly higher than unity,
column 5. The occupancy of @ds then fixedo unity. After that, the thermal parameters
of Mn2, Mgl Mn1 and Olwere refinedn turn, columns 6,7 and 8. Finally, the O1 atomic
coordinate, thermal parameters fdt atoms and profile parameters were refined

simultaneously, column 9.

The final refinement result shows a good fit between the observed and calculated
data {igure 5.2) and good statistical parametec$:= 1.47, R = 3.38 % and &, = 4.28
% with realisticisotropic thermal parametersofumn 9 table5.5). The refined lattice
parameters wera = 5.7320 (1) A and = 9.3487 (3) A with lattice/a ratio = 1.63097

(6).
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This refinement indicates that Mgwas successfully substitutéato the Mrf*
tetrahedral B-site through an isovalent compensation mechanism with the chemical

formula:

00ty 08 O (5.2)

The tetrahedralhcoordinated (Mg,Mn)1_O1 gavan average of four bond
lengths of 2.008 A, whereas the Mn2_01 gave four bond lengths of 1.927 A and two
bond lengths of 2.272 A in the octahedral environmiati€5.6). The reduction in the
bond length at the tetrahedral site compared teQdnesulted in a decrease in the unit
cell parametertéble5.7).

In order to test the possible location of Mg on the octahedrsit® (model B),
the occupancy ratios of Mdg@inl and Mg2Mn2 were set to be 0:1 and 0.3:0.7
respectively (constraint to fullogsupancy) consistemntith the stoichiometricchemical
composition ak = 0.2.The Uiso value for Mg2 was set to be the same as Mn2.

The MgIMnl and Mg2Mn2 ratios were then refined simultaneously and gave
values of 0.6:0.4 and 0:1 respectively, within error, columnTh@s indicates that the
probability of M¢* ionsto be at the octahedrat8ite isvery unlikely. Therefore, this
model (model B) is ntonger under consideration for subsequent refinements.
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Table5.5 Structural refinement of Tk = 0.20 quenched from 50€. Model A (Mg on %-site) represented by column 1 to 9 and eidi(Mg

on &-site) by column 10

1 2 3 4 5 6 7 8 9 10

1| M1 Occupancy 0.60 0.60 0.60 0.614 (5) 0.60 0.60 0.60 0.60 0.60 0.606 (3)
4 10 Uiso(A2) 1.00 1.00 1.00 1.00 1.00 1.00 1.25(9) 1.25 0.63 (6) 0.63

o | nt Occupancy 0.40 0.40 0.40 0.386 (5) 0.40 0.40 0.40 0.40 0.40 0.394 (3)
10 Uiso(A2) 1.00 1.00 1.00 1.00 1.00 1.00 1.25(9) 1.25 0.63 (6) 0.63

3| Mg2 Occupancy - - - - - - - - - -0.003 (2)
o 10 Uiso(A?) - - - - - - - - - 0.81

2| Mn2 Occupancy 1.00 1.00 1.006 (4) 1.00 1.00 1.00 1.00 1.00 1.00 1.003 (2)
10 Uiso(A2) 1.00 1.00 1.00 1.00 1.00 1.27 (5) 1.27 1.27 0.81 (4) 0.81

Occupancy 1.00 1.00 1.00 1.00 1.012 (6) 1.00 1.00 1.00 1.00 1.00

s o1 |16 10 Uiso(A2) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.94 (9) 0.49 (7) 0.49
y 0.5278 | 0.5266 (5)| 0.5266 0.5266 0.5266 0.5266 0.5266 0.5266 | 0.5256 (4)| 0.5256

z 0.2411 0.2424 (4) 0.2424 0.2424 0.2424 0.2424 0.2424 0.2424 0.2425 (3) 0.2425

a(A) 5.7350 (1) | 5.7350 (1)| 5.7350 (1)| 5.7350 (1)| 5.7350 (1)| 5.7350 (1) | 5.7350 (1)| 5.7350 (1)| 5.7320 (1)| 5.7320 (1)

c(A) 9.3531 (3) | 9.3531 (3)| 9.3531 (3)| 9.3531 (3)| 9.3531 (3)| 9.3532 (3)| 9.3531 (3)| 9.3531 (3) | 9.3487 (3)| 9.3486 (2)

Volume (A% | 307.63 (1)| 307.63 (1)| 307.63 (1)| 307.63 (1)| 307.63 (1)| 307.63 (1)| 307.63 (1)| 307.63 (1)| 307.16 (2)| 307.16 (1)

& 2.61 2.59 2.59 2.58 2.59 2.55 2.54 254 1.47 1.47

Rp 4.32% 4.30% 4.30% 4.29% 4.30% 4.27% 4.26% 4.26% 3.38% 3.37%

Rwp 5.70% 5.68% 5.68% 5.68% 5.68% 5.64% 5.63% 5.63% 4.28% 4.28%
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Figureb.2 Rietveld refinement datgnodel A)for observedobs) calcuhted (calc) and

difference (diff) profiles of T1: x = 0.20 quenched from 50C

Table5.6 (a) bond lengths, (bbond angles of 1, x = 0.20 quenched from 50C

(model A)
(@) (b)
x=0.20 x=0.20
Vector Length (A) Angle Degree (°)
(4) x(Mg,Mn)1_O1 | 2.008 (2) (4) x 01 (Mg,Mn)1_O1 112.4 (1)
(4) x Mn2_0O1 1.927 (2) (2) x 01 (Mg,Mn)1_O1 103.8 (1)
(2) x Mn2_0O1 2.272 (3) (4)x 01_Mn2_0O1 90
(4)x 01_Mn2_0O1 90
(29 xO1_Mn2_01 96.3 (1)
(2) x01_Mn2_0O1 83.7 (1)
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Table5.7 Comparison of bond lengths of M andT1,x = 0.20

Mn3zOa4 x=0.20 (500 °C)
Vector Bond Length (A)| Bond Length (A)
(4) Mn1_O1 2.048(2) -
(4) (Mg,Mn)1_01 - 2.008 (2)
(4) Mn2_01 1.929 (1) 1.927 (2)
(2) Mn2_O1 2.277 (2) 2272 (3

5.2.2T1 tetragonal spinelquenched from different temperature § = 0.20)

Samples ok = 0.20, quenched from 500, 700 and 850 °C were used to study the
structure of T1 atdifferent temperatures. A similar refinemermirocedure was
implementedas described isection5.2.1 The comparison of final structural refinement

resultsis summariseth table5.8.

The final refnement results show a good fit between the observed and calculated
data figure 5.3) with good statistical parametersy R, and R,) andwith realistic
isotropic thermal parametersle5.8). The latticec/a ratiosweregenerallyconstant at

1.63, within errorsfigure 5.4).

These results indicate that the Mp ratio (0.6:0.4) is relatively stable at the
tetrahedral B-site up to 850C and the probability of Mg migration into octahedrat 8
site is minimal and less likely to occumis is consistent with the XRD patterrfgg(re

4.6), in which no peak shifts were observed up to 900
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Figure5.3 Rietveld refinement data for observ@is) calcubted (calc) and difference

(diff) profiles of T1:x = 0.20 quenched from:
a) 700 C and b) 850C

Table5.8 Comparison of final structural refinement results of ¥4:0.20

guenched from 500C, 700 C and 850C

5007C 7007C 850°C
Occupancy 0.60 0.60 0.60
1| Mgl
b 10C Uiso(A2) 0.63 (6) 0.87 (6) 0.44 (6)
Occupancy 0.40 0.40 0.40
2 Mnl
10C Uiso(A2) 0.63 (6) 0.87 (6) 0.44 (6)
Occupancy 1.00 1.00 1.00
3 Mn2 8c
10 Uisol(A?) 0.81 (4) 0.98 (3) 0.75 (3)
Occupancy 1.00 1.00 1.00
10C Uiso(A 0.49 (7 0.74 (7 0.57 (6
4l o1 |iem so(A?) (7) (7) (6)
y 0.5256 (4) 0.5255 (4) 0.5236 (4)
z 0.2425 (3) 0.2427 (2) 0.2424 (2)
a(A) 5.7320 (1) 5.7347 (1) 5.7408 (1)
c(A) 9.3487 (3) 9.3496 (3) 9.3386 (3)
Volume (A3) 307.16 (2) 307.48 (2) 307.77 (2)
cla 1.63097 (6) 1.63036 (6) 1.62671 (6)
& 1.47 1.26 2.32
Rp 3.38% 3.48% 3.36%
Ruwp 4.28% 4.43% 4.35%
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Figure5.4 Lattice parameteay a, ¢, cell volume )V, and axial ratiog/a, of T1 structure:
x = 0.20 quenched from 50, 700°C and850°C into liquid Nz. Error bars are

smaller than the data points.

5.2.3T1 tetragonal spinelquenched from 850 C with different
compositions & = 0.05, 0.10 and 0.20)

Samples ok = 0.05, 0.10 and 0.20 quenched from 850 °C were used to study the
structure of T1 atdifferent compositions. A similar refinement proceduras
implementedto that described irsection’5.2.1 The comparison of final structural

refinement results summarisedn table5.9.

The final refinement results show a good fit between the observed and calculated

data {igure 5.5) with good statistical parameters{ R, and Ry) andwith realistic
isotropic thermal parametertsiple5.9).

A decrease in lattice parameteasandc, was observed with ancreasen Mg
content. The latticee/a ratio decreased slightly with increasimgfigure 5.6). These
changes were attributed to the isovalent substitution 3f Mith Mg?* at the tetrahedral
4b-site as shown by the final refinement results. This is due to the fact tRa(iMg=
0.72 A) has slightly smaller ionic radius than ¥irw, = 0.80 A) in a tetrahedraly

142



Wan Sulong, PhD Thesis, Chapter 5

coordinated environmeft!. This result is consistent with the XRD patterfigure 4.7,

where all the peaksere shiftedo higher 2yangle with increasing (for x < 0.30).

The main structural result for these compositions o&dlid solution is that the
Mn2 site remains fully occupied by Mn whereas the Mn1 site shows increasing occupancy
by Mg with increasing (figure 5.7). Therefore, iis expectedhat atx = 0.33, the Mn at

tetrahedral B-site will be fully substitutedy Mg and thus give the chemical formula:

0'Q 0¢ 0e 0 (5.3)

For x > 0.33, another compensation mechaniemtheefore neededwith
increasing. It was suggestetthat this mechanism would be: the replacement of tw& Mn
ions with a pair of M§" and Mrf* at the octahedral @site table5.10). This gives the

formula:

0"Q 0 Qe O¢ 0 (5.9
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Table5.9 Comparison of final structural refinement results of T1 with varying Mg
content:x = 0.05, 0.10 and 0.20 quenched from 860

As reference, MgO4 was the final refined result at room temperature, (RT)

Mn 304 (RT) x=0.05 x=0.10 x=0.20
Occupancy - 0.15 0.30 0.60
1| Mgl
b 10C® Uiso(A2) - 0.93 (4) 0.89 (5) 0.44 (6)
o | Mn1 Occupancy 1.00 0.85 0.70 0.40
n
10C® Uiso(A2) 1.09 (4) 0.93 (4) 0.89 (5) 0.44 (6)
Occupancy 1.00 1.00 1.00 1.00
3| Mn2 | 8c
10C® Uiso(A2) 0.88 (3) 0.92 (3) 1.10 (4) 0.75 (3)
Occupancy 1.00 1.00 1.00 1.00
100 Uiso(A2 1.16 (6 0.74 (6 0.90 (7 0.57 (6
2| o1 |16 iso(A%) (6) (6) (7) (6)
y 0.5278 (3) 0.5269 (4) 0.5254 (4) 0.5236 (4)
z 0.2400 (2) 0.2410 (2) 0.2421 (3) 0.2424 (2)
a(h) 5.7605 (1) 5.7533 (1) 5.7481 (1) 5.7408 (1)
c(A) 9.4660 (2) 9.4277 (2) 9.3862 (3) 9.3386 (3)
Volume (A3) 314.13 (2) 312.06 (2) 310.12 (2) 307.77 (2)
cla 1.64326 (4) 1.63866 (4) 1.63292 (6) 1.62671 (6)
& 1.21 1.27 1.83 2.32
Rp 2.81% 3.37% 4.19% 3.36%
Rwp 3.57% 4.32% 5.27% 4.35%

Table5.10 Summary of possible compensation mechanisms between<00<67

X 0 0<x<0.33 0.33 0.33 <x< 0.67
Mechanism - Mn2* - Mg? - 2Mn3* - Mg?* + Mn**
Chemcal formula| Mn3zOs4 DQOE 0O&0 |[MgMnOs| O QD QD E O
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Figure5.5 Rietveld refinement data for observ@bs) calcuhted (calc) and difference (diff) profdef T1:
a) x=0.05,b)x=0.10 anct) x = 0.20 quenched from 85
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Figure5.7 Fractional occupancies of Mg1:Mn1 at tetrahedatde and Mn2 at
octahedral &site of the T1 structure for 0.@x ¢ 0.20 quenched from 850 96to
liquid N2
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5.3 Structural refinement of T2 tetragonal spinel polymorphs

A sample ofx = 0.20, quenched from 1050 °C was used to study the structure of
T2 tetragonal spinel polymorphs. T1 and T2 have similar XRD patiewhsere indexed
with the samd4i/amd space group. However, their refined lattice parameters indicate

that they have different unit cell sizge€tion 4).

5.3.1T2 tetragonal spinelquenched from 10® C (x = 0.20)

A similar approachvas adoptedbr the refinement of the T2 tetragonal spinel for
samplex = 0.20. The same starting model was ugabl¢5.1) but with occupancy ratio
Mgl:Mn1l set to be 0.6:0.4 (based on the refinement result fection5.2.1) and the
lattice parameter set to be= 5.7866 A and = 9.1466 A ection 4.% The R values ah
atomic coordinates at different stages of refineraemtsummarisenh table5.11.

First, the scale factor, cell parameter, z@@nt and profile parameters are
refined in turn, column INext, the O1 atomic coordinate was refined, column 2. Then,
the occupancy of Mn2 was refined and gawalue of less than unitycolumn 3. After
that, the occupay of Mgl and Mn1 were refined and showed a decreasmeanmhsen
occupancy respectively, column 4 (the overall site occupancy was constrained to be
unity). The increase in refined occupancy of Mnl probably correlates with the decreased

occupancy of Mnand thus, suggests that a partial-sitehange might have occurred.

Therefore, Mg2vas addedo the Mn2 octahedralcSsite. The occupancy ratio of
Mgl:Mnl and Mg2Mn2 were set to be 0.54:0.46 and 0.03:0.97 respectively (values are
givenbased on MgMn1 ratio and to keep the stoichiometric compositi@gnstraints
with full occupancywere appliedo 4b- and &-sites Next, dl the cation occupancies
were refined together and showed that Mgil and Mg2Mn2 occupancy ratiewere
0.47:0.53and 00650.935respectively within errors, column 5Then, the occupancy of
O1 was refined and gavevalueof unity within errors, column 6. After that, the thermal
parameters of Mg&In2, Mgl:Mn1l and O1 were refined in turn and gave reasondgile

values, column 7 and9 respectively. Finally, the atomic positional parameter of O, the
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thermal parameters of all atoms and profile parameters were refined simultaneously,

column 10.

The final refinement result shows a good fit between the observezhkudated
data {igure 5.8) and good statistical parameter$:= 1.57 R, = 3.91% and Rp = 502
% with realisticisotropic thermal parametersiple5.11). The refined lattice parameters
area=5.7%8(2) A andc = 9.1680(4) A with latticec/a ratio= 1.5870 (1)

This refinement indicates that partial counter migration of'Nad Mr¥* ions
had occurred between the tetrahedtalste and octahedratSite. This partial migration
corresponded to an inversion degrge,0.13, which coulde referredo the amount of

Mg?* ions migrated into the octahedral site. The refined chemical formula is:

0°Qs Dig 0°Q Dég ¥ (5.5

A reduction in latticec/a ratio was observed (from T1 to T2 far= 0.20 of
MgxMn1.xOd) which is probably attributable the reduction imumberof Mn®* ions in
the octahedral site. Since Rfrions in the octahedral environment are responsible for the
JahnTeller distortion which results in the tetragonal structure of T1, the decrease in
numberof Mn®*ions in T2 (by théncreasén number of Md") in the octahedral site will

have aroveralleffect in the reduction af/aratio {able5.12).

The tetrahedrallycoordinated(Mg,Mn)1 _O1 gave an average of four bond
lengths of1.996 (3)A, whereas, théMig,Mn)2_01 gavean average dbur bond lengths
of 1.952(2) A and two bond lengths of 218 (3)A in the octahedral environmeriable
5.13). As the amount of Mif ions in the octahedral site decreases, the average of the two
axial bonds also decreases. The increase &f Mgs in the octahedraiteincreases the
average of the four equatorial bonds sincé™N@.86 A) has larger ionic radius than #n
(0.785 A) n the octahedral environmet!.
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Figure5.8 Rietveld refinement data for observ@is) calcubted (calc) and difference

(diff) profiles of T2: x = 0.20 quenched from 105C
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Table5.11 Structural refinement of T = 0.20quenched from 1050C

1 2 3 4 5 6 7 8 9 10

Mgl Occupancy 0.60 0.60 0.60 0.545 (6) | 0.474(5) 0.47 0.47 0.47 0.47 0.47
4 10C Uiso (A?) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.09 (8) 1.091 0.58 (7)

ML Occupancy 0.40 0.40 0.40 0.455 (6) | 0.526 (5) 0.53 0.53 0.53 0.53 0.53
10C Uiso (A?) 1.00 1.00 1.00 1.000 1.00 1.00 1.00 1.09 (8) 1.09 0.58 (7)

Mg2 Occupancy - - - - 0.063 (2) 0.065 0.065 0.065 0.065 0.065
. 10C Uiso (A?) - - - - 1.00 1.00 1.55 (6) 1.55 1.55 0.92 (5)

M2 Occupancy 1.00 1.00 0.901 (5) 0.90 0.937 (2) 0.935 0.935 0.935 0.935 0.935
100 Uiso (A 1.00 1.00 1.00 1.00 1.00 1.00 1.55 (6) 1.55 1.55 0.92 (5)

Occupancy 1.00 1.00 1.00 1.00 1.00 0.994 (7) 1.00 1.00 1.00 1.00

o1 | 16 10C Uiso (A?) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.5() 0.80 (9)
y 0.5278 0.5187 (7) 0.5187 0.5187 0.5187 0.5187 0.5187 0.5187 0.5187 0.5230 (5)
z 0.2411 0.2439 (4) 0.2439 0.2439 0.2439 0.2439 0.2439 0.2439 0.2439 0.2415 (3)
a(h) 5.7784 (1) | 5.7784 (1)| 5.7783 (1)| 5.7783 (1)| 5.7784 (1)| 5.7784 (1)| 5.7784 (1)| 5.7784 (1)| 5.7784 (1)| 5.7768 (2)
c(A) 9.1705 (4) | 9.1706 (3)| 9.1706 (3)| 9.1706 (3)| 9.1705 (3)| 9.1705 (3)| 9.1705 (3)| 9.1705 (3)| 9.1705 (3)| 9.1680 (4)
Volume (A% | 306.20 (2)| 306.20 (1)| 306.20 (1)| 306.20 (1)| 306.20 (1)| 306.20 (1)| 306.20 (1)| 306.20 (1)| 306.20 (1)| 305.95 (3)

& 3.17 2.88 241 2.33 2.22 2.22 2.13 2.13 211 1.57

Rp 5.11% 4.98% 4.65% 4.59% 4.53% 4.53% 4.49% 4.49% 4.49% 3.91%

Rwp 7.15% 6.81% 6.23% 6.13% 5.98% 5.98% 5.86% 5.85% 5.83% 5.02%
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Table5.12 Comparison of refined results of structural formulae @adatio of MnsOa,
T1 and T2 phases

Phase Compositions of refinement result cl/aratio
be 0& O
Mn_304 = 1.64326 (4)
*=0
T1 0egbQ 0& O
x=0.20 at 500 °C 1.62671 (6)
T2 0z 0 0&g 0 O
x=0.20at 1050 °C| [5 & e 1.58704 (9)

Table5.13 (a) bond lengths, (blpond angles o2, x = 0.20 quenched from 105C

(a) (b)
x=0.20 x=0.20
Vector Length (A) Angle Degree (°)
(4) x (Mg,Mn)1_O1|  1.996 (3) (4)x O1_(Mg,Mn)1_O1|  112.1(1)
(4) x (Mg,Mn)2_01|  1.952 (2) (2) xO1_(Mg,Mn)L_ 01  104.4 (2)
(2) x (Mg,Mn)2_01|  2.218 (3) (4)x O1_(Mg,Mn)2_01  94.8 (1)
(4) x O1_(Mg,Mn)2_01  85.2 (1)
(2) xO1_(Mg,Mn)2_01  95.6 (1)
(2) x O1_(Mg,Mn)2_01  84.4 (1)
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5.3.2T2 tetragonal spinel quenched from 1050C with different
compositions & =0.20,0.30, 0.33, 0.36 and 0.40)

Samples ok = 0.20, 0.30, 0.33, 0.36 and 0.40, quenched from 1050 °C were used
to study the structure of T2 at differewingpositions. A similar refinemeptoceduravas
implementedas described isection5.3.1 The comparison of final structural refinement

resultsis summariseth table5.15.

The finalrefinement results show a reasonably good fit between the observed and
calculated datafigure 5.9) with acceptablestatistical parameterg?, R, and R,;) and
isotropic thermal parametersalle 5.15). An increase ina and decrease i with
increasingx was observedvith anoverall decrease in unit cell volum&he latticec/a

ratio decreased witimcreasing (figure 5.10).

This refinement indicates that partial site exchange occurred between tetrahedral
4b-siteand octahedral®site figure5.11). This partial site exchang®rresponded to an

inversion degreag, whichgave partial occupancy of Mg and Mn on both sites.

The reduction in the latticga ratio of T2 (quenched from 1050 °C) was probably
attributed to the reduction in number of Mions at the octahedral sites due to:

a) for x ¢ 0.33: (i) site exchange.

0Q 0¢ 0 Qb & 0 (5.6)

b) for 0.33 <x ¢ 0.67: (i) 2Mr¥* - Mg?* + Mn** (table5.10), and

(i) site exchange.

DQ 0¢ DQ 0¢ 0 (5.7)

wherea represents the number of ions invalve the siteexchange.
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The summary of the possible compensation mechanisms for T1 and T2 are shown
in table 5.14. However, there are still uncertainties concerning the mechanism of site
exchange for T2. The reductiontime number of Mi* ions at the octahedral sites, could
be as a result of partial migration of Mnons to the tetrahedral sites or #ions itself

undergo a disproportionation reaction to a pair ofMmd Mrf* ions.

Table5.14 Summary of possible compensation mechanisms of T1 and T2

0<x00.33 0.33<x ¢ 0.67
T1 0 Qb & be 0 -
T2 00 O& 0 0D & 0 0"Q 0 ¢ 0"Q 0 ¢ 0
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Table5.15 Comparison of structural refinememtsults of T2 with varying Mg content:

x=0.20, 0.30, 0.33, 0.36 and 0.40 quenched from 135@8represent the degree of

inversion
x=0.20 x=0.30 x=0.33 x=0.36 x=0.40
Occupancy 0.47 0.57 0.59 0.63 0.70
b Mt " 100 Uiso (A2 | 0.58(7) 0.69 (6) 1.42 (7) 1.26 (8) 1.39 (7)
Occupancy 0.53 0.43 0.41 0.37 0.30
2| Mnd 100 Uiso (A2 | 0.58 (7) 0.69 (6) 1.42 (7) 1.26 (8) 1.39 (7)
Occupancy 0.065 0.165 0.205 0.225 0.250
3| M2 10G Uiso (B2 | 0.92 (5) 1.20 (4) 1.15 (4) 1.06 (5) 0.97 (4)
8 Occupancy 0.935 0.835 0.795 0.775 0.750
4| Mn2 106 Uiso (A2 | 0.92 (5) 1.20 (4) 1.15 (4) 1.06 (5) 0.97 (4)
Occupancy 1.00 1.00 1.00 1.00 1.00
sl o1 | 1en 10C Uiso (A2 | 0.80 (9) 1.22 (7) 1.50 (8) 1.50 (9) 1.51 (9)
y 0.5230 (5) | 0.5230 (4) | 0.5250 (4) | 0.5236 (5) | 0.5238 (5)
z 0.2415 (3) | 0.2404 (3) | 0.2394 (3) | 0.2384 (3) | 0.2386 (3)
a(A) 5.7768 (2) | 5.8219 (1) | 5.8294 (2) | 5.8340(2) | 5.8534 (2)
c(A) 9.1680 (4) | 8.8836(2) | 8.8221(3) | 8.7472(3) | 8.6821 (3)
Volume (A3 | 305.95 (3) | 301.10 (2) | 299.80 (2) | 297.72(3) | 297.47 (2)
cla 1.58704 (9) | 1.52589 (4)| 1.51338(7) | 1.512 (7) | 1.48326 (7)
G 1.57 1.80 1.87 2.33 2.29
Rp 3.91% 4.36% 5.13% 3.53% 4.69%
Rwp 5.02% 5.62% 6.46% 4.82% 6.03%
g 0.13 0.33 0.41 0.37 0.30
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Figure5.9 Rietveld refinemendlata for observefbbs) calcuhted (calc) and difference (diff) profdef T2:
x=0.30, 0.33, 0.36 and 0.40 quenched from 1@50
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Figure5.10 Lattice parameter a, ¢, cell volume,V, and axial ratiog/a, of T2 for 0.20
¢ x ¢ 0.40 quenched from 105C into liquid nitrogenError bars are smaller than the

data points
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Figure5.11 Fractional occupancies of Mgl:Mn1l at tetrahedbatde andMg2:Mn2 at
octahedral &site of the P structurefor 0.20¢ x ¢ 0.40 quenched from050 °C into
liquid N2
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5.4 XANES analysis of tetragonal spinel polymorphs

Samples of x = 0.20 quenched from 700 and 1100 °C were used to study the
manganese oxidation state for T1 and T2 respectiRdjerence samples with known
valence(s): MnO (+2), Mi®Ds (+2, +3), MnrOs (+3) and MnQ (+4), were useds a
comparisontable 2.3. The maxima of the absorption Mndge of the samplesere
comparedvith the reference.

Figure5.12 (a) shows the absorption Mn-&dge for the reference samples. The
absorption maximum for MnO is clearly distinguish at lower absorption enéygy,
6554.0 eV. However, the absorption maxima fors®n Mn.Osz and MnQ are close to
each otherfo = 6558.3 eVEo = 6558.0 eV ando = 6559.6 eV respectivelyfhis makes
the deermination ofthe average oxidation states of manganese by using the absorption
maxima in the samples rather difficult.

However, at the risingdge or edge &ialf height of the absorption spectra, it can
be observed that the spectra gshiftedsystematically to higher absorption energy with
increasingaverage oxidation state of mangandggife 5.12 (b)). Therefore, from here

onwards, the absorption energy is compared usingheaiht of the absorption spectra.

(b)
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Figure5.12 (a) XANES spectra of Mn ¥dge for reference samples: MnO, 4@,
Mn20O3 and MnQ. (b) Calibration curve of Mn ¥edge absorption at half height for

reference samples
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Mn K-edge spectra fax = 0.20 quenched from 700 and 1100 figure 5.13)
showed a similar pattern to the Oy reference. They gave Mn-&dge athalf height
that was slightly higher than the Kirt* reference o = 6548.9 eV) corresponding to an
increase in the average Mn oxidation state. Both have a similar absorption &gergy,
6549.2 eV andko = 6549.4 eV rgsectively, within error. The error was estimated based
on the size of a data poirft,0.5 eV, Plotting theEo for x = 0.20 on the calibration
curve, gave the average oxidation states of manganese to be 2.74€)&@ 2.77+

(1100 C) (figure5.14).

T T
15F = «Mn,0,
Mn,0,
- —— x = 0.20 700CQ
g x = 0.20 1100CQ
1.0}
S
(0]
N
3
£
(=]
Z 05}

OO 1 1 1 1 1 1
6530 6535 6540 6545 6550 6555 6560 6565 6570
Energy (eV)

Figure5.13 XANES spectra of Mn Kedge forx = 0.20 quenched from 70C (T1) and
1100 °C (T2)

6554 700°C
65521 .- ;grc MnO,
| 1100C_ - ~
W 6550- 1100 cA®Mn 0,
] Mn O, 1100°C
rd
S g548- PR (ixe
Q 7
S ] .
S 6546 MnO , 7
S o’
< 6544 — O~ Calibration curve
| B x=0.20
A x=0.33
65421 ® x=067
2.0 2.5 3.0 35 4.0

Manganese valency

Figure5.14 Average Mn oxidation states fgr= 0.20, 0.33 and 0.67 quenched from
different temperatures (shown on graph) plotted on the calibration curve of reference

samples
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The slight increase in energy observed (when comparedo®Meference) was
attributed to the redition innumberof Mn?* at the tetrahedralbdsite as itwas partially
replacedwith Mg?*. Therefore, this result is in agreement with tefneddata gection
5.2) which showed that at = 0.20, the valence ratio of MhMn3* to be 0.4:2 Table
5.16), based on the replacement mechanisn?*MnMg?*. The result also indicates that
the average oxidation state of manganese at both temperatateseito that of the

expected value of 2.83+.

Table5.16 Comparison of expected (a) valence raio?":Mn3*, and (b) the average
oxidation states of Mn, with XANES results, for 0.20with reference MgO4

Mns0Os | x=0.20

€) Valence ratio

(Mn?*:Mn3*) 1.0:20 | 0.4:20
(4b:8c)

(b) Average Mn

oxidation states 2.67 2.83
XANES results:
1 | Quenched 700 °C - 2.74
2 | Quenched 1100 °C - 2.77

In order to investigate further the valence of Mn in the T2 polymorph, two
additional compositiongere preparedk = 0.33 and 0.67 and quenched from 1100 °C. A
single phase of T®&as observeat x = 0.33 but a mixture of T2 and MgO xat 0.67
(figure 4.26. The halfheights of Mn Kedge absorption maximaere again compared
with the reference.

The pattern shapes asinilar to Mrf*3* reference but with half heights of the K
edge shifted to higher energies with increasing= 0.33 Eo = 6549.9 eV) and = 0.67
(Eo = 6550.4 eV) figure 5.15). The shift to higher energies thus corresponds to an
increase in the average Mn oxidation state. Plottind=tifer x = 0.33 and 0.67 on the
calibration curve,gave the average oxidation s¢st of Mn to be 2.89+ and 2.97+,

respectively figure 5.14).
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1.5F= =MnO,

Mn,O,
——x=0.20 1100CQ
= x =0.33 1100CQ
1.0L =™ x=0.67 1100CQ

Normalized® ()
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Figure5.15 XANES spectra of Mn Kedge forx = 0.20, 0.33 and 0.67
quenched from 1100 °C (T2)

The energy at halfieight of the Kedge absorption maximum for sampk 0.33,
is close to the Mt reference, within error. At = 0.33, itis expectedhat there is only
Mn®* present in the sample since all the#¥lon the tetrahedral site has been replaced by

Mg?*, and the Mn oxidation state woutliereforebe 3+.

The energy at halfieight of the Kedge absorption maximum for sampke 0.67,
matched well with the MH reference, within errors. Was initially expectethat the Mn
oxidation state at this compdsit to be 4+ since all the Mhwill be replacd by Mn**
and Mg¢*. However, at 1100 °C, a mixture of T2 and MgO was observed on quenched
sample With reference tdhe phase diagranfigure 4.2), it canbe assumethat MgO
started to precipitate over thaenge 0.40 « < 0.50. Assuming MgO precipitates>at
0.42, the calculated valence ratio of ¥ivn** to be 1.48:0.26 (based on compensation
2Mn*" A Mg? + Mn*") and itwas expectedhat the average Mn oxidation state to be
3.15+.

In order to investigate the presence of*Mat x = 0.67, two additional samples
were preparefrom x = 0.67 which were quenched from 700 and 900At 700 C, a
mixture of cubic spinedolid solution andSuzuki phaseolid solutionwas observedoth
of which were expected to have Mn oxidation state of 4+. A single phase sulitic

solutionwas observedt 900 C with similar expected Mn oxidation state.
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The pattern shapes far= 0.67 at 700 and 90 (figure 5.16) were similar and
overlapped with each other with Mnddge absorption maxima to Be= 6552.9 eV and
Eo = 6552.6 eV, respectively (slightly higher comparea t00.67 at 1100C). Plotting
theEo for x=0.67 at 700 and 90 on the calibration curve, gave the average oxidation
states of Mn to be 3.97+ and 3.86+, respectivigdye 5.14).

15F= - IMnO I B
= =Mn0O,
- Mn,O,
g — + MnO,
% 1.0+ x =0.67 700CQ
o = x = 0.67 900CQ /
= x =0.67 1100CQ /
£
S
zZ 0.5t i
.O 1 1 1 1 1 1
6530 6535 6540 6545 6550 6555 6560 6565 6570
Energy (eV)
Figure5.16 XANES spectra of Mn Kedge forx = 0.67 quenched from 700, 900 and
1100 °C.

5.5Conclusiors
The T1 refinementesultsshowed thaMn?* was partially substituted by Mgat

the tetrahedral site. The octahedral site is always fully occupied Byavidthere was

no evidence of oxygen loss. Thus, the chemical compensation mechanism is suggested to
be through isovalent substitution:

0°Q ¢ 0 ¢ 0 (58)
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Based on this mechanismwiais expectethat atx = 0.33, therevould be no more
Mn?* left at the tetrahedral sites iahas been fullyeplacedoy Mg?*. Therefore, fox >
0.33, another compensation mechanism was proposed with t#ddvia substituted by
a pair of Mg* and Mrf* ions on the octahedral sifEhis indicates the presence Mih**

ions forx> 0.33.

0Q 0 Qbe O¢ 0 (5.9

A small decrease in unit cell size was observed with increasipgtox = 0.20
due to thesmallerionic radius of Mg* compared to Mff in the tetrahedral environment.
Within the T1 domain, there was nobviouschange in axial rati@/a with increasing
temperature up to 850 °C. The result matches well with the XRD pattern observed in

chapter 4.

At higher temperature, T2 refinemendlicatesthat partial site exchange occurred
between tetrahedral and octahedral sites. As a result, bothvsitepartiay occupied
by Mg and Mn. The reduction in number of Rrions at the octahedral sites thus
responsible for the observed decrease in the afaafktio. However, it is still unclear
whether the M# ions itself migrated to the tetrahedral sites or a disproportionation
reaction (2MA* - Mn?* + Mn*') took place at the octahedral sites, whereby thé"Mn

ions then migrated to the tetrahedral site.

The determination of Mn valence state from the Medgeabsorption maxima
in XANES spectra is rathatifficult. Mn K-edge also exhibits wide variation ofEp as
reported by Manceaet al [*4 (figure 5.17). Thus, the risingedge or edge dtalf height

of the absorption spectra were used as it shmiter systematic shifts of the spectra.

The measurements far= 0.20 suggested that the average Mn oxidation state for
T1 (700 °C) and T2 (1100 °C) was a mixtwk+2 and +3, within errorThis was
attributedto the isovalent substitution of My, Mg?* at the tetrahedral site.
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Figure5.17 XANES spectra of Mn Kedge for MA*, Mn®* and Mrf* from different

polyvalent manganates in various coordination environment

The measurement of T2 phase at 1100 °G#010.20, 0.33 and 0.67 showed an
increase in the avaga Mn oxidation state with increasirgrom Mr?*3" to Mn*, within
error. Forx > 0.33, the increase in the average oxidation state was attributed to the
decrease in M by substitution of M§" and Mr#* (until the phase boundary of T2 and
MgO). Since ak = 0.67, a twephase mixture of T2 and MgO was observed, the average
Mn oxidation state at this composition will be the samat e phase boundary at which

MgO started to precipitate,~ 0.42.

5.6 References

1. Kasper, J.Magnetic structure ohausmannite, MyOs. Bulletin of the American
Physics Society, 1954: p. 178.

2. Boucher, B., R. Buhl, and M. PerriAropriétés et structure magnétique de Mn304.
Journal of Physics and Chemistry of Solids, 182(10): p. 24292437

3. Jensen, G. and Mlielsen,The magnetic structure of B4 Hausmannite between

4.7 K and Neel point, 41 Klournal of Physics C: Solid State Physics, 1974). p.
4009.

163



Wan Sulong, PhD Thesis, Chapter 5

10.

11.

12.

13.

14.

Gopalakrishnan, 1., N. Bagkar, R. Ganguly, and S. Kulshresi8iathesis of
superparamagnetic Mn30Odanocrystallites by ultrasonic irradiationlournal of
Crystal Growth, 20052280(3-4): p. 436441.

Hu, C-C., Y-T. Wu, and K-H. ChangLow-temperature hydrothermal synthesis of

Mn304 and MnOOH single crystals: determinant influence of oxid@ttemstry
of Materials, 200820(9): p. 28962894.

Guo, L., D. Peng, H. Makino, K. Inaba, H. Ko, K. Sumiyama, and T. Stxactural
and magnetic properties of Mn304 films grown on MgO (0 O 1) substrates by
plasmaassisted MBEJournal of magnetism and magjoanaterials, 20002133):

p. 321325,

Boucher, B., R. Buhl, and M. PerriMagnetic structure of Mn304 by neutron

diffraction. Journal of Applied Physics, 19742(4): p. 16151617.

Dubal, D., D. Dhawale, R. Salunkhe, S. Pawar, and C. Lokhanueyel chemical
synthesis and characterization of Mn304 thin films for supercapacitor application.
Applied Surface Science, 201Z6614): p. 44114416.

Dunitz, J.t. and L. OrgekElectronic properties of transitiemetal oxidedl: cation

distribution amongst octahedral and tetrahedral sitekurnal of Physics and

Chemistry of Solids, 1958B(3-4): p. 318323.

Shannon, R.T. and C.T. PrewiEffective ionic radii in oxides and fluorideActa
Crystallographica Section B: Structural Crystallograping &rystal Chemistry,

1969.25(5): p. 925946.

Brown, I. and D. AltermattBond v al ence
analysis of the Inorganic Crystal Structure Databageta Crystallographica

Section B, 198541(4): p. 244247.

Sidey, V, Universal 'bond valence versus bond length' correlation curve for
manganesieoxygen bondsActa Crystallographica Section B: Structural Science,
Crystal Engineering and Materials, 20Z8(3): p. 608611.

par ameters

ReevedVicLaren, N., J. Sharp, H. Beltrdir, W.M. Rainforth, and A.R. West,
Spinet rock salt transformation in LiCoMnQ .iProc. R. Soc. A, 20168L722185):

p. 20140991.

Manceau, A., M.A. Marcus, and S. GrangeDetermination of Mn valence states
in mixedvalent manganates by XANES spectroscAperican Mineralogist, 2012.

97(5-6): p. 816827.

164

obt ai



Wan Sulong, PhD Thesis, Chapter 6

Chapter 6: Structural analysis of a cubic solid solution

6.1 Introduction

The cubic phase solid solutievas observetietween the immiscibility dome (~
850 °C) and a subsolidus temperature (~ 1000 over the range 0.50 x < 0.86 of
MgxMn1xQd (figure 4.29). The XRDpatterrs for x = 0.50, 0.60, 0.67, 0.70 and 0.80 of
the cubic solid solution were indexed using space group éif@an or "Odoca which
indicates that they form a single phasesolid solution withfacecentred cubic f¢c)
symmetry. In order to proceedtivstructural analysis, the space group that best describe

the symmetry of the cubic solid solution needs to be detedmine

The space grogO@a andOdoa have been reported for known phases with
composition MgMnOs 1 and MgMnOs @ respectively Both describe a face centred
cubic unit cell with 32 oxygen atoms. The diffeceiis that the pace groupO@d has
an extra symmetry element of a body diagahglide plane. Therefore, the spagr@up
"O@a has an additional rule for reflectisto be observed compared to the space group
"Odoa Bl (table6.1).

Table6.1 Systematic absensdor different lattice typ&!

Lattice type Rule for reflection to be observed
Primitive P None

Body-centred | hkl; h+k+l = 2n (must be even)
Facecentred F hkl; h, k, | either all odd or all even

d-glide plane reflection to be observeld:k+ = 4n !
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The reflections observed ithe XRD patterns fosamplesx = 0.50 and 0.67
guenched from 95€C (figure 6.1), showed the absence of peaks (200), (420) and (640)
over the rangest 2d ¢ 40°, which satisfied the rule of systematic absence fod-thiele
plane. This ledd the initial assumption that the patterns would satisfysgaeegroup

"OQ@d instead ofOdod .

However, the absence of these peaks could also mean that an incomplete

destructive interference had occurred in the cubic structure.

111
311
400
440

Relative intensity (a.u.)
220
—
222

5 10 15 20 25 30 35 40
2q()

Figure6.1 The XRD patterns fox = 0.50 and 0.67 quenched from %D The vertical
dash lines indicate the positions of unobserved pedl®,((420) and (640) atiza
9.7°, 21.8 and 35.4 respectively based on ICDD @®96-83972 51
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Two conditions have to be fulfilled for a systematic absence to be observed:

() An equal number of diffracted beams to be-oluphase B half of a
wavelengthl(/2).

(i) An equal number of diffracted beams have the same amplitude (governed
by the form factors).

Thus, an incomplete destructive interference could be due to either one or both of

these conditions ndteingmet!®.

The uss of XRD thus possess certain limitatsxwhereby the unobserved peaks
of (200), (420) and (640) are either due to systematic absences dfgtite plane
symmetry of théO'Qa space group or akduced intensity as a resultadfnost complete
cancellaton of certain reflectionsn the "Odoa space groupTherefore, in order to
determinewhich of these two space groups best describe the symmetry of the observed

cubic solid solution, neutron diffraction was used.

6.2 Neutron diffraction on a cubic solid solufon

Neutron diffraction data wereollected using the Polaris powder diffractometer
on samplex = 0.50 and 0.67 quenched from 98D. A preliminary XRD analysis was
conducted on both samples prior to the ND experiment to ensure that the samples were
single phaseubic without the presence of any impuritiggyre 6.1).

The ND data showed the presence of peaks (200), (420) and (64Wetteat
unobservedn the XRD reflections. These peak inteilesiincreasd with increasingx
(relatively weak forx = 0.50 compared t® = 0.67) {igure 6.2). Since these peaks were
observedn the ND data, they do not satisfy the rule of refleitanbe observed for the
d-glide plane of théO@d& space group. Hence, the space group for théc caddid

solution was concluded to B®dod .
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Figure6.2 The comparison between ND and XRD patterns fox @P.50 and (bx = 0.67 quenched from 95C. The vertical dasd
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6.3 Structural refinement of cubic solid solutiors

The structural refinementf éhe cubic solid solution was performed on samples
of x=0.50, 0.60, 0.67, 0.70 and 0.§0enched fron®50 °C into liquid nitrogen Since
the space group of the cubic solid solution was concluded @dme , theSuzuki phase
structureof MgeMnOg was closen as a starting modéhlfle6.2). MgeMnOg has a cubic
rock salt superstructure of MgO by substituting two of thé*Ntans with a pair of Mf{
ions and a vacancy. Both the M@nd Mrf* are octahedrally coordinated atR4nd 4-
sites respectively and the oxygen is distributedca8d 24-sites. The initial thermal
parameters are set to be 0.0¢5

Table6.2 Starting model of MgVInOg (ICDD: 04-006-8397)!

Atom Multiplicity X y z Occupancy 1002 Uiso (A2
Mgl 24d 0 0.25 0.25 1 2.5
Mn2 4a 0 0 0 1 2.5

O1 8c 025 025 0.25 1 2.5

02 24e 0.23 0 0 1 2.5

a=8.381A; Space group Z000d

In figure 4.14, the XRD pattern showed that attempts to prepaphasepure
stoichiometric Suzuki phaséth compositiorx = 0.86 ofMgxMn1.xOd was unsuccessful,
because of thappearance of a second phadg(. The nearegbhasepurecomposition
that wasprepared was at= 0.80, which showed a singphase cubistructure between
850 and1000 °C figure 4.29). The initial structural refinememnwas carried out on =
0.80 quenched fron®50 °C, in order toestablish the refinement strategyubsequent

structural refinement afthercubic solid solutiorcompositionsvould then follow.
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6.3.1Structural refinement of x = 0.80quenched from950 C

The structural refinement has been performed on XREausing a similar
procedureto that described insection2.4. The R values and atomic coordinates at
different stages of refinement are summarisedtte6.3. The occupancy of Mgl, Mn1,
O1 and O2 were ihally set to full occupancy.

The scale factor, background (6 terms of Chebyshev function) and lattice
parameter were refined firanhd were allowed to refine in the subsequent refinements,
followed by zerepoint and peak profile coefficient, column helO2 atomic coordinate
(x) was refined and fixed after convergence, column 2. Next, the occupancy of Mn2 was
refined and gava value higher then unity, column 3. The occupancy of Mn2 was fixed
to full occupancy. Then, the occupancy of Mgl was refinedgavea value of 0.919
(7), column 4. At compositiorx = 0.8Q there were two possible compensation
mechanisms that coulipproximatehe occupancy of Mgl

b'Q 0& Oche (6.1)

DQobE & (6.2)

Thesemechanism£6.1) and(6.2) would givetheexpected occupancy of Mgl to ®€933
and 0.889 respectivelAn increase in Mn ccupancy was also expected and if Mgl is
partially occupiedas shown by the refined valué&)ere is a probability that Mn ocdep

a different site.

A Difference Fourier magigure 6.3) was performed in order to locatpassible
new site for theextraMn ions. A new 3&site (0.375, 0.375, 0.375) was found to be
partially occupied and thus assigned to the additional Mn ions (Mn3), witicthgancy

set to be).061, consistent with the reduction in occupancy of Mg1.
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Figure6.3 A Difference Fourier map of = 0.80 showing electredensity in a unit cell
taken at oosssection heighth (a) h = 0.5 and (b) h = 0.375. Thie-dite is empty whilst
the 32 is occupied. The number in parentheses represent site coordinesnit cell

The atomic coordinassof Mn3 (x, y, 2) and O2 X) were refined in turn angdere
fixed after convergence, aohn 5 and 6. Next, the occupancies of Mn2 and Mn3 were
refined andshowed values higher than unity for Mmile that of Mn3 remained
unchanged, column 7. The occupancy of Mn2 was fixed to full @eypandthe
occupancy bMn3 refinedbut its valuewasunchanged within errors, column 8. After
that, the occupancy of Mgl was refined and fixed after convergence, column 9. The
occupantesof O1 and O2 were then refined together and gave values of higher and lower
than unity respectively,column 10. The occupancy of O1 was fixed to full occupancy
and the occupancy of O2 refinala valudess than unity, column 11. Thés, of Mn2
was refined and gave a reasonable value, column 12. After thatsdbeO1 was refined,
showal a value of ~ 0.08(2) A2, column 13. Finally, the atomic coordinates of Mr3 (
y, 2) and O2 X), the occupancy of Mgl, Mn3, O2, thls, of Mn2, O1 and the profile
parameters were refined simultaneously, column 14. A subsequent refinement check of
theUiso values of Mgl, Mn3 and O2 with fixed atomic coordinates and occupancies gave

reasonable values for Mgl and O2 ahigher value for Mn3hanthe default 0.025 A

The thermal parameter of Mgl, Mn3 an@ Were fixed to a default value of ~
0.025 &, and their site fractional occupancy were refined, in order to deterthe
compensation mechanism, witkfined values 0f0.910 (5), 0.047 (1) and 0.975 (7),
respectivelyA slight decrease in occupancy of O2 may indicate the possibility of oxygen
vacancgs in the structurelhe refined lattice parameteras= 8.3815 (2) AThe final
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result, column 14, shows a reasonable fit between the observed and calculatadlgata (
6.3) with statistical parameters? = 2.34, R = 5.4 % and Ry = 7.31 % andealistic

isotropic thermal parameters for Mn2 and @ble6.3).

The bond lengths of Mg1l_0O1, Mgl_02 and Mn2_0O2 are similar to the reported
literature?, within errors, showing a slightly distorted Mgl octahedron (with O1 and
02). The Mn3 has one bond length with O1, 1.70 (2) A and three bond lengths with 02,
1.940 (6) A, indicating a distorted tetrahedron, which are highly correlated to the atomic
positions of Mn3 and O2. The presence of tetrahedral Mn3 indicatgmgséility of a
cubic rocksalt to spinel transformation with decreasirg The refined chemical

composition indicatesraoxygen norstoichiometryd "Q g0 € g0 5.

12000~
H diff
1 + obs
10000+ calc
bckgr
—~ 80004
12]
[
3
S 6000- M
2
‘0
C
9 40004
i=
2000

Figure6.4 Rietveld refinement datar observedqobs) calcuhted (calc) and difference

(diff) profile for x = 0.80 quenched from 95C
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Table6.3 Structural refinement of = 0.80 quenched from 95C

1 2 3 4 5 6 7
Mol | 24d Occupancy 1.000 1.000 1.000 0.919 (7) 0.919 0.919 0.919
100 Uiso (A?) 2.500 2.500 2.500 2.500 2.500 2.500 2.500
Mn2 | 4a Occupancy 1.000 1.000 1.083 (9) 1.000 1.000 1.000 1.042 (6)
100 Uiso (A?) 2.500 2.500 2.500 2.500 2.500 2.500 2.500
Occupancy - - - - 0.061 0.061 0.061 (2)
10C Uiso (A?) - - - - 2.500 2.500 2.500
Mn3 | 32f X - - - - 0.3521 (9) 0.3521 0.3521
y - - - - 0.3521 (9) 0.3521 0.3521
z - - - - 0.3521 (9) 0.3521 0.3521
o1 | sc Occupancy 1.000 1.000 1.000 1.000 1.000 1.000 1.000
10 Uiso (A?) 2.500 2.500 2.500 2.500 2.500 2.500 2.500
Occupancy 1.000 1.000 1.000 1.000 1.000 1.000 1.000
02 | 24e | 10G Uiso (A?) 2.500 2.500 2.500 2.500 2.500 2.500 2.500
X 0.2300 0.2340 (5) 0.2340 0.2340 0.2340 0.2335 (4) 0.2335
a(AR) 8.3832 (3) 8.3832 (1) 8.3832 (1) 8.3832 (1) 8.3832 (1) 8.3833 (1) 8.3833 (1)
Volume (A% | 589.16 (6) 589.16 (3) 589.16 (3) 589.16 (3) 589.17 (2) 589.17 (2) 589.17 (2)
G? 7.18 7.00 6.74 6.62 4.07 4.07 3.99
Rp 9.33% 9.28% 9.12% 9.07% 7.39% 7.38% 7.28%
Ruwp 12.81% 12.65% 12.41% 12.31% 9.65% 9.65% 9.55%
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8 9 10 11 12 13 14
Mot | 240 Occupancy 0.919 0.900 (5) 0.900 0.900 0.900 0.900 0.910 (5)
10C Uiso (A2) 2.500 2.500 2.500 2.500 2.500 2.500 2.500
o | 4q |OCCUPANCY 1.000 1.000 1.000 1.000 1.000 1.000 1.000
106 Uiso (A9 2.500 2.500 2.500 2.500 1.15 (6) 1.15 0.48 (5)
Occupancy | 0.062 (2) 0.062 0.062 0.062 0.062 0.062 0.047 (1)
10C Uiso (A2) 2.500 2.500 2.500 2.500 2.500 2.500 2.500
Mn3 | 32f X 0.3521 0.3521 0.3521 0.3521 0.3521 0.3521 0.367 (1)
y 0.3521 0.3521 0.3521 0.3521 0.3521 0.3521 0.367 (1)
z 0.3521 0.3521 0.3521 0.3521 0.3521 0.3521 0.367 (1)
o1 | g | Occupancy 1.000 1.000 1.18 (2) 1.000 1.000 1.000 1.000
106 Uiso (A?) 2.500 2.500 2.500 2.500 2.500 0.6(2) 0.30Q)
Occupancy 1.000 1.000 0.906 (7) 0.949 (7) 0.949 0.949 0.975 (7)
02 | 24e | 10® U, (A?) 2.500 2.500 2.500 2.500 2.500 2.500 2.500
X 0.2335 0.2335 0.2335 0.2335 0.2335 0.2335 0.2318 (4)
a(d) 8.3833 (1) | 8.3833(1) | 8.3833(1) | 8.3833(1) | 8.3833(1) | 8.3833(1) | 8.3815(2)
Volume (A% | 589.17 (2) | 589.17 (2) | 589.17(2) | 589.17(2) | 589.17(2) | 589.17(2) | 588.81 (4)
& 4.07 4.04 3.76 3.95 3.39 3.24 2.34
R, 7.38% 7.33% 7.14% 7.30% 6.82% 6.74% 5.44%
Rup 9.65% 9.62% 9.27% 9.50% 8.80% 8.61% 7.31%

174




Wan Sulong, PhD Thesis, Chapter 6

Table6.4 (a) Bond lengths, (b) Bond angles of refined 0.80 quenched from 95C

(a) Bond length (b) Bond angle
x=0.80 x=0.80
Vector Length (A) Angle Degree (°)
(2)2 Mgl_0O1 2.09%1 (1) (8)2 O1_Mgl 02 90
(4)2 Mgl_02 2.1009 (3) (2)3 O2_Mgl 02 817 (2)
(6)® Mn2_02 1.943(3) (2)3 O2_Mgl 02 98.3(2)
(1) Mn3_01 1.70(2) (12)3 O2_Mn2_02 90
(3)2 Mn3_02 1.940(6) (3) O1_Mn3_02 1089 (6)
(3)8 02_Mn3_02 110.0 (6)

6.3.2Structural refinement of x = 0.50, 0.60, 0.67 and 0.#uenched from
950 C

Samples ok=0.50, 0.60, 0.67 and 0.70 quenched from 950 °C were used to study
the structure of cubic solid solution at different compositions. A similar refinement
procedure was implemented to that described in se6thd The comparison of final

structural refinement resulissummarised imable6.5.

The main structural result for these compositions is that there is a decrease and
increase in occupancy btgl (24d) andMn3 (32f) sites,respectively with decreasing
The 32-site corresponds to theew tetrahedral site that was initially unoccupiedhia
stoichiometry MgMnQOg. TheMn2 (4a) andO1 (8c) sites remin fully occupied, although
O1 shows an increase in thermal parameters with decreasimlgich may indicate that
this site becomes less than fully occupied as shown=a0.50 and 0.60. However
subsequent refinement check of the at these two compositions showed tBatis still

fully occupied. The O224¢) site shows a decrease in occupancy with decreasing

Poor fits between the observed and calculated figtad 6.5) were obtainedor
all compositionsvhich worseredwith decreasing. This was particularly shown by the
poor fit of peaks (311) an@40). A disorder might exist since the Mgl and Mn3 are

partially occupied. However, attempts to refine the possibility of site exchangeetere
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feasiblesince there are threxcupancyariables available anyone site, Mg, Mn and

vacancy.

Two possiblecompensatioomechanismg6.1) and(6.2) were initially expected
for x < 0.67 andx > 0.67, respectivelyNeither mechanisrwould explain the observed
reduction in oxygen occupancies. However, a reduction in cation:anion ratiooctyld

be observed in mechanig®2), assuming thiathe oxygen is fully occupied.

A decrease and increase in occupancy of Mgl and &he3xpected with
decreasing, respectively, although the refined valugses not satisfy eitheof the
proposedmechanismsThe decrease in oxygen occupancy with decreasicguld
probably be associated widlitheranincrease in number of cation vacancies or increase
in number of educed Mn oxidation states, both of which referred to mechar{&g)s
and(6.1), regectively.

The highest O2 vacancy was observédc@mpositionx = 0.5Q It has been
reported®®l tha at this composition,raoxygendeficientcubic structure maform after
heat treanent between 600 and 100QC. A similarity exists between the refined
occupancy of O2 and literatunehich shows a oxygen norstoichiometry, MgMnQy4,

despitehavinginconclusive Mg:Mn ratio.
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Table6.5 Comparison of final structure refinement results of cubic solid solution with
varying Mg contentx = 0.50, 0.60, 0.67, 0.70 and 0.@@enched from 958C into
liquid nitrogen

x=0.50 x =0.60 x=0.67 x=0.70 x=0.80
Occupancy 0.541 (4) 0.592 (4) 0.654 (5) 0.697 (5) 0.910 (5)
1| Mgl | 24
104 Uiso (AZ) 2.500 2.500 2.500 2.500 2.500
Occupancy 1.000 1.000 1.000 1.000 1.000
2| Mn2 | 4a
104 Uiso (AZ) 0.88 (8) 0.92 (7) 0.76 (9) 0.76 (7) 0.48 (5)
Occupancy 0.150 (2) 0.120 (1) 0.103 (2) 0.089 (1) 0.047 (1)
104 Uiso (AZ) 2.500 2.500 2.500 2.500 2.500
3| Mn3 | 3 X 0.3735(5)| 0.3738 (6) | 0.3725(7) | 0.3735(8)| 0.367 (1)
y 0.3735(5)| 0.3738 (6) | 0.3725(7) | 0.3735(8)| 0.367 (1)
z 0.3735(5) | 0.3738 (6) | 0.3725(7)| 0.3735(8)| 0.367 (1)
Occupancy 1.000 1.000 1.000 1.000 1.000
4| O1 8c
104 Uiso (/—\2) 3.0(2 2.9(2) 2.3(2) 1.9 (2) 0.3(2)
Occupancy 0.637 (7) 0.691 (7) 0.736 (7) 0.780 (7) 0.975 (7)
51 02 | 24e | 10® Uiso (}-\2) 2.500 2.500 2.500 2.500 2.500
X 0.2262 (8) | 0.2284 (7)| 0.2313 (7)| 0.2313 (6) | 0.2318 (4)
a (A) 8.3740 (3) | 8.3800(3)| 8.3812(4)| 8.3781 (3)| 8.3815(2)
\/ (/3\3) 587.23 (7)| 588.47 (7)| 588.73 (7)| 588.28 (6) | 588.81 (4)
& 452 3.02 5.89 2.20 2.34
Rp 6.91% 6.33% 7.90% 5.92% 5.44%
Rwp 9.59% 8.25% 10.37% 7.64% 7.31%
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Intensity (counts)

Intensity (counts)

Figure6.5 Rietveld refinement data for observed (obs), calculated (calc) and difference (diff) profike @50, 0.60, 0.67 and 0.67
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Table6.6 Refined chemical compositions, cation:anion ratio comparison, and the

expected cation:anion ratio from the two possible compensation mechanisms

x=050| x=0.60| x=0.67 | x=0.70 | x=0.80
Mg 13.0 14.2 15.7 16.7 21.8
Mn 8.8 7.8 7.3 6.8 55
@) 23.3 24.6 25.7 26.7 314
cation:anion
(oxygennon | 093:1| 090:1| 0.90:1| 088:1| 0.87:1
stoichiometry)
cation:anion
(Expected 067:1| 071:1] 0.75:1| 0.77:1| 0.83:1
from (6.2))
cation:anion
(Expected 088:1| 0.88:1| 088:1| 0.88:1| 0.88:1
from (6.1))

6.4 Conclusiors

The C2 cubic solid solution can be indexed on XRD data by using €@ad
or "'Odoa space group However, ND data on compositiors=0.50 and 0.63howed
additional peaks (200), (420) and (64@hich wereinitially unobservedn the XRD
patterns. Since, the appearance of these additional peaks does not satisfy the rule of
reflections to be observddr "OQd space group, the cubic solid solution whaerefore

assignedo space groupOdod .

Structural analysis &s carried outusing MgMnQOg as starting modelA new
tetrahedral32f-site (assigned to Mn3vas found to be partially occupied and its
occupancy increaskwith decreasing. At the same time, the occupaesof Mgl (24)
and O2 (24) decreased withecreasing. Thereforefor any given composition over the

range 0.5@& x ¢ 0.80, thes¢hreesites aralwayspartially occupied.

The refinement resulshowed poor fitbetween the observed and calculated data
and worsened with decreasirgThis ndicated that there ia possibility of structural
disorder as a result of site exchange betwee Mgl M8 as bothof these sites are
partially occupiedThe disorder increased with decreasingrobably due to the increase

in cation vacancies, cation interstitials and anion vacaritissmpossible to refine Mgl
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and Mn3due to the presencd three occupancy valles: Mg, Mn and vacancience,

the Mg:Mn ratio could not be determined conclusively.

The increase in O2 vacancy was observed with decreasioga maximum ax
= 0.50.The refined O2 occupanat this compositions similar to thatreported for

oxygendeficient cubic MgMnQaq 681,
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Chapter 7: Electrical properties of tetragonal

polymorphs (T1 and T2) and C2 cubic solid solution

7.1 Introduction

MnzOs spinel exis$ in two stable structuse the low temperature distorted
tetragonal structure (K ~ 1170 °C) and the high temperature cubic structure. Doris and
Mason M proposed that the electrical conductivity of 4@ were due to
disproportionation of M#i to give a mixture with Mfi and Mrf* at the octahedral site.
Metselaaret al @ reportedthat the conductivity was due tbe preseee ofimpurities
(Cu, Mg, Fe, Al and Si) in the sample. Keller and Dieckm@hshowed that a small

oxygen nomstoichiometry might have minimal effect on the electrical properties.

Driessend? reported that andisproportionation of a solid solution into a two
phase mixture is a slow process and the formation of a single metastable phase is possible,
when quenching from a high temperature. This would contradict the conduction model
proposed by Doris and MasBhasthere wasio evidence of a metastable phase formation
for Mn3O4 upon quenching from 1000 to 1300 °€e¢tion4.5.1). In fact, the high

temperature quenched phase resembles th®Maetragonal structure.

The electrical properties of tetragonal and cubic spinel MgMrave been
investigated by several aaits. Rosenberg and Nicol&luproposed that the conductivity
was attributed to the presence of mixed valency ot'Mnd Mrf* onthe octahedral site
(due to site exchanjjeMalavasiet al [ reported that the conductivity could be due to
both the site xchange (ledby a disproportionation of M# ions) and oxygen nen
stoichiometry with the latter playing a minor role in the conductivity. kel ! also
reported that the conductivity was dependent on the number BfMhf* pairs present

onthe octahedral site due to extrinsic dopant but without any disproportionation reaction.

The inversion process occurs when there is a partial site exchangerbeatiens
onthe tetrahedral and octahedral sites. In the case of MQMit was suggested that a

small number Mg ions migrated from the tetrahedral to octahedral site. The presence of
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Mg?* ions on the octahedral siggpears tdrigger a disproportication process of two
Mn®* to give Mrf* and Mrf*. The same number of Mhions then migrated to the
tetrahedral site. Since inversion is a slow process, there is also a possibility that the cations
are in t-heorsfér ez eacodimy.Thisunray resglt inecondukctigity

dependency on the cooling rate.

The oxygen notstoichiometry in MgMaOas.d would result in a partial reduction
of Mn®* to Mn?* for electroneutrality. The presence of mixed valency of Mn thus creates

a pathway for electrons or holes hopping which results in electronic conduction.

However,there are feweports on the electrical properties of MmnO4 and
MgsMnQOs. Similar to LbMnOz, the Mn ionsin these compositionsre ideally in

tetravalent states arighly unlikely to be oxidised to M.

In this chapter, we investigate the electrical propeatiations in the T1, T2 and

C2 cubic solid solution, to determine their relationshith the crystal structure.

7.2 Experimental

In order to study the effect of composition on the conductivity of the T1 phase,
pellets ofx = 0.05, 0.10 and 0.20 of Mdn1.xOd were heated at 900 °C for 10 h and
slowly cooled in the muffle furnace to room temgtare. InGa electrodes were printed
on these pellets and the impedance data were collected using Solartron Modulab analyser
with 100 mV of AC, in the frequency range of4® 1C Hz, within temperature range
from room temperature to 300 °C. At the eridh® measurement, the InGa electrodes

were removed from the pellets with acetone.

The same pellet of composition= 0.20 was then used to study the effect of
annealing temperature on conductivity. The pellet was heated at 700 °C for 10 h and
guenched into liquid nitrogen. Similar steps as described above were implemented
starting from the application of InGa electepdhe impedance measurements and the
removal of electrode from the pellet. The steps were repeated at two additional quench
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temperatures of 900 and 1050 °C. The pellet quenched from 1050 °C, represented the T2
phase fijgure 4.6).

Two additional pellets ok = 0.33 and 0.40 were prepared in order to study the
effect of composition of T2 on conductivity. The pellets were heated at 1050 °C for 10 h
and quenched intliquid nitrogen. The impedance data were collected using the same

Solartron Modulab analyser.

To investigate the effect of composition the electrical properties of C2 cubic
solid solution, pellets ok = 0.50, 0.60, 0.70 and 0.80 were prepared. Thietpavere
heated at 1000 °C and quenched into liquid nitrogen.

7.3 Electrical properties of tetragonal spinel polymorphs

7.3.1Effect of composition on conductivity of slowcooled T1 polymorph

Impedance spectroscopy was conducted on sampbes &.05, 0.10 and.@0.

The pellets were heated at 900 °C for 10 h and slowly cooled to room temperature.

The impedance complex plane, Z* plotsxf 0.05, 0.10 and 0.20 with their
respecti ve s pecd" Mbdpbots atwbdtemp¥ratyres &é shaviigihire
7.1, figure 7.2, andfigure 7.3 respectively.

The Z* plots for all samples show similar charaist&s. A single semicircle was
observed which could be attributed to the bulk response. The resistance of the samples
decreased with increasing temperature as
axis. The absence of a low frequency spike inZthplots could indicate that the mobile

charge carrier is dominated by electronic conduction.
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The Y6 plots against frequency for alll
a dispersion at a higher frequency. This high frequency dispersion could be associated

with a Jonscher power law behaviour.

The CO6 plots as a f un dar pattem withfa plateae quency

observed at high frequency of ~%@ cm?* attributed to the bulk response, followed by

a large and noisy dispersion at lower frequency.

The Z" and M"versusfrequency plots show overlapping peak maxima of Z" and
M" at a higler frequency indicating a good electrical homogeneity of the samples.
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The Arrhenius plotsfigure 7.4) show three linear parallel lines overlapping each
other. The conductivity of the sleaooled T1 samples of = 0.05, 0.10 and 0.20 are
similar, within errors, with activation energy of 066 0.887 eV. At room temperature,
it is expected that the conductivities of these samples are = 702 S cm!

(extrapolated).
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Figure7.4 Arrhenius plots of T1x = 0.05, 0.10 and 0.20r slow-cooled samplewith

their respective activation energy, E
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7.3.2Effect of temperature on conductivity ofx = 0.20 MgMn 1:xOd

Impedance spectroscopy was conducted on a samgle 6f2Q The pellet was
heated for 10 h and quench&#dm 700, 900 and 1050 °C into liquid nitrogen. The
electrical properties were measurdéigiaeach quench.

The impedance complex plane, Z* plots »of= 0.20 with their respective
spectr os copd M poi are dDawn idgure 7.5 (700 °Q, figure 7.6 (900
°C), andfigure 7.7 (1050 °C) respectively.

The Z* plots for samples quenched from 700 and 900 °C show similar
characteristics with the sleaooled sample. A single semicircle was observed which
could be attributed to the bulk response. However, the sample quenched from 1050 °C
shows two arcs whicbould be attributed to the grain boundary and bulk response at low
and high frequency respectively. Again, no low frequency spike was observed at these
guenched temperatures which could be associated with the ionic conduction. Therefore,

the conductivity vas dominated by electronic conduction.

The Y6 plots against frequency for sampl
a single plateau, followed by a dispersion at a higher frequency. However, for sample
guenched at 1050 °C, two nearly similar plateaus wiserved at low and intermediate
frequency. High frequency dispersions were observed for data collected at 23 and 44 °C

but a small lower frequency dispersion was observed only at 44 °C.

The CO6 plots as a functi otothedowdooleBqguency
sample. A single plateau was observed at high frequency attributed to the bulk response,
followed by a large and noisy dispersion at a lower frequencythEsample quenched
from 1050 °C, two plateaus were observed at high and intermédigtency attributed
to the bulk (~ 1% F cm?) and grain boundary (~ £&F cni?) response respectively. The
low frequency capacitance of 76- 108 F cm! may be attributed to the samysectrode

interface response.

The Z" and M"versusfrequency pots for samples quenchdém 700 and 900

°C show overlapping peak maxima of Z" and M" at a higher frequency indicating a good
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electrical homogeneity of the samples. However ti@esample quenched at 1050° C,

two peaks were observed for Z" with the shrgkermediary frequency peak attributed to

the grain boundary response.
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The Arrhenius plotsfigure 7.8) show a linear behaviour for all samples. The

slow-cooled sample has the lowest conductivity with activation energy o2 Q16&V.

The conductivity for the quenchedmples increased withthetemperature range 20 to
200°C with increasing quench temperature. A small reduction in activation ewasyy
observed from 0.65(1) to 0.44 (1) eV with increasing quench temperature, although the
samples quenched from 700 &@D °C showed a relatively similar value of 0.56 ~ 0.59

eV, within errors.
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Figure7.8 Arrhenius plots ok = 0.20 for slowcooled (SC) in air from 908C and
guenched (Q) samples for T1 at 700 and 9D0and T2 at 1050C with their

respective activation energys E
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7.3.3Effect of composition on conductivity of T2 polymorph

Impedance speascopy was conducted on samplexef 0.33 and 0.40The

pellets were heated at 1050 °C for 10 h and quenched into liquid nitrogen.

The Z* plotofx= 0. 33 and 0.40 with their respec

Z", M" plots at two temperatures are showiigure 7.9, andfigure 7.10 respectively.

The Z* plots for both samples show similar characterigtos= 0.20 quenched
from 1050 °C figure 7.7). Two semicircles were observed which could be attributed to
the grain boundary and bulk response at low and high frequency respectively.

The Y6 plots against frequency for both
at low and intemediate frequency. A small dispersion at high frequency was observed
for x = 0.33, for data collected at 22 °C but a small lower frequency dispersion was
observed fox = 0.40, for data collected at 44 “@ith increase in temperature, the high
frequencydispersion is shiftedut of the measured window whereas the low frequency
dispersion shiftedhn.

The CO6 plots as a function of frequen
intermediate frequency attributed to the bulk (#2B cm?) and grain boundary (~ 0
F cm?) response respectively. The low frequency capacitanceof 107 F cm* may

be attributed to the sampédectrode interface response.

The Z" and M"versusfrequency plots for both samples does not show the
overlapping peak maxima of Z" and Mihce it is shifted out of the measured windows.
However, a small peak was observed for Z" at intermediate frequency which could be

attributed to the grain boundary response.
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The conductivity data, log versusT (figure 7.11) show a linear behaviour for
all samples. The T2 samples»#£ 0.20, 0.33 and 0.40, quenched at 1050 °C, show a
similar activation energy of 0.42 ~ 0.44 eV, within errditse conductivities for these T2
guenched samples increased with increaginghe highest conductivity measured at

room temperature is shown Ry 0.40 withs = 3.83 10° S cm? (table7.1).

T(O)
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Figure7.11 Arrhenius plots comparison between T1 and T2. T1 represented by open
symbolsof x = 0.20 at different temperatures. T2 represented by ckysabols x =
0.20, 0.33 and 0.40 quenched (Q) at 1850Not shown here are the plots of stow
cooled (SC) T1 ok = 0.05 and 0.10 since they overlap with the stmwled T1x =

0.20
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Table7.1 Comparison of activation energy and conductivities ©f0.20, 0.33 and
0.40. # represent extrapolated data with the assumption that the activation energy

remains constantith temperature

Sample State Activation Corllductivityo
energy, Ea(eV) (S cmt) atRT (°C)
x=0.20 Slow-cooled (T1) 0.6& () 7.73 1012 (22°C)*
Quenchedrom 700 °C (T1) 0.59 (1) 7.33 100 (22°C)*
Quenchedrom 900 °C (T1) 0.56 (1) 1.63 108 (22°C)*
Quenchedrom 1050 °C (T2) 0.44 (1) 6.93 107 (23°C)
x=0.33 Quenchedrom 1050 °C (T2) 0.42 (1) 2.33 10°(22°C)
x=0.40 Quenchedrom 1050 °C (T2) 0.44 (1) 3.83 10°(23°C)

In order to identify the behaviour of the electronic conduction, the conductivity of
the slowcooled pellek = 0.20 of MgMn1.xOd was measured at different oxygen partial
pressurefOz), O (pO2 ~ 1 bar)andnitrogen, N (pO2 ~ 102 bar) The impedance data
were collected usingmpedance @in-Phase AnalyzefS1 1260 with 100 mV of AC, in
the frequency sweep of #@o 13 Hz, within temperature range from room temperature
to 200 °C. The Z* plotsfigure 7.12) showed that the conductivity increased with

increasingpO», indicating gp-type conduction behaviour.
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Figure7.12 The impedance complex plane, Z* plotsxaf 0.20 for slowcooled sample

measured at 16X in different atmospheres,@nd N
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7.4 Electrical properties of C2 cubic solid solution

7.4.1Effect of temperature on conductivity ofx = 0.50 MgMn 1-xOd

Impedance spectroscopy was conducted on a samgle 6f5Q The gllet was
heated for 10 h and quenched from 700, 900 and 1000 °Qiguid nitrogen. The

electrical properties were measured after each quench.

The Z*plotsofx= 0. 50 with their resp-&¢cMive spe
plots at two temperatures are showrfigure 7.13 (700 °C),figure 7.14 (900 °C), and
figure 7.15 (1000 °C).

The Z* plots for all samples show similar characteristics. Data collected at room
temperature show a single semicircle at high frequency followed by an incomplate arc
low frequency which could be attributed to the grain boundary and bulk response,

respectively.

The Y0 plots against frequency show two frequency independent plateaux
observed at low and high frequency with a small higher frequency dispersion for data

collected atoom temperature

The capacitance plots show two plateaux at high and intermediate frequency
which could be attributed to the bulk and grain boundary response, followed by a noisy

dispersion at a lower frequency.

The Z" and M"againstfrequeng plots for all samples show a small Z" peak at
intermediate frequency which could be attributed to the grain boundary response. The
overlapping peak maxima of Z" and M" at high frequency was shifted out of the measured

window.
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Figure7.13 A quenched samplaf x = 0.50 at 700C.:
| mpedance complex plane, Z* plots

(a)

(d)-Z" and M'" at 22 and 56C
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Figure7.14 A quenched sample &f= 0.50 at 900C:
(a) I mpedance complex plane, Z* plots anc
(d)-Z"and M" at 21 and 52 °C
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