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ABSTRACT

Ceria nanostructure synthesis and dissolution has been achieved by using the dry and liquid
electronbeamirradiation method in transmission electron microscope (TEM). Traditionally
used methods fosynthesis of ceria nanostructures are chemical precipitation and for
dissolution of ceria are based on strong acid with high temperature.

Ceria nanoparticles and nanorods immersed in deionised water were irradiated with different
intensity of electron bea using special liquid cell holder in TEM. For this purpose,
transmission electron microscopes operating at 200 and 300 kV was used. Upon irradiation,
various novel, unknown and known phenomena have been observed live such as, chain
formation, new phase fmation including (1D needle, multiple spiky needle, star shape needle
and nanopatrticles) and dissolution. Livesitu observation of fast and giant dissolution of
functional ceramic nanostructure at room temperature without external supply of acidfs one
the main novel finding which is never observed befdfe.quantitatively measure and report

the ceramic dissolutionf ceria nanoparticles and nanorods in this work and our calculated
dissolution rate is 5 orders of magnitude higher than the prewesituecalculated dissolution.

On the other handwo types of hydrated cerium salt were irradiated using electron beam of
different intensity with or without condenser aperture. Upon direct dry irradiation of hydrated
cerium precursorge havesuccessfuy explored the amorphous to crystalline transformation
and formation of ceria and cerium chloride nanoparticles and nanorods in TEM. During the
irradiation of cerium nitrate hexahydrate (CNH) in TEM at 200 kV we have explored the redox
transformation an@bserved the internal precipitation of precursor causes the formation of
nanoparticles on precursor. Furthermore, we have also explored the synthesis of ceria
nanoparticles, nano rods and ceria naues by using the wehemical precipitation method

at mom temperature with different molar ratios of CNH and sodium hydroxide.
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THESIS OUTLINE

In this thesis, two types etectron beam irradiation methods (liquid and dry) andalhiemical
laboratory synthesis aferium oxide nargtructuresarepresentedThe structure of this thesis

is as follows. Chapter one is starting with the introduction to the research study, aims and
connection or relationship of all results. Chapter two present the corijgedéure review,
starting with the general introduction to nano materials and available synthesis methods and
applications in different fields. Then describe the specific previous literature of direct dry
irradiation of precursors and liquid cell irratican in TEM. Chapter three describes the used
methods during this research and discusses the background of experimental characterisation
techniques have been used throughout this work. Generally, all of experimental work results
and findings are startingdm the chapter four. Chapter four present the results of liquid cell
irradiation of ceria nanoparticles and nanorods in water. Chapter five, presents the results
obtained from the direct dry irradiation of hydrated cerium precursors i.e. cerium nittate he
hydrate (CNH) and cerium chloride heptahydrate (CCL) respectively. Chapter six describe the
wet-chemical laboratory synthesis of ceria nano structures at room temperature. Finally,

chapter seven discusses the main findings and conclusions of thetresearc
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CHAPTER ONE

INTRODUCTION

1.1 Live Electron Beam Irradiation of Ceria (CeQ) Nanostructure

Thestudy of interaction of radiation with matter argllitvve observation utilizingransmission
electronmicroscope (TEM)oeamis of great value iradvanced Materials Scien¢&]. To
explore and understand thee behaviour ofelectron natter interactiorand to develomew
technologiesin-situ TEM irradiationis extremely helpful to be able to observe thaterial
microstructuralchangeof irradiation as theyappen[2]. In particular, TEM electron beam
has an ability to irradiate glass, metal and ceramics for multipurpose applications e.g.
amorphous to crystalline transformation, synthesis of nanostrug¢td®)s defect formation
and phase trangfimation[3]. The application of irradiation induced transformation is not only
a dedicated method for nuclear application but also has application in nanotechfblegy.
electron bearmteraction with matteis responsible fovarioustypes of radiation damagsjch
asatomic displacement, electrostatic charging, sputtering, radiolysis, and-&nat&mage
[4].

In addition to highresolution imaging, TEMalso allow materiatharacterization due tibs
uniqueinteraction between theatter ancelectron beam. Tif interaction carries qualitative
information for example relative densities of thematerial and their Hmomogeneous

constituents, awell asanalyticalanalysisby usingcharacteristic Xray emissionwith help of



energydispersive Xray spectroscopfEDX) and characteristic electron scattenmgelectron
energy loss spectroscoyELS). For all of these reasons, TEkasbecomea standardool
for naneengineering and is considered as miniature all in one -ledowatory for

nanomaterials synthesis and characterisation at the samibtiéhe

The electron beam of TEM gde used talterthephysical and chemicalroperties, structure

and composition of metal and oxides. The modification obtained by electron beam irradiation
include, void or cavity formatiofi7], amorphisatior{1], phase transformatidi8, 9], defect
formation [1], gas bubble formation[1], crystallization, nanopatterning and shape
transformationf10, 11], phase separatioprecipitation[12] andfocused electron beams can

be used to form several types of impact craters, imjLmbnventionathin holes, ring patterns

and dot patteri1Q]. Direct dry electron irradiation method can be used to generate fresh
nanostructure§l3], shape transition and ablation of [l1i4], change of oxidation stafd5],

single crystato poly crystalline transformatiof®] and growth of TiQ nanorodg16]. Above
mentioned irradiation effects might (in pastlso possibly be achieved by laser, ion, or
microwave. However, then the ability of TEM to irradiate and simultaneously imagst,is |

and also irradiation becomesit of focused lacking resolution. Most TEM irradiation in the
past concerned metals or statmetal conversiorLittle attention has been paid by direct dry
TEM electron beam irradiation of salt to oxide transformafidms it is important to explore

this effect invarioussalts.

In this research work ceria nano material is the main concern because ceria is the one of the
most extraordinary and versatile multifunctional naoxide material with numerous
applications from catalysis to biomedical fields. Ceria &l-known due tooxygen storage
capacityand several applicationsf ceria are based dhe ability to changeoxidation state
between3+ and 4+, and a predominantly large range of applications uses the particles in

agueous state. Ceria is eaditgnsformfrom CeQ to CeQ.. The availability of oxygen



vacancies on the surface of ceria nano structures dramatically modify the surface properties.
Thus,redox pxidation and reductignpropertiesare likely to bedissimilaron the different
suifaces.The shapenorphology of Ce®is widely recogried as a key to altering its chemical

and physical properties duedbange osurfaceeffect. The previous studies related to the dry
ceria irradiation concluded that ceria is a stable oxide but stability of ceria in water under

electronbeam is unclear.

1.2 Aims of the research

The main aim of this PhD study is the live synthesis and dissolution of oxide nanostructures
by using electron beam of transmission electron microscope (TEM). This research covers three
distinct but interrelated &topics:
(a) Synthesis of Ce®nanostructures and their reactivity durielgctronirradiation and
chemically inducednethods
(b) High intensity chemical reactions and chemically induced transformation of oxide
nanomaterials in aqueous dispersion
(c) Irradiation chemistry and physics of ceria nanostructures during synthesis and
dissolutionwhich are individually well established.
Here we try to combinall three topics in one with the help of special liquid cell (LC) TEM
holder which wasever achiewve before due to the usual vacuum requirements of THM.
main purpose of the combining of all three effects in one becauseante(i) advanced the
experimental research field of colloidal and reactive chemistry of nanoscale oxide, (ii)
providethe experimental data or evidence for theoreticignsupor researchers
U who do modellingchemical and physicalredictions of ceria in water.
U who do modelling of partickparticle forces / interaction for example attachment and

chain formation.



Thefindings of irradiation of ceria in water under electron beambameefitting avariety of
engineering and biomedical applications where water is associated with ceria nanostructures
e.g. catalgis, environmentapollution, water treatment, polishing, corrosiomictear fuels and

waste disposal and cell protection against radiation in radiotherapy.

In this researchwork we want to study the livenisitu generationand dissolution of
nanostructures bysing TEMelectronbeam inducedradiation techniquéVNe are usig TEM
irradiation method because we can observe the live change in structure induced by electron
beam and this opens the possibility of discovering new and innovative phenomena, such as
formation of functional oxide nanoparticles and nanorods by usiagtdiry irradiation of salt
precursors and movement, new phase formation and dissolution on nanostructures by using
liquid cell irradiation. The detailed objectives of this study are based on the advancing or
progress of previous work:

1 We haveexpaned theconventionametalic nanoparticles (Au, Fe, Pd)ith the oxide
nanoparticles i.e. ceria liquid cell studies

1 We haveexpanedthe typicalstudies of nanoparticles growth by studies of dissolution
and phase transformation of pgristing weltdefined xide nanoparticles.

1 We haveemployedLC method to check the durability of oxide in liquid state for long
term stability of nanostructures in aqueous or acidic environment (due to radiolysis of
electron beamand successfully quantify the live rate of disgion.

1 Wereplace previousdry irradiation of cerium carbonatpsecursolby cerium nitrate
and cerium chloriderecursors for the synthesis of ceria nanostructures

extend the exsitu wetchemical synthesis of ceria nanostructures by ulydyated cerium

precursor at room temperature for comparison wisitin work.



1.3 Connection/Relationship of Results Chapters

We haveanticipatedall of experiments in this thesi®. Liquid cell, Dry irradiation and Wet
chemical laboratorgynthesido have a relationship in between them because theg fome

connection with each other which can be seen irfritpere 1.

CeO:2t H:0+ Irradiation

Case:2

Chapter 5

Dry Irradiation of
hydrated Cerium
Precursor

Bound Water

"
il T,

Chapter 6

Wet-Chemical Laboratory
Synthesis of Ceria
nanostructures by using
hydrated cerium precursor

FigureX1: Diagram shows the relationship between experiments.

Duringliquid and dry iradiationexperiments whaype oftransformatior{i.e. reduction of salt
precursor, phase chemical change)are suspectingor example in liquid cell we have used

ceria nanostructures immersed in water and radiolysis of water occurred due to eletion be



irradiation interactiorand causes dissolution and new phase formaloning irradiation of
ceria in water electron beam is not directly hitting the ceria because ceria is immersed in water
and electron beam is hitting the water first and it generatgeus water splitting species.

Common aspects include in all experiments are:

) In all results chapters we study chemical reactions between two eesimpound
(cerium nitrate hexahydrate and cerium chloride hepta hygriagsegamorphous
or crystalling, either starting from or aiming for CeO

(i) There are always possible intermediate phases involved, e.g. hydroxides of Cerium,
or nonstoichiometric Ceoxide (CeQ.).

(i)  Redox reactions are involved in all 3 results chapters, either irrad{atiapter 4
and chapter 5) or chemically induced (chapter 6).

(iv)  There is always bD available to participate in reactions either as bound water in
hydrated salts (chapter 5), or as the water dispersion (chapter 4), or water solution

(chapter 6).

There are irgresting experimental parameters such as temperature (T), pH, irradiation dose

(chapter 4 and chapter 5) to be explored.



CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

This literature review chapter describes previous research work related teitueiradiation

of materials with the electron beam of a Transmission Electron Microscope (TEM). Section
2.2, provides an introduction and definition of namaterials andypes of nanematerials and

their applications in different fields. Section 2.3 will gives a brief overview of the synthesis
methods for nanstructure materials by using different techniques. Section 2.4 covers the
general introduction, chemistry and apption of ceria, and Section 2.5 presents the
background to irsitu electron irradiation, TEM irradiation, and drysitiu TEM irradiation.

This section also includes the literature related to the effect of an electron beam on matter, and
important studis in the irradiation of metallic and ceramic precursor materials using a high
energy focused electron beam transmission electron microscope (TEM), for the synthesis of
nanoematerials. The final section 2.6 provides the literature review related to ribeuiction

of the liquid cell method, liquid irradiation and important studies related to the application of

liquid cell irradiation of nangtructures and precursors in different liquids and solvents.
2.2 Introduction to Nano Materials (NM)

Nanostructurenaterials are known asdtrafine chemical substances that are manufactured at
the nanoscale in at least one dimensiwinthe order ofLO0 nanometerser lessii N a nim 0

nanometers a prefix symbolising the minus 9th powert@h orone millionth of a milimetre.



Nanomaterialareusuallydefined asnaterialshaving size in the range of100 nm that show
significantly differentpropertiesto that in the same type of conventional or bulk material.
Nanostructure materials have a much greater surface arealume ratio than other
conventional materials. To achieve the functional properties of nanomateritde majority

of biomedical and engineering applicatiqds-19], they areusuallydesignated amaterials
with a feature in the range of 30nm in size. The performance and properties of electronic
components and other devices can be enhanced with nanomaterials by deaighing
controlling thebehaviourof the nanoparticlephysical propertiess(ze, shapend surface

structurg andchemicalproperties (chemicalomposition [20, 21].

2.2.1Types of Nano Materials

Nanomaterials can be classified in various forms according to the deabteggbriesvhich

includes crystalline or amorphous phasgsnetalsor ceramics, polymers&nd composites.
Nanostructure materials are also classified dimensioml chaacteristics such agero
dimensionalonedimensionaltwo-dimensionahnd threedimensional22]. Zerodimensional
nanomaterials are nanoparticl@$Ps) and onedimensional nanostructures are nano rods,
wires, whiskers and fibers, and in some cases, nanotubes. Thin films, plates and sheets are
considered as twdimensional nanostructures, acwlloids, bearing shapes and super lattices

are considered as thrd@anensional nanostructuregable 2 1 below shows some examples of
nanastructure materials of different dimensionalit{®8, 24]. Nanostructte materials can

exist in single, fused, agglomerated or aggregated forms with different shapes such as spherical,
cubic, rod, octahedral, and irregular shapes. Within the remit of the work described here a brief
literature is given below dfvo importantand basic types of nano materials i.e. i) metallic and

i) ceramicsnanomaterial.



Table 2 1. Nanostructure material sizes of different dimensionali& |

Type of Nanc . .
S. No. ype ot Size (approx.) Materials
materials
Nanocrystals and Metals (Co, Ag, Au and Pd),
luster ntum | . ramic oxi Ti 2,Si
01 clusters (qua Fu diameter 110 nm Cera (.:0 des.( 2 CeQ , S,
dots), Nanoparticles magnetic materials, semiconducto
Nanowires sulfides, and nitrides
. Metals and Semicatuctorscarbon
02 Nanotubes diameter 1100 nm
nano tubes
2-Dimensional (nanc Various materials, like metals,
03 plates, sheets, thin| several nii um? | semiconductors, magnetic materig
films) etc.
3-Dimensional Several nm in all Metals, magnetic materialand
04 structures (super | three dimensions semiconductors
lattices)

2.2.1.1Metallic Nanopatrticles

Metal nanoparticles are of great interest due to their unusual properties physical, chemical,
mechanical, optical, electronic and biomedical. For example physoaperties of
nanastructurematerials depend on the size of their nano scale features in the case of tin and
indium, decreasing the diameter of nanoparticles results in a decrease in the meltijippoint
26]. A variety ofmetallic nanamaterials have been syntresi in the pasin different forms

that includeas nanoparticles, nanorods, natates, nane@ubes and nano sheethese have
beenfabricatedwith controlled dimensiomand ultrafine purityfor applications invarious

fields such as chemical, electrical and electronic, semiconductor and hea]@vgEarae most
commorty available type of metallic nano materials are silvekg), gold (Au), nickel (Ni)

and cobalt (Co)28].
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2.2.12 Oxides Nanoparticles

Metaloxide nanomaterialsaveattractedalot of interest in recent yeadsie to theiunusual
physical, chemical, electronielectrical, optical and magnetic propeg29]. Metal-oxides
nanoparticles represemarious classsof materials vith propertieghat cover the same range
as metals,semiconductors andnsulator [30]. These versatile properties kavound
applications for gides nanomateriakss a catalyst in fuel cells, as corrosion resistant coatings,
as a sensors, piezoelectric devices anahicroelectronic circuit$29]. There ae also broad
classes of ceramics or oxide nanostructures available such as titanium oxlel{@nxide
(FeQ, Fa&0s4), ZnO, and ceria (Cefp for many other applications such as semiconductor,

waste water treatment, glass polishing, sun block creaatings and nucle§Bl].

2.2.2Application of Nano Materials

Nanostructure matials have physical and chemicptoperties such as very high strength,
increased diffusivity, low sintering temperatures, valuable catalytic propesigsh makes
them attractive for many engineering and nanoengineering applicationscigkees and
engneering technology contingeto introduce new materials for various applications
nanomaterialare at the forefront of these innovations with potential applicatiomslustries
that include electroniganformation technology, biomedical science , leac, marineand
energygeneratiorj18, 24]. Iron oxide rangarticlesembedded in zeolites have been deployed
in applications inwater treatmentremediation and pollution preventid®2]. Given the
versatility of these materials and their potential wide range of applicatitswjdely believed
that nanotechnology will béné next industrial revolution imany science and engineering
fields[33].

In conventional bulk polycrystalline metals, grain boundariesracgientlyprone tocorrosion

for examplestress corrosion cracking (SCC) amdergranular corrosianNano crystalline
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materials on the other hand are nobre to these problems thereby offering a superior
performance in corrosion resistarj@d]. Nano crystalline materials cafsoprovide a much
better uniformity incrosssectional propertiesn electrical, optoelectronics and electronic
fields. Nano basg microcomponents providadvantages aflastic energy storage capacity
(resilience)and are less prone toeddy currents folpplications inmagnetic components
operating at high frequenci¢$8]. Nanostructured crystalline materials haglayed a major
role in catalysis for the last sot seven decades duett®irgood catalytic propertieSeveral
catalytic reactions depend on the structural morphology of the catalyst such as particle size and
shape andthe amount and types of intetrsructure defectf35]. Therefore nano materials
are extensively used in many catalytic applicaiarvarious industries such as petrochemical
productionand as a fuel cracking agent, for automobile toxic emission control,fand
chemicals synthesis.

Magnetic nanostructure materials have various appliczitiotine field of biomedical science,
electricalengineeringaind electronigsand for data storage. Some magnetic nano materials have
beenused in magnetic transistors amdrbmagnetic semiconductors for spintronic application
[36]. Theapplication of nanomaterials the ield of water treatmeris cost effectivecompared
with conventional procesandan advanced method the@movesharmful elements, bacteria
and virusesof water contamination. Nanomaterials have been used for watdication
effectivelyin terms ofquality and quantityln recent yearsarious nanomaterials (Ag, ZnO,
TiO2, carbon Nanotubes (CNTSs), ceria and ferrous oxideQdyehave been used fdahe
removal of viruses, natural organic substancesorganic solutes, complex organic
compounds, heavy metals, metallic ions, nitrate,ahdr dangerousontaminantpresent in

surface water, ground water, and/or industrial Wggé}.
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2.3 Nano Materials Synthesis Methods

Numerous methods have batotumentedor the preparation of novel nanostructure materials
of pure metals, alloys and ceramics. They can be generateditxyseveral preparation
methodsncludingphysical, chemical and phigghemical methods. Each method lagpros
and conswhich are described in the next secti@2]. The selection othe nano synthesis
method deperglon the applicatiorand a brief description of some useful methods for the

synthesis of nano structumeaterialss as follows:

2.3.1 Physical Methods

The mostsignificant physical methods argas/vapar evaporatiorcondensatiormethods
thermochemical/flame methodsnd spray pyrolysid38]. The benefitsof physical synthesis
methods compad withchemical synthesis processes ease of performancaniformity of
nanoparticles diribution and high purity due tthe absence of solvent contaminatif39)].
For example most researchers hased physical synthesis methodstfoe generationf Ag

and lead sulphide (Pb8)Ps[39-4]].

2.3.2Chemical Methods

Chemicalsynthesis of nano structured materials can be conducted in different states like solid,
liquid, gas or combination of any two stateSeveral metallic and functional nanaterials

can be synthesised by using agueous oragureous solutions method. Chealisynthesis is

based on three typeof general reaction ithe aqueous stateamely acid/base reaction,
precipitation, andedox (eduction/oxidatioh[22]. Chemical precipitation methods atite

solgel processing method are most widely usediersynthesis of ceramic nanoparticles.
Nanostructures synthesised by chemical methods contain some residual organics and by

products, depending on the synthesis technique U$esimay requirea subsequent cleaning
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and washing process or hdéggatment foremoving of wateand controlled crystallisation to

form oxides withrequiredcrystallite size and structuf&8, 29].

2.3.3Physicochemical Synthesis

Established techniques of phg@themical irradiation methods available for the synthesis of

nano materials are a listed below followed by brief description:

a) Microwaveassisted Irrdiation S/nthesis
b) Laser Irradiation

c) In- Situ Electron Beam Irradiation

2.3.3.1Microwaveassisted Irradiation Synthesis

This is a promising method fothe synthesis of nanaonaterialswith smaller nano sizes,
uniformly distributedvith minoror without agglomeratiorand alargedegree of crystalleion

with shorter reaction timg42, 43]. Control can be gained over tharphology (shape and
size) of thenanastructuresby the microwave power, the pH of the solution, and with time and

temperaturg43].

2.3.3.2Laser Irradiation

The synthesisf nanostructure materialgy laserirradiationof solids either in vacuupgasor
in waterhas beenvidely explored duringhelast two decade For example the fabrication of

Au, Cu, Ag, Ti, Si, and Aunanopatrticlesre carried ouby laser irradiabn [44-46] [47].

2.4 Introduction to Ceria

Ceria (CeQ) is one of the most iportant rare earth metal oxidesmd te functional properties

of ceria nanostructures hawgtractedattentionfrom a variety of engineering and non
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engineering fielddbecause of their nano size, shape, structure, level of agglomesation
orientationdependent propertie®ue to its great functional properties camano structures
aremost widely useébr catalysis, environmental remediation, biomedical radiation protection,
anticorrosion coatingg23, 27, 48, 49]. Furthermore, ceria is a common RA@dioactive
analogue for U@and ThQ, for which irradiation and dissolution aitee subjects o$tudy in
nuclear fuédisposal For most ceria applicationthe distribution of oxygen vacancieggfect
structure and thenic mobility on the nanoparticleNP) surfaceis crucial[50]. Ceria nano
materialscan be synthesisday manywet chemicaimethods including temperatuassisted
solution precipitation hydrothermakolvothermalprocess microemulsion copreipitation,

copreipitation, sonachemicalandmicrowaveirradiation[51].

2.4.1Chemistry of Ceria

Ceria is the one of the most important industrial catalysis oxides. It has several applications
due to its chemical pperties. DryCeria (CeQ) is a physicdy and chemically stable oxide
and valency oteriumis between+3 and +4underseveralredox ¢eductive or oxidiziny
conditions and electronic configuratiofor ceriais 4f 5d° 6 and intermediate range of
transformed stage ar€e0s; CeQ.x and CeQ [52]. Current researchstudies have
hypothesisedhat the concentration aferia 3+relative to ceria 4+risesas particle size
decreases, withsuallyCeria 3+at least6 % in 6nmsizedNPsandl1 % in10nmsizedNPs
[53]. This double oxidation stateof ceriamears that theseNPs structurescontain oxygen
vacancies or defectén a ceria crystal structurall oxygen atoms are ione plane which
permitsthe fast diffusion as a function afhe number of oxyge(O) vacancieg§54]. Due to a
good redox property in certae decreas®f oxygen and the reduction oe@a 4+to Ceia 3+
is due tothe formation of an oxygewacancy as shownn equation 2L below The redox

propertyof ceriamakes thenpopular andattractive forenergy ¢atalytiq applicationg55].



15
CeQ D CeQ.y + y/2 O (Reducing and Oxidizing) (2.1

The lattice constant of the culieria unit cell is 0.541 nm, and cehasa face centre cubic
(FCC) fluorite type oxid¢51], as shown ifrigure 21 andsimilar stoichiometric propertigs

acalcium fluorite type otrystalstructurewith a space group of Fm3f52].

X _ Ce

Figure 21: The crystal structure of cer{€eQ) with a) facecentred crystal structu&CC)
and (bd) shows the (100) or (200), (110) and (111) planes of cédja [5

In the FCC crystal structure of ceria each corner ce(i@g) cation is surrounded by eight
neighbouring anion of oxygen atoms whiladividual oxygen anionis tetrahedrally
coordinated by fouadjacentations ofCe Ceria is formed from a cerium source in which the
stoichiometry of the cerium metal pgirelybasedon the temperature and pressure. Cerium is
unstable in air, and can react immediately formingdz@and CeQ [56]. Previous research
studies suggest thdtdre are three lowndex lattice planes [(100), (110) and (111)] present on
the surface of ceria nafcrystals. As shown ifrigure 21, the stability of all three planes is
different. The general result concerning the stability of the three surfaces of ased bn
density functional theory calculatignare in theorder of (111) > (110) > (100jyhile the

surfaceactivity follows thereverseorder. Thetotal energy required to form an oxygen vacancy
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during the reducibility is approximately 30% less than on the (111) surface in comparison with

the bulk[57, 58].

Figure 22: The hexagonal crystal structure of,0g[59].

CeQ is easilyreducible,andthis offers an advantage of oxygen storage for use in three way
catalystsAt the ambient partigbressure of oxygen, Ce@anbe form a nonstoichiometric

ceriumoxide of CeQy by absorbing oreleasing oxygen withoainydecompogion[56]. The

fully reduced stable form of ceria is £, it has a hexagonal crystal structure and haSmalP

space group, as shown

Figure2-2. For this hexagonal crystal structure ceriumioat are surrounded by oxygen an
ion atomg59]. However, it is well known thah previous literaturéhe intermediate phase of
ceriaie.Ce@xwi t h 0. 5<x0O0 have a FCC fl uoaoxygéne | at't

vacancies. The most popular préypical ionic crystal surfaces of ceria are (111), (110), and
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(100). The ceria (111) surface has a charge consisting of three repeat planes in a symmetrical
atomic configuration with a zero dipole movement perparidr to the surface. The ceria (110)
surface has zero charge because of the stoichiometrically balance between cations and anions
in each plane. On the other hand, the ceria (100) surface has an infinite free energy, and
alternate charge planes with a eap unit of two which produces a dipole moment

perpendicular to the surfaf®6, 58, 60, 61].

2.4.2 Application of Ceria

Ceria have a ariety of advanced industrial, consumenvironmentaland biomedical
applicationsCeria are widely used faratalysisas a fueladditive that promotes greater fuel
efficiency, and infuel cells, automotive threavay catalyst@and catalystfor largescale fluid
cracking in refineries[62]. Furthermore ceria have found applications in optics,
microelectronics devicegjlass polishing, environmental cleanjngdtraviolet ray detectors,
ultraviolet absorbers[48, 63, 64] environmentally friendly pignms, gamma radiation
dosimetryand gas sensors, (e.g. oxygen sengd& )9, 64]. According to earlier studies, to
achieve the best performance of the catalyst materials the size of catalysts particles need to be
reduced as small as possible to increase the number of active surface sites for reaction. To
achieve the desired propertigem ceria, recent studies in materials science and engineering
have made it possible to fabricate the ceria nanoparticles with tunable shapes for tailored
applications. The advantagé that tunable crystal plane will help to complete the catalytic
reacton easily and rapidlyThe examplef catalytic performancef different shapes of ceria

is shown inFigure 23. For catalytic performance of ceria, the oxygen storage capacity is
important and its dependent on theesand shape of the ceria nanostructures. The oxygen
absorbs, and release capacity can happen both at the suffaemo rods so nanorods provide

better catalytic properties as compare to NRanorods anchanocube have bulk oxygen



18

absorb and releasepzrcity and in case of nanopatrticles it depends on the size and active
surface of NPsThe left side of the figure-2 shows the various types of nano r¢asedle and
rectangular shape)nd right side shows the different other shapes of ceria NPs. Therpmin

left side on the nano rods indicdtéhat nanorods havbetter catalytic propertiesand the
performance of ceria on the basis of shapes is going tomrieft (hanorodsjo rightsidei.e.

(NPs or nano cube$9, 65].

Figure(Abstractfcoverfigure)in reference [65]

Figure 23: The different shaped geometry of cie() NPs with respect to the catalytic
performancg65].

Figure 24 shows the various common shapes of synthesised ceria nano materials for example,
octahedron, round, cubes, rods, needle, polyhedron, tube, etc and their application in various
engineering, environmental and biomedical fie[@]. Ceria NPs have good catalytic
properties (oxygen absorb and release), which makes pieperfor use in bio medical
treatments and therapy. Nano ceria have been used as-axidatit agent due to tlexistence

of oxygen defects on the surface of ceria, and the-gemerative cycle of itdoubleoxidation

states (Cea 3+ and Cea 4+). Many disorders in the human body ezlatedwith oxidative

stress and inflammation and ceria NPs can be used as a tool featheent of those problems
because they help to reduce the stress and their associated d&g@gr Ceria nanoparticles

have been studied as a means of protecting cells from death due to oxidative stress. Ceria NPs
are nontoxic and bio compatible, andché protection of cells from death ishecause of
antioxidant properties of the ceria nanoparti¢ts. Ceria NPs have also been used in cancer
treatment and for neuro protection because theg haapability to protect bio cell/tissue from

radiation in a cellular liquid environment during cancer treatrf@&hv1].
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Figure (Abstract/cover fige) in reference [66]

Figure 24: Applications of nanostructured Ceria materials in different figgék

2.5In-Situ Electron Irradiation

In-situ live transmission electron microscopy (TEM) has been widely applistides of the

real time observation oadiation effects iwvarioustypeof precursomaterials, such as metals,
ceramics and semiconductolisside the ample chambers of transmission elewt
microscopesThis field of researcls now a well established imn-situ electron microscopy

[72]. Generally, in TEM the electron beam causes damage of the sample during analysis of any
materials. So latterly, the majority of researchers have appliedhtbational electron beam
damage for the live study of material irradiation and other live observation of chemical changes
in structureq3]. The insitu electron irradiation methad anecessary tool in obtaining a
significant understanding ofelectron beammatter interactions, damage eventsaterial
behaviour undestrongradiation environmentsand simultaneousorphological changes and
crystallographicinformation during irradation transformatiorj4]. Nowadays m-situ TEM
electronirradiationmicroscopyis regarded aa powerful and promising methdor the study

of real time live structural changes, phase transformation includictgaton and growth
transformation at the nanoscale, and also for gitesdiation. In effect researchers have used
transmissiore | ect r on mi Nanocd b ®p @ tcandugti@gexpesiments orthe

nanoscale[72, 73].
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2.5.1History of TEM irradiation

TheTEM electronbeaminducedirradiation method tproducenanosructures has been in use

for more than six decades transmisgn electron microscope (TEM) withve in-situelectron
beamirradiation wasinitially used in 1961 by D.W. Pashley et. al.thé University of
Cambridgejn theUnited Kingdom They found small spots and dislocation loops in thin film

of gold, and their final conclusion is that the defects were generated by the electron beam of
the TEM[74]. This TEM irradiaion technique igoutinely used a® 6 a power f ul me
studyingliver adi at i o[A4] for thegangratiorof nanostructures without introducing

any further contamination espéeétydor metals. Thévasicapplications ofn-situdirect electron
irradiation have been based @o, Li and Auin a high voltage TEM13, 14, 75]. During
electron irradiationn TEM, high-energy eletrons transfer their energy, and this transfer can
lead to a variety of changes, including: chemical compos#iagle crystal to poly crystalline
phase transformatigf®], nucleation and growth, precipitation, defect formation, coalescence
and diffusion[74], new amorphous and crystalline phase formation, gas bubble formation,
radiolysis andknock-on damagé¢3].

The resuls of in-situ electronbeamirradiation is generally recoed with the help ofa series

of still images eithecapturedmanually frame by framer recorded as ke real time vdeo

by using photographic filmsTV camera ocharge couple devic€(CD) cameras. Nowadays,
digital CCD cameras with very high sensitivity and low noise have replaced the photographic
films orold TV cameras. Digital mukscan cameraallow the captureof individual frames or

digital video sequenced the irradiation experiments the electron microscog&?].

2.5.2 DryIn-situ TEM e- Irradiation

The irradiation of nanomaterials in this sec¢

the fAliquid cell irradiationo topic describe
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nanostructure (NS) during-gitu e irradiation, the most imptant factors are exposure time,
thickness of sample, and a fine focus electron beam having appropriate current density and
accelerating voltage 200 or 300 kV for the irradiation of samplpsn the electrormatter
interaction of a precursor, the highlyense energetic electron beam of TEM causes the sample
to undergo elastic and inelastic scattering phenomena, and casiclusionthere is a
transformation of the precursor into a product by damage of the initial sample. Nanostructures
formation or other leemical transformations are a result of the beam darf@geThe
continuous irradiation exposure by the direct electron beam causes theoknac# transfer
of kinetic energy from electrons to the precursors, which is the main cause of displacement
and rearrangement in the atomic stroetJ3]. The beam damage is a result of the direct
transfer of energy from the electron beam to the sample which produces heating due te electron
phonon scatteringThe following exprssion (2.2) can be used to determine the kymtk
displacement energy of atomlg/6].

E: = [(L00+AE4#/5)"? -10]/20 (2.2)
Where E is the threshold energfThe energy required to break the atomic bond which
represents thedw strongly the atoms are bonded to their neighbguatom$, A is the atomic
weight of material or sample and & the displacement ener@herequiredenergyto displace

an atom from it@tomic position ifattice sitecalled as displacement eneygy

2.5.2.1 InSitu Irradiation in Metallic Particle Research

Following the successful application ofsitu irradiation é metal to meta(in which metal is
irradiatedn TEM and formedn situmetallic nano structuregansformation of gold thin films

into nano patrticles, researchers have applied this technique for the generation of metallic
nanostructures. Because reshatudies on an tsitu electron irradiattn synthesis methofibr

metalshasthree main advantagesirsty, it generatefigh purity of nanetructuregnaterials
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because the whole process is in a vacuum and also surfactaff fr&@]. Secondly, it
providesa fresh and on demd bulk yield of nanoparticlesThirdly, it can provide the
formation ofdifferentpatterned nanostructurg&9. In-situ TEM irradiation has been used for

the generation of nanostructures of hown inFigure 25) in high voltage TEM75].

Figure 2(a and b) in reference [75]

Figure 25: (a) Highresolution TEM images d&u NPs also showing lattice fringes. (bdw
resolutionTEM images ofAu NPs[75].

Another example of metal to metal synthesis of Ag nanostructures by ussitg glectron
beam irradiation methockan be seen iRigure 26. In this research they have usslcinaed
Ag micro particles. In this caleation process they have heated silver oteght temperatures

in the presence dir or oxygeip8Q].

Figure 3(a and f) in reference [80]

Figure 26: (a) TEM images of Ag micrparticles prepared by a calcination method (b) Ag
NPsafter electrorbeamirradiation[80].

Similarly, TEM irradiation methods have been used to synthesise metallic nanomaterials of
Co, bismuth and Ag from tlreceramic (salt) precursofg9, 81]. An example of on demand
salt to metal synthesis tdrromagnetic Co nanocrystal hierarchies in various size with shape

controlled morphologypy using TEM electron irradiation method is showirigure 27 [13].

Figure 2(a d) in reference [13]

Figure 27: The various sépes and size of Co nanostructures synthesisedsitulTEM
irradiation[13].
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2.5.2.2 InSitu Irradiation of Ceramics

Electron irradiation inthe TEM is practical route for produdéng ondemand oxide
nanostructuresThe wse of ceramic materials in the engineering andneiical industry has
grownwithin thelastfew decadeslue tothe availability of unique combinatianof chemical

and physical properties ceramic materials to meet a numbedemanding application¥he
Phase transformation of Ca@® CaO(single crystal to poly crystallineare conductedby
direct electron beam irradiation cdilcium carbonate precursors as showfrigure 28[8, 9].

This irradiation method has also been used for the determination of valance cheamgeus

rare earth materialsuch ascerium (Ceia4+ to Ceaia 3+ by using electron energy loss
spectroscopyHELS) [15, 82]. The transformation of Aydratedcerium basedsampleby
electronbeamirradiation results in various chemical and physical changes, like inversion of

cerium Medge sub peaks i.815 to M4 ratios, edge effect peak positions and peak separation
[15].

Figure 1in referenced]

Figure 28: TEM images and their corresponding FFT$)(show thesingle crystato poly
crystalline phase transformationaalciteto lime [9].

2.6Introduction to the Liquid Cell

The basic purpose of TEM ishaacterisationof materialswith high reslution imaging.
Originally TEM was not usedor the characterisationof liquid samplesbecausethey
evaporatd in vacuum[5, 83], therefore it wadimited to only sdid or i f r diblegicab
sanples[83]. After the development of environmental TEM technology it became possible to
analyse the wet (biological/other) sample with limited resolutidme to limitations (low

resolution, low vagum) of qpen environmental chambdarEM is na suitable forsamples in
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liquid layers of controlled thickness, or if the experiment needs a continuous flow of fresh

liquid.

The solution to that limitation required the design of an enclosed stable hermetically sealed
chamber for carrying out controtlecharacterisation of nano materials, and also for the
synthesis of nano materials with known nucleation and growth mechanisms. Previously the
synthesis of nano structured materials was possible through -antuemethod, and the
synthesised nano materialere characterised after completion of a whole nucleation and
growth process. This kind of pestortem analysis cannot provide the required information for

the optimal synthesis of nano materials because the whole process is not made as a real time
obsenation. After a few years of development in environmental TEMrd&icopy, it became

possible to enableslectrontransparent membranes form in erclosed uniform liquid
chamberg84]. Since then, researchers have used thin carbon[8&]sthin graphene sheets

[86] and silicon nitridg(SisNa4) films as an electron transparent membrane for making a thin
encl osed chamber called a Aliquid cell o that
with thin silicon nitride films (26100nm) ae robust and easy to manufacture with
homogeneous composition and uniform thickr{@$. Currentlyin-situ electron microscopy

of liquid samples oa liquid /gas environme[&8] is possible with éiquid-cell TEM holderin
conventional TEM without any modification. The liquid cell TEM holdeakes it possible to

view the dynamics of livéransformation processes of sangdle liquid [73, 83]. Figure 29

shows schematically the internal dynamics of liquid cell reactions under a live electron beam
experiment in TEM[89]. The liquid cell method is the best option for studying the live
movement of nanoparticles trajectory, attachment anradttdehment, new phase formation,

nano structure formatiomucleationandgrowth of nano materigls&nd dissolutiof5, 83, 90-

97).



25

Figure (Abstract / cover figure) in reference [89]

Figure 29: The schematically internal view of liquid cell irradiation under an electron beam
in TEM [89].

Chemical reactions, nucleation and growth process of nano structure materials fdm ex
methods areprobably completely blind or unknownLiquid cell transmission electron
microscopy (LCTEM)however, has opened up hrand new approach to overcomeeth
difficulties nanomaterial synthesis leypabling the liv@bservation of nanocrystal formation in
acontrolledliquid environmentin-situlive synthesis anthecharacterisation of nanostructure
dissolutionformation and growtlef nano structurelsave been extensively reportedhielast
few yearsin diverse areas that include aqueous chemical soluti®f®3, 94], nanomaterials
diffusion processe§91], selfassemblyand attachmenodf metalic nanoparticle§95 and

electron beaninduceddissolution and growth ahetallicnanostructure$96).

2.6.1Liquid irradiation

Liquid in-situ electronirradiationmicroscopy is ainique ancgowerful methogdthat provides

an exceptional insight intphenomenan liquid media.Radiolysis of water occurs in different
situations, like Xray radiotherapy, food irradiation, sewage treatment, +sgidlisation, and

also during electron irradiation in liquid cell experimef@3, 98]. In the liquid cell insitu
irradiation process, unintentional radiolysis of water reaction has occurred by TEM electron
beam. This causes the formation of electrons, atoms, radicals, ions and moksgles, (

OH®, HO®, OH", HsO*, H2 and H20). Water radiolysis is simply thepliting of water
molecules by the electron beam of TEGEnerallythis ionizing radiation is generated by the
decay of radioactive nuclei, beam accelerated particles (electron, protons and neutron), and
from the Xray radiation having a wavelength corresponding to an energy greater than 50

100eV. In the liquid cell expenent, the unintentional radiolysis causes localised changes in
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pH from neutral to acidic or basics depends on the formed components of watéaneOH
. The mainreason for pH changes due towater radiolysis generatinte differentreactive

speces by water splittin§99, 10Q accordingo the reaction scheme inwejon 2.3.
H:O0 A €aq HS, OH, HO,® , OH , Hz, HsO*, H202 (2.3)

Here, eqdenotes the hydrated electramd species markeé)) (are radicaland other are ions
and molecules accordinglfhe first twoi.e. (ag H°) have a strong potential to chemically
reduce ions in solution or on particle surfaces, while hydr@@y°) behavesas an oxidiser
[100. Somereactiveproductsof water splitting areapable of oxide dissolution4g H®), and
are usually short lived During the timescales of our dissolution experimgnthey are
complemented byonger lived products including the finawo molecular species of the

equation (23) [99].

2.6.2Application of the Liquid Cell

There areseveralapplicatiors of liquid cell TEM holder in dfferent fields of engineeringand
medical sciencgl0]]. Before the introdction oftheliquid cell holder, the primary evidence
for nucleation and growth processes ednom the exsitu TEM observations. The liquid cell
has removed the limitation of pesticleation mechanism proces§&82 103. This has raised
many new questions related to classical nucleation theldre® as a result of many new
observationsand several gaps in knosdge were noticefll05. The evidence of livaano
particle nucleation and growth, selésembly, and dissolution in different liquid medium are

described separately below:

2.6.2.1In-situ e Irradiation in Water / NaCl Water+ Br lons

The radiatiorchemistryof the liquid is the key factor forlah-situ e irradiation experiments

of the liquid cell process. According @Grogan et al anincrease in the ido concentratiorof
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irradiated colloidal suspensideads to aedudion in the thicknessinduces aggregatiomand

allow chemicalprecipitationduring the experimen{d0§. By using the wet cell TEM method

at low, moderate and high electron dose intensity, observations may be nthdedgnamic
motion trajectory okingle nano particles, clustersraro particlesdisplacement and rotation

of motion of NPs, merging of NPand thegrowth and corrosion. These observations related
to the liquid cell TEM of nano particles with pure watdtow a discussion of electron beam
effects on the movement, growtind dissolution of nanopatrticle clusters.

Electron beam irradiation of aqueous NaCl solution during irradiation expesmeagtcause

the radiolysis of NaCl solutions and genenatdl known irradiated speciesich asHCIO®
which can changéhe solutiongpH i.e. oxidizing due tothe formation of hypochloritelt is
important to understand that during irradiation, the irradiation chemistry of any liquid in the
liquid cell should be dependent on the energy of TEM and intensity or dose rate of the electron
beam[89, 98]. For example in the case of aqueous NaCl solution, the formatid@IaP- is

low when the applied dose rate is low, and it continuoustysabr increases with the dose rate

of the e beam during the experimejit07].

Research studies stated that duringrradiation experiments with the liquid celith water

various species have been formed, and many chemical reactions are initiated including
precipitation, and nucleation reactions, and also the dissoluticorrosion of the precursor or
nanoparticles have been obser{@§. For instance the corrosion of Cu and Al nano films in

the presence of different molarity of aqueous N&@le been observefl07]. Some
researchers have observed the etching of metallic nano structures during liquid cell
experiments. Jiang et. al. revealed the oxidative etching of metablic Pd nano crystals in
water in the presence of Bons with a scanning transmission electron microscope (STEM)
during liquid cell experimentshey observed the Hsitu dissolution of 18nm sized Pd nano

cubes(NCs)in STEM in the presence of a dissoly agent (i.ePotassium bromidéBr)) as
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shown inFigure 210 (A). Figure (B) shows the projected area versus time graph for the

selected four nano cubes of figure (ADS.

Figure 2 in reference [108]

Figure 210: (A) Time-lapsed colouSTEMT HAADF images showing the etching of
clusters of PANCs, (B) Shows the dissolution plotstohe againsprojected areas for the
nominatedour NCs shown in A109.

These authorsbserved the etching of nanobegNCs)from the apexes and edgesther than

from theside facetswhich then transformed into a spherical shape nanoparticle. They found
the dissaltion rate dr/dt increagenvhen the size of the nano cube was reducediameter.

During liquid cell experimestthey haveobserved that electron beam playedtal role for

the dissolution ofPalladium NCsdue to formation of water splitting products rihg
irradiation. On the other handn the absence dBTEM electron beam irradiatioriPd NCs
remained almost unchanged in the same solyliaming thedenticalconcentration of Brions

for a few days ahormalroom temperaturelhey also observed that when the electron beam
intensity increases, the dissolution rate increases, and the electron beam has a directly
proportional relationship with the etching. Observations were also made by these authors of a

dissolution rate of Pd Gis of three to four orders higher compared with theigxkexperiments

[10§.
2.6.2.2In-situ e Irradiation in Solventg Water + Solvents

Recent developments liquid cell TEM method provide the opportunityor obsening the
behaviour of precursors or nano particles in different solutilikes alcohol, ethangland
mixtures of water and organic solvenit$ao etal. usedan organic solventi.e. a mixture of
pentadecane and oleylamine (7:3 vol/vol) ocembinationof pentadecane, oleylamine, and
oleic acid (6:3:1 vol/vol/vo)) to explore the colloidal nanocrystal architectarel solution

growth of PtFe nanaods from nanoparticle building block09 as shown irFigure 211.
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The exact phenomena of growth mechanisms are unclear due to limited research data available
regarding the liquid celliao et al.observed that thiermation of single crystal nano rods by
winding the growth of polycrystalline NP chains through shape oriented nanoparticle
attachmentSuch type of growth are important for the design and synthesis of hierarchical
nanostructurematerials andfor controlling nangatrticlessel-assembly for functional device
applicatiors.

Figure 2 (a) in reference [109]
Figure 211: TheserialTEM images of the growth ofsmallPtFe nanorod109.

In some other investigatiorisvanset al. observed the nucleation and growth of lead sulfide
(PbS) nanoparticles in a TEM liquid cell experiment bgii irradiation of the mixture of a
waterbased solution contaimg lead acetate, pglvinyl alcohol(PVA), isopropyl alcohol and
thioacetamide.During the experiment they observed tlselective decomposition of
thioacetamidand the release of free sulpliiyre beam irradiation. This led to the free sulphur
reacting with the lead ions to startaheation and then growth of PbS, where PVA was used as
a stabilizing ager{93]. Figure 212 (a-d) shows the tracking of live nucleation and growth PbS
nano particlesgn multicomponent solutionThe growth occureomogeneouslglong all faces

and estimateshowthatthe overallrate ofgrowth increases with volume increase pieleo
frame(i.e. the electron dose)A graph of 5 individual selected NPs of time seriesvgs the
NPs sizgArea nnf) verses timémovie frame numbei$ shown inFigure 212 (e). The graph
shows the growth of PbS NPs, as grey, blue, red and purple by the use of monomer attachment
from the solution as theanoparticle move out of the field of view as indicated by green line.
Furthermorethe plot (e)Figure 212 showsadoublegrowth rateas indicated by the blue line

of the NP between frame®s and 4as greatompare to any other nanoparticles following
nucleation. Thdinal diameter of NP indicated by the blue line is aleablethe size of the

otherPbSnanoparticle$93].
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Figure2 in reference [93]

Figure 212 The growth of PbS nanoparticles during irradiation experiment (ad), with
(e) showing the plot of growth of NPs size versus time.

2.62.3In-situ e Irradiation of PrecursorgSalts)

In this section we collect earlier research which uses salt as a source for growing particles from
salt cations, unlike in 8.2.1, where salt was just an additive to the liquid. In the irradiation of

a salt precursor of gold in the liquid cell, Nielsen et al. reported live nucleation eveots of
nanoparticles from a gold chloride solution containing citric acid as a capgewf. The
highlighted rectangular region iRigure 213 (a) shows the formation sequence of some
nascent nuclei that fail to reach the critical radius for further growth. Nielsen et al. have also
observed some fluctuations in sizes, and these fluctuations indicate the true nucleation process
in which highdensty fluctuations are required to complete the nucleation process as shown in

Figure 213[104].

Figure 1 in reference [104]

Figure 213: The nucleation process gbld nanoparticles. Theideosequences {d) are of

nucleation of Au NPs from Au-chloride solution in the presence of citric acidnjas the

magnifiedsectionof the rectangular area of figure (a) whi¢tows the formation of nuclei

(highlighted circleared. These fail to reach the critical radius, and instead fluctuate in size
until theyentirelydisappear [Scale bar-(B 500nm and (@) 200nm][104].

Nielsen et al. observed tHee growth of ferrihydritenanoparticlesrom FeCg-KH2POy
solution duringanin-situ liquid cell experimentThe observed growth was due to movement
and cealignmen of the lattice of contacting surface matgirior to the attachment of
nanoparticles. As a result, these authors obtained a defeabblong branched structure due

to oriented attachmerfOA) as shown inFigure 214. In this figure (ab) dumbbell shape
ferinydrite particles approach the large crystal and then they are subject to some attractive

forces that drive OA, and it undergoes a clockwise rotation before attaciiradnt
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Figure 2 in reference [104]

Figure 214: Thelive growth of ferrihydritenangarticles via OA. The sequenceffashows
the dumbbell shaped ferryhidriteng@articles formed during theriented attachmemtvent.
(scale bar 10nn{104].

Similarly, Woehl et al. used solutions eélt silver nitrate (AgNQ) for liquid cell electron
irradiation experimest with aTEM. They observed the controlled growth of silver nano
crystals durindiquid cell electron irradiation experimenf silver nitrate as shown irFigure
2-15[11Q.

Figure 2 in reference [110]

Figure 215: The growth and tracking of silvéfAg) crystals, (e) shows the plot of growth of
NP size versus time and (f) shows the plot of NP radius versugtmelq.

Woehl et al.suggested that the nucleation proceadsording toclassical theoryand the
growth rate is depemediton the doseateof irradiation Figure 216 illustrates the step by step
process of radiolysis, the reduction of silver precursors, the formation of controlled nuclei, and
the growth mechanism of silver crystals through a liquid cell electron irradiation method in

TEM [110.

Figure (abstract figure) in reference [110]

Figure 216: The schematic of the radiolysis, reduction of precursor, Nuclei and seed
formation and growthef Ag nanopatrticlesia reaction or diffusion limited methdd1Q.

Abellan etal. conducted experiments using tliguid cell with cerium nitrateas aprecursoy
and discovered thermation of irregular sized (Ce(Okj)nanoparticlesas shown ifrigure 2
17. Initial experimerg by these authoshowed thatinder acidic conditiasythe formed cerium
oxidewasthermodynamically unstabknd thattiis only stable if the conditions are alkaline.

However, they have suggested thatghevth ofCe(OH)} has been observed due to an increase
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in pH. They suggested that the pH is increased due &s@ade of radiolytic and chemical

reactions induced byhigh energy TEMelectron beani111].

Figure 1(a) in reference [111]

Figure 217: Dark field SanningTEM images showing the growth of Ceritoride
(Ce(OH}) nanoparticlesn LC [117]].

Nielsenet al. have described observations of the nucleation and growth, dissolution-and re
precipitation ofCaCQ. They used Caghnd NaHCQ solutions ofvariableconcentrabns in

a dual inlet liquid flow cell. They alswooticed thelive nucleation of bdt metasthle and stable
phasesn liquid, with amorphous calcium carbonate (AC&)d their dissolution. In the liquid

cell experiments thegbserveda thinning of ACC. Some ACC particlesnderwent uifiorm

and nonruniform (slow or fast) shrinking until theromplet disappe@ance, as shown in
Figure 218. They mentioned the observed shrinkage was due to a discharge aholaieule

from the amorphoslACC nangarticle or a suddemreductionin concentratioteading to partial

dissolution[117.

Figure 4 (&) in reference [112]

Figure 218: Dissolution behaviour of ACC. Here the A@@ngatrticles undergo liquitike
dissolutionandcompletedisappearance (AF). (Scale bars are 500niii)17.

Similarly, Nielsen et al. have also observed the dissolution of a soaldl shapéerrihydrite
nangarticle with positive curvature near thig ferrinydrite surface with negative curvature,
as shown inFigure 219. These authors mentioned that the dissolution of ferrihydrite
nanopatrticles is due to Ostwald ripenantrolled by volume diffusion of ionic species in a

radiolytic solution, instead of aggregatiph04].
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Figure 4 in reference [104]

Figure 219: (ato f) shows the sequence dissolution of smalindferrinydrite nangarticle
with positive curvature nearhkag ferrinydrite nangarticle (Scale bar is 5 nrfj04].

2.6.2.4 Insitu lrradiation Induced NAMovement andttachment

In-situ electron irradiation of the liquid cell TEM (LCTEM) can also give auglirect
observation of nanoscale structure movement of NP aggregates in liquidt al. have
observed the faseépeatedly randommovement oEmallnanoparticle aggregates under electron
beam irradiation in TEM in watdsefore attachment. They also rejgal on observations in
NacCl solution where smalPsaggregates moved directly towards lakfesaggregates before
attachment, as shown ihigure 220. The observed movemehtas beemattributed to the
charging ofhematiteNPsandthe SgN4 membrane due tthe electron beam. Tise authors
alsomentioned that thiast movement of hematite NPs aggregates were dueétettiostatic
repulsionforces between the charged NPs and theNSimembrane duringhe irradiation
experiment. On the contrary, the presence of the Wa@ie solution duringthe irradiation
experimenexhibited andncrease of conductivitin the liquid cell solution andredudion of

the charging effedtl13.

Figure 4 (ad) in reference [113]

Figure 220: Clustercluster aggregation of hematite NPs in wafe&( B) andin NaCl C &
D) solution[113.

Verch et al. observed the movement of Au nanoparticles in liquid during liquid cell electron
irradiation experiment, as shown kigure221. They observed a reduction in movement by
three orders of magnitude thpredictedfor the movement in a bulk liquid through Brownian
motion. These authors mentioned that the reduction in movement wiligertohydrodynamic
interruptionnear a wall. Whik is actually due to the presence of a layer of ordered liquid

havinga viscosity 5 orders of magnitutl@herthan a bulk liquid. Thebserved highiscosity
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causes the dramatic reduction of Brownian movement. The layer was farmew Au NPs

as a restlof the surface charge due to the electron bidd.

Figure 2 (bd) in reference [114]

Figure 221: The LC irradiation experiment of nanoparticles in liquid)ashows the NPs
movement, attachment and chain formafibi4.

2.7 Grystal Growth and Dissolution

Nucleation and growth are the key mechanisms of the phase transition in which nucleation
representing initial transformation of amorphous phase into crystalline one. In nucleation and
growth process, nucleatioapresents the initial formation of stableadhparticles (nuclei) of

new phase and growth represents the growth of those new phasgey nucleation process a

new phase has formed from an old phase. The surface free energy of old phase is higher than
that of the growing new phase. The changééiftee energy per molecule of the bulk and that

of the surface is referred to as the interfacial free energy or surface free [drigfgy

During growth anucleus with smaller radius has larger relative surface energy, as the radius
increases in size its free energy decreases. There is a critical size at which the free energy of a
nucleus is at its maxima, and the free energy will always decrease whethecl#es grows

or dissolves. Dissolution is the opposite of growth process in wéimd of particles is
decreasing with time, an increase in relative surface free energy. Crystal growth and
dissolution takes place due to changes in surface energy, tgorpepressure, concentration

and TEM electron beam intensity from their equilibrium valuds, 116.

2.8 Summary
The dry and liquid TEM irsitu electrorbeamirradiationmethod $ a powerful experimental
techniquefor studying the live synthessnd dissolutiorof nano structures. The review of

liquid cell irradiation of nano structures and salts indicated that the liquid cell method is the



35

most promisingtechnique for studying the dynamics of nucleation and growth, chemical
reactions kinetics, different new phase formatia@imngle crystal to poly crystalline
transformationmovement trajectory of nano particles and particles dissoldtr@nliquid cell

is the only reatime methodin which we carproduceand characterise the nanostructure in

liquid simultaneously.



CHAPTERTHREE

METHODS

3.1 Introduction

This chapter will describe in depth all teeperimental methods which were used during the
research of irsitu irradiation of materials. Section 3uill describe the experimental
characterisation methods, which include the transmission electron microscope (TEM), with the
operational principle of EM, electron matter interaction and the electbeamsources used

in this research. This section also includes brief information related to the use of TEMs in this
research. Section 3.2 will start with the sample preparation methods of liquid cell TEM
irradiation by using a Protochip P500 liquid cell holder and sample preparation for direct dry
irradiation of precursors in the TEM. This section also includes some information related to
the elementary parts of the liquid cell holder and all the basic sfefguid cell holder
preparation, before going on to TEM irradiation experiments and finally some limitations of
the liquid cell method. The next section (3.3) presents the dry irradiation method and sample
preparation methods for dry irradiation of saegpin TEM. Section 3.4 presents the working
principle of using chemical analysis methods in this work: for example, energy dispersive
spectroscopy (EDX) and electron energy loss spectroscopy (EELS). The last section, 3.6,

provides a brief description ofdétworking principle of scanning electron microscopy (SEM).

The aim of the experimental methods useithéslive synthesis of nano structures, new phase
formation and dissolution of nastucturesand theirlive characterisation iTEM. | have

selected two hydrated cerium precursors and ceria nano structureslifeg thesitu electron

40
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irradiation induced synthesis of nanostructures and their dissolution by usingesadition
transmissiorelectronrmicroscope$HRTEMS) at 200 and 3kV. Because TEM irradiation has

many advantages and inspirations such as live observation, characterisation of precursor or
samples (so there is no need for sample transportation for characterisation purposes) and

chemical analysis during experiments|sogpossible.

3.2 Experimental Characterisation Method/ Equipment

Many characterisation methods are available, but every researcher has used different available
characterisation methods with respect to their needs and the limitations ofseithy@es or
equipment. The most important characterisation tools for nano materials are TEM and SEM.
Research studies are based on an assortment of methods, which directly rely on the selection

of equipment for the desired experiments and their charad¢tenisln my case,agarding the

selection of equipment to study thesitu/ real timeirradiation of materials we have selected

two types of high resolution TEM i.e. JEOL 20EGnd JEOL 3010. For the direct drysitu

irradiation experiments we havelse ctse gandard TEM hol der o and f
nanostructures in |iquid we have used a spe
experiments (dry and liquidell) we have observed the live changes in structure, new phase
formation, formation of 1D needles, movement of nanoparticles, chain formation, attachment

of nanoparticles, and dissolution.

For the electron irradiation experiments of materials in TEM, it is very important to understand
the working principles of transmission electricroscope and sources of electrons. Because

we have used different sizes of electron beams with varying intensities to study the effect of
electron beams on the precursors or sample during the irradiation experiments, the next section

will describe the EM and its working principles in detail.
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3.2.1 Transmission Electron Microscope

The transmission electron microsco@&M) is theessential instrument for comprehensive
characterization of nanstructurematerals and nanalevices. Nowadays various types and
categories of TEM are available and described/éyousacronyms, such as conventional
transmission electron microscope (CTEM), high resolution transmission electron microscope

(HRTEM) and scanning transssion electron microscope (STEM).

3.2.1.1History of TEM

After the discovery by.ouis de Broglign 1925 that electrons have waliee characteristics,

and successful electratfiffraction experiments by research groups independently (such as
Davisson ad Germer and Thomson and Reito German scientist8jax Knoll and Ernst

Ruska proposed the idea of an electron microscope in 1932. They developed this idea and the
working principle of electron lenses in reality, obtaining the electron image forsheirfie

and using it in their papgt17). The first commercial transmission electron microscope, which
was the Metropolitan Vickers EM1 in the UK, was developed in 1936, exactly four years after
Knoll and Ruska first proposed their idedtek the end of the Second World War, electron
microscope technology became worldwide, and various commercial manufacturers started
producing commerci al TEMs such as JEOL, HI T,
electron microscope is very advanced \varf the old ones because they have the capability

to analyse samples at a very high resolution and some are able to achievighltesolution

without aberration, and are known as aberratiorrected TEMs. Usually TEMs are available

with different atachments likenergy dispersive spectroscopDX) andelectron energy loss

spectroscopyEELS) for chemical analysis.
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3.2.1.2TEM Structure and Parts

Every transmission electron microscope has a vertical column shaped body structure which
contains threenain parts: i) illuminatiomartii) specimerstage, and iii) imagingart as shown

in Figure 31. The illuminationsystemof thetransmissiorelectron microscopeonsists of two

things (a)an electron gun, which ihe main source of electrons, afly) Condenser lenses

either one orntwo or threein number In the sample stage ared transmission electron
microscope, the sample lIsaded for analysisThe third part i.eimagingsystem consists of
objective and projor lensegshatare used to acquire the higbsolution magnifiedample

images The images can be obtained on a fluorescent screen, and these images can be recorded
by using photographic film, or on a digital screen by using a ckargpled device (CCD)

camera system.
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Figure 31: Schematic ray diagram of a transmission electron microscope (TEM) equipped
with EDX andEELS[76].

3.2.1.2.1Source of Electron (Electron Guns)

All electron microscopes need a source of electrondluminates thesample There are

typically two types of electron sources available: a) thermisnierceand b) field emission
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sources. Thermionic guns usually contain a tungsten filament (W) or lanthanum hexaboride
(LaBs) and field emission gurontains fine (ZrO/W) needles.
a) Thermionic Emission Gun
In a thermionic gun, electrons will bgeneratedvhen heated. The working principle of a
thermionic emission gun is as follows:
When a cathodegource of electronss heated up to a specified temgtere (T) and gives the
electronsadequatenergy to overcome the natural barrier gtapsthe electron from emitting,
the natural barrier is called a work function) @nd the work function of W metal is 4.5 eV.
TheRi char dsonds physiwofthetsecnmonibeenission gard his law relates
the current densityd] from thesource ofelectronto the operating temperature (T), as can be
seen in equation.B[76].

J= AT?2 g7 /KT (3.2
Wheretkdi s Bol t zmannods SevdKpandAd rst R(i kk=h8.raligAnBi 6 s ¢ on
K?). In this study, we have used the maximum current intensity and high acceleration voltage
i.e. 300kv of TEM comprising thermionic LaBfilament. Sometimes we have used
intentionally low / high electron beam intensity for irradiation experiments in a diguodl
state for the formation of nano structures, movement, attachment, new phases, and dissolution
of NPs.
b) Field Emission Gun(FEG)
In afield emission guntheelectrors will be generatedvhen an extremely high electric field
(> 10° V /m) is applied to them. The working principle of the field emission source is
fundamentally different form that of the thermionic gun. The tunnel of electrons emitted when
the strength of an electric fiefEo is significantlyincreased at the sharp points of the source
with applied voltage (V) to a spherical point of radius (r) is given below in equUaR¢iA6)]:

E=V/r (3.2)
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In this field emission source there is a high possibility that an electron can easily leave the
surface without requiring the high amount of energy represented by the work functisn. Thi
decrease in work function is because of quantum mechanics and is well knowtuaséhig

effect, and as a consequence of this effie@by more electrons can be drawn from a piece of
tungsten source as compared to using thermionic emission. Thinbsggltan be increased by

a factor of a thousand or more to a value in excess8fAtd 2 sr 1. The FEG guns can be
further split into cold field emissiorand Schottkyguns. The working temperature of the
Schottky gun is lower than that of the thermionic gun but the emission current is higher in the
Schottky gun as compared to the thermionic gun. However, the working temperature of the
cold field emission gun is signifantly lower than that of the Schottky and thermionic guns.

We can obtain the fine intensity of an electron beam by using a field emissiofftgin.
electrons from a cold field emission source have a nmwhr energy spread, typically less

than 0.5 eVbut the electrongproducedrom a thermionic emission source certainly have an
highenergy spread of2 e V. This is particularly importafir both analytical (EDX & EELS)

and highresolution electron microscopyaging Field emission guns are importamchuse

they deliver a high brightness of beam due to the clean monochromatic supply of electrons.
This will make FEG guns more attractive to researchers for application in the irradiation of
materiald76,118. We have used a 20400FEG gun ith (W) filaments for our irsitu electron
irradiation of dry precursors and liquid cell samples at 200kV with analytical analysis such as

EDX and EELS during the experiments.

3.2.1.2.2Condenser Lenses and Condenser Aperture

Condenser lensewe part of e illumination systenof an electron microscope. TEMs have
one, two or more condenser lens configurations for the manipulation of electrons. The purpose

of condenser lenses is to control anehagnify the beam emitted by the gun until it hits the
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sample.The purpose of the two condenser lenses system is very useful because the first
condenser lens Cxkifuated immediately below the Wehnelt cylindealled a spot size, sets

the demagnification of the gun crossover, while the second condenser lenavwak lens

that is used to illuminate theamplewith an adjustable physical spot size aad angle of
convergencel-urther control over the angle of convergenaa beachieved byadjustingthe
apertures.The illumination obtained by the condenser syst#pends upon the user or
application: for instance, a small aperture is used for high magnification imaging and a medium
one for diffraction patterns.A hole in a disk is called an aperture and diaphragm is the
surroundingthe aperture. @hdenser apertutis used taallow a certaimguantityof electrons

to pass through the lens and stop extra electrons by using the diaphragm. In other words, the
condenser aperture controls the intensity of illumination by controlling the size area of the
beam and the convergence angle hitting the sample. We have used a condenser aperture to
control the intensity and angle of beam convergence hitting the sample during the irradiation
experiment. If we require more intense electron beams for irradiation wetdoeed the
aperture to stop the electrons. In my direct dry irradiation experiments | used the electron beam
with an aperture and without an aperture for the synthesis of round and irsape@d nano

particles and nano rods framydrated ceriunsaltprecursorg76].

3.2.1.2.30bjective lenses

In a TEM, the objective lens is the most important lensabge it forms the intermediate image

and then the projector lens enlarges the image, which is displayed on the fluorescent viewing
screen. There is more than one projector lens available for magnifying the size of images.
Several types of objective leneavailable, depending upon the need or application. The best
known objective lens has separate upper and lower pole pieces. With this type of pole piece,

the X-ray spectrometer in the TEM can easily be installed for chemical analysis. Furthermore,
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different tasks can be performed in the TEM, suchrediation, tilting, rotating, cooling,

heating and straining. The objective lens aperture can exclude the high angle scattered electrons
from the image or aperture, thus protecting the sample from stragtioadiBy using an
objective lens aperture we can control the resolution o$pleeimenmageproducedby the

lens, as well as the depth of field and depth of f@fusage image contrast, collection angle

of electronfor EELS and EDXand the angulaesolution of the diffraction patter(®P)[76)].
3.2.2Electron Matter Interaction

Principally, electons are ionising radiations and they have enough energy to remove the tightly
bonded inner shell electrons by transferring some energy to the individual atoms of the samples.
The mainpurposeof using electrons is that they produceasioussecondary sigas from the
sampleafter electron matter interaction. Some of these signals are summarkiEgdria 32

below.

Incident

2 Secondary
high-kV beam
l .
Backscattered electrons (SE)

electrons (BSE) Characteristic
X-rays

Auger Visible

electrons \ / Light

‘Absorbed’ Electron-hole
electrons =% pairs
N Bremsstrahlung
Specimen X-rays
Elastically Inelastically
scattered Direct scattered
electrons Beam electrons

Figure 32: The various signals produced by electron matter interaction for both TEM and
SEM[119.
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This interadbn can belividedinto two different kindsi) elastic interactiopand ii) in-elastic

interaction.

3.2.2.1Elastic Interactions

In this interactionthere was no transfof energyto the sample frorthe electronBecause of

thisthe electron leaving the sample hiasir ariginal energy & (Eel = Eo).

3.2.2.2Inelastic Interactions

In this interaction, the sample receives some energy from the ine@ldettonsand thushe
electron energy after interaction with the matter is cedu(Eel < Ep). The transformation of
energy from the electron to the matter can causes the formation of different signalsyite

or secondary electronglasmons, phononsathodoluminescenand someharacteristicX -

rays Every signal has its ownharacteristics and information, and we have processed the
required signal by using other devices and made it useful information for characterisation
purposeq119. For example, characteristic-pdys havebeenused for chemical analysis
information, while secondary electrenhave beenused for highmagnification and high
resolution imaging of topographicalippose,andback scatter electrerhavebeenused for
analytical contrast imaging.

This electron maér interaction causes four types of radiation damadenock-on interaction

damage(b) radiolysis, (c) generation of phonons, andcfdrging.

3.2.2.2.1Knock-on interaction damage

This is wherethe incoming electron transka large amount of kinetic energy and

momentum to an atom in a crystal lattice, caughmgformation of defects. If the
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kinetic-energy produced by an atom is gegahan its displacement threshold energy
or surface binding energy, the atom may be displaced from its siteimbessticeor
vacancy, creating a Frenkel pair in the bulk (this phenomenon frequently happens in

metals), or simply sputtered away fromfages intaa vacuum[3].

3.2.2.2.2Radiolysis

Due tothe ionising nature of electranthe ionisation of samples through inelastic
scattering occursand causs the breaking of chemitdonds which is known as a
radiolysis process. The radiolysis timle TEM/STEM producesatomic displacement
because the excitation needs to be localized for a long enimuglfor the atons to
counterinstinctively, and the kinetic energy acquired by #ecited atom must be
transferable intamomentum. This process occurs in haljddsere the kinetic energy
leads to the generation of a metal and the gaseous halegeexamplecommon
reaction happesin aphotographic process in whithe metallic Ag is generated from
Ag-Br through light irradiation, and also ftire amorphisation of crystalline Siand
silicates. Hence electron beam damage dua ttadiolysis process may happen in

insulating materials siicas ceramics and other precursors.

3.2.2.2.3Generation of Phonons

The collective lattice vibrationsrecalled phononsand these arproducedby the up
take ofvariousamounts of kinetic energy from the incident electron beathedfEM.
These phononsimctly correspond to heatingp thesamplein the TEM during an
experiment. Therefore, electron sensitive materials decongassly; amorphous or
crystalline result inprecipitation or regrecipitation or even melt. Sample drift can also

be observed ding experimerddue tothegeneration of phonan
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3.2.2.2.4Charging

Thecharging of materialsccursthrough incident beasnCharging in TENor STEMs
is mainly initiated by the raissionof secondary and Auger electrons ist@acuum

(except SEM]3, 6, 127 .

Electronbeam effects cadependcompletely on some essential parameters sutireanergy

of thebeam the current density of incident electron beamxposure time, temperature during
imaging, thickness of the sampémd the presence of water and oxygen irstimaple We have

used these parameters to explore the effect of electron beam during our irradiation experiment.
We have also used the characteristitays and inelastic scattered electrons for the study of
the chemical analysis (EDX and EELS) of precwssand for synthesised nano structures.
Secondary and backscattered electi@&E) also contain useful information related to high
resolution imaging and analytical imaging respectively. Secondary electrons escaping from the
few nanometres of the surfacéthe sample have low energy (<50 eV) as compared to the

backscattered electrons. | have used secondary electrons for SEM imaging of dry precursors.

3.2.3TEMs Used in the Research

There are various types of TEM available for the analysisnaferials with different
attachments, but | have used two types of high resolution transmission electron microscope

having 200 and 300 kV operating voltages respectively for irradiation of materials, as follows:

3.2.3.1JEOL 2016F Transmission Electron Mroscope

The high resolution JEOL JEM 20B0is equipped with a field emission gun working at an
accelerating voltage of 200 kV, as shownFigure 33, and this was used throughout the

research. The main advantagdlad 2010F TEM is that a fine and focused electron beam of
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smallerthan 1 nm in size can be approximately achielOF TEM provides a high
intensity of electron beam for irradiatigvith an image resolution of about 0.19nnmighigh
resolution TEM 20Q-F instrument waequpped with an Oxford Instrument ultthin energy
dispersiveEDX system, a Gatan spectrometerf@l Sand a Gatan CCD camera for a digital
imaging system.

This high resolution TEM is one of the main type of equipment whichuaed in this research

for the purpose of live irradiation induced synthesis and the characterisation of resulting new
chemical phases and nano structures of dry and liquid samples. Throughout the research, during
experiments analytical methods like EDX &l S were also used for the purpose of chemical

analysis.

Figure 33: JEOL JEM 201€F TEM Microscope equipped with 200kV FEG gun.
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3.2.3.2 JEOL 3010 Transmission Electron Microscope

As can be seen iRigure 34 below, the JEOL JEM 3010 is a LaBermal filament high
voltage transmission microscope operating at a maximum voltage of 300kV. So when a high
operating voltage (300kV) was needed, wsed the JEOL 3010 TEM.This electron
microscope allows the irradiation sampleswith higherbeamcurrent density and with a
higher accelerating voltage (i.e. 300 kV). However, the beam has slightly less focus as
compared to the FEGEOL 2010F, due to thermal emission frometHilament. This
microscope has a TVIPS CCD digital imaging camera system for electronic imaging and for
video recording purposes, and the image resolution obtained is about 0.17 nm. We used this
microscope for the study of electron induced irradiasiimgh voltage i.e. 300 k\éf dry and

liquid samples for the synthesis and dissolution of precursors and nanoparticles.

Figure 34: JEOL JEM 3010 Transmission electron microscegeipped with 300kV (La§
thermionic gun.



54

3.3Sample Preparation Methods

Different sample preparation methods were used during this research project. | have divided
sample preparation into two segments, based on dry and liquid samples. In this section some
more details will be included regarding thetmimentation of live isitu irradiation of samples

in liquid in TEM.
3.3.1Liquid Cell TEM

Liquid cell (LC) TEM is the one and only available method which allows the liquid samples to
be analysed in a conventional TEM without any modificaércept the dedicated holder. By
using this method, we can observe IhamnoparticlesNP9 movement, changes in structure
morphology and chemistrynucleation and growth process new phase formation and
dissolution of structures. We used this liquid céIM method throughout our all liquid cell
experiments for the study of-situ movements, dissolution precipitation and new phase
formation of nano structures in liquids phase. In a liquid celhvade a electron transparent
compact sealed sandwich of edn nitride (SdN4) membranes as schematically showithia

Figure 35.

Vacuum

IEM e- Beam

Support

Nano-Particles

Figure 35: Schematic representation of a liquid cell.
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3.3.1.1Protochips Poseidon P500 Liquid Cell Holder

| haveuseda Poseidon P500 TEMiquid cell holderin all of my liquid cell experiments.
Figure 36 shows the complete setup of the Sheffield University Nabdiquid cell holder.

The P500 is designed fouse both as astandard flow or static liquid cell antbr
electrochemistry based liquid cell experimertss comprised oftwo electron transparent
semiconductor based small and largehips (hade by Protochips Inc. USAvhich makea
microfluidic silicon nitride SizNy) liquid cell inside the TEM chambefhese small and large
chips are fitted within the tip recesses of the TEM Liquid cell holder with the help of two O
rings, which provide a vacuum tight seal, and are secured by a metal lid with three Acrews.
typical glass syringés used in order to flodiquid medium through polyether ether ketone

(PEEK) tubing into th&. CTEM holder.

Figure 36: Nano Lab (Materials Science & Engineering UoS) LCH Setup.

3.3.12 Sample Preparation fdrquid Irradiation

This section describebe sample preparatioof the liquid cell holder folive in-situ electron
beamirradiation associated with the procedure of the cleaning and loadingSifthé&-chips

Before describinghe sample preparation of the liquid cell, an explanation related to the parts
and required accessories is given below to help in understanding the sample preparation
method. The liquid cell is a combination of different parts: for instance, some pads are

follows:
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1. Polymer coated small and largechipsof electron transparent silicon nitride {Si)
membranes
2. O-ringsT small and large

3. Manualsyringefor injection of fresh wateinto the PEEK tubing

3.3.1.2.1E-chips

Each liquid cell experiment requires a pair otlips which form the microfluidic cell and
serve as the sample support. There are generally two types of chips available: one for standard
static or flow liquid cell experiments and another for electrocheyrexperimentskigure37

shows the large and smaltdbips, and every fhip is integrated with a durable electron
transparent silicon nitride window which provides a strong barrier for liquid samples with
minimum beam scatter. There are various typehgds available to accommodate the diversity

of samples in order tenhance the performance of liquid cell experiragand here are some
parameters which should be consatkduring theselecton ofthe appropriatéype of Echip
beforethe start of evey experimentas follows (1) SeN4 window size and orientation, (2)
spacer height and material, (3) flow or static liquid system, and (4) electrode geometries and
compositionThe volume otliquid cell can be calculated by multiplying the area of trecep

with nominal spacer thicknesglus any additional volume introduced the bowing ofthe

silicon nitride window We have used statand flowlarge Echip and small EEhip with 500

nm gold spacer in our all experiment.

Figure 3 7: E-chipsi a) large chip and b) small chip with 500 nm gold spft2i].
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3.3.1.2.20-Rings

In the liquid cell experiments we used two (small and one large) @itongs. Thes®-rings
play an important role in relation to the liquid cell because they provide a vacuum seal around
the holder inside the electron microscopierefore, without the proper fitting @-rings,
liquid cell experiments are not possible because leaking of cells inside the electron microscope

could occur.

3.3.1.2.3Syringe and Tubing

For static (norflow) experiments, syringes and tubing are not mandatory. The nanoparticles
can be flowed when we inject liquid into the liquid cells by using a syringe and PEEK tubing
during the experiment. However, we used a syringe only for pouringidetwater into the

liquid cell chamber for the mobilization of nanoparticles.

3.3.1.3Liquid Cell Holder Preparatiorsteps

The complete liquid celassemblyis simply a sandwich of small and largdlicon-nitride
(SisN4) based chips witbr without aspacer and vacuum-fngs, as seen inigure 36. A few

preparatory steps are required before making the samples, as follows:

i.  Removal of protective polymeric film
ii. Plasma treatment
iii.  Sampleholderpreparation
iv.  Leak check

v. Final stereocheck
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3.3.1.3.1Removal of Protective Polymeric films

The commercial chips are coated with polymer to ensure safety and protection against any
contamination, as shown iRigure 38 (a). The polymercoatedsilicon nitride electron
transparente-chips are first cleanetbr two minuteswith acetone (99.5% purity, Sigma
Aldrich) andfor another two minutes witbthanol (100% purity Sigma Aldricliy orderto

remove the polymer safety coating on 8ieNs membrae surfaceFigure 38 (b) shows the

cleaned silicon nitride electron transparent chips.

Figure 38: Small chips with polymer and gold spacer and large chip without spacer (A) chips
befare removal of polymeric safety film; (B) cleaned chip21].

3.3.1.3.2Plasma Treatment

The cleaned surface of a silicon nitride membrane is hydrophobic in nature, so it was necessary
to make the membrane hydrophilic. For that purpose, we have usexireganerator unit (as
seen inFigure 39) for 20 seconds of plasma treatment to makehiydrophilic surfaceThe

application of plasma treatment is not mandatory for every liquid cell experiment: for instance,
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if we wished to use a continuous flow system, it would not be necessary to make it hydrophilic

because the sample could be injected manually by using a syringe or automatically by using a

pump.

Figure 39: Plasmagenerator.

3.3.1.3.3SampleHolder Preparation

For electron irradiation or imaging in TEMs of nanopartiahdguid it is necessary to prepare
a sample holder after the cleaning and plasma treatment of chips. The sample holder
preparation for every sanmgls different and usually depends upon the nature of the sample
and its condition. The simple method for sample holder preparation of liquid cells is as
schematically shown iRigure 310.
1. First,the small Gring is placedinto the groove ofhe holder, as seen Figure 310
(a).
2. The small chip on the top of the smaklri@g is placed in the available recesses.
3. Less than 0.5 uL of nanoparticliesmersed in weer is injectedonto the cleaned small
chip by using a pipet or syringe.
4. The cleaned large chip placedon top ofthesmallE-chip and the liquid celk closed

as soon as possible, befalwing the solutiorto dry.
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5. After the large chip is in place naetal lid is placed on top of the large chip and secured

to the top by using three screws, as showriguire 310 (b).

Figure 310 Schematic presentation of a) loading of sample ortbifs; and b) securing of
liquid cell chips by metallic lid with the help of three scrd@21].

3.3.1.3.4 Leak Check

It is essential to check for any leakage of the assembled liquid cell systeragdacing the

holder inthe TEM. This is because without this step, a leak from the sample inside the
microscope may cause contamination of the microscope chamber. To conduct the leak check a
dry desktop vacuum pump statimused, as seen kigure 311. It is necessary to pitest the

holder in the desktop vacuum because the test will remove all residual liquid during the sample
loading process. During the leak check the vacuum needs to be maintained for at least 5 to 10
minutes in order to confin that the system is not leaking before going into the microscope for

the experiment.
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Figure 311 Desktop vacuum pumping station.

3.3.1.3.5 Final Stereo Check

After the leak checkit is necessaryto ensure thatooth Echips are aligned so alow
magnification optical microscope or stereomicrosaspesed, as seen igure 312. During
the final stereo checlt can beverified that the viewing region frorthe front of the holder
(where the electron transparent windows overa})is aseethroughone Rotaing the holder
180 degree and chechg the reflection of lightverifies thatthe windowis intact. After
verification that both windows (top and bottomgre intact, the holdersiready for the

experiment.
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Figure 312 a) stereo microscope; b) optical microscope.

3.3.2Limitation of Liquid Cell s

An in-situ liquid cel TEM holder apparatus has a number of benefits: for example, it provides
direct evidencef real time chemical changes including nucleation and growth in liquid state
[93], as well as new phase formation, dissolution of materials and chemical reaction kinetics
[87]. However, italso has significantchallenges andonstraits, some of which are the

following [98, 104:

=

High resolution electron microscopydsficult due to the thickness
2. Availability of small volume of liquid solution

3. Changan solutionpH

4. Sticking of NPswith SisN4 membranes

5. Window bulging

3.3.2.1ResolutiorProblem

A liquid cell is a sandwich of the twelectron transparent silicon nitride membranes and it

contains a solution with a sample for experiment. So due to the thickness yofayars of
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SisN4 membrane and sample and liquid it is difficult to achieve high resolution images during
an experiment, and also observe a degraded EELS reso[@8pn There are various
thicknesses of silicon nitride membranes available in th&ehdyut the most popular thickness

is 50nm, as thinner membranes than this are sensitive and can easily be damaged during the

sample preparation process or during an experiment in the TEM.

3.3.2.2Small Volume of Liquid

The size of a liquid cell is vgrsmall, so the volume is also small, and the swalime of
liquid phasecan limit the insitu experimental study of live observation and the resulting
growth mechanism. The mixing of different chemicals and precursors in a liquid cell is also

impossibledue to its small size

3.3.2.3Changein pH

It is well known during liquid cell irradiation experiments, unintentional localised change in
the pH of a solution can occur due to electron beam interaction. This change in pH is due to
the radiolysis of thevater or solution which produces many reactive species. The change in
pH has been observed only near the surrounding area of beam for a temporary period. Many
researchers have observed different phenomena, possibly due to a change in pH or other
species,drmed by water splitting due to the electron beam of the TEM. Such changes include
the nucleation and growth process, formation of nano structures, reduction of precursors and

dissolution of nanostructures.

3.3.2.4Particle sticking with SN4 membranes

Due to the small size of the liquid cell assembly, the sample of nano particles or newly formed

nano particles may become stuck to the silicon nitride membrane.
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3.3.2.5Window bulging

The hulging of the electron transpareBiN4 membraness occurdue tothe difference in
partial pressure between tvacuumsealediquid cell and the high vacuum in trspecimen
chamber of thelectronmicroscopeDue to the difference imner and outepartial pressure
of theliquid cell, theliquid path length in theniddle of the SisN4 membrane windowand it is
graterthanthe edge of the windoyi2Z. The lulging of windows can be produced multiple
artefacts duringexperiments, suchsadecreased rekition, microbubble formation and

degasing[123.

3.4Dry Irradiation in TEM

Research studies have shown that dry irradiation of precursors in a TEM is a fast method for
achieving fresh nano structures without any transportation problem of further characterisation

of nano structures. We have used this methodnthsegise nano structures through irradiation

of hydrated cerium precursors in HRTEMs at 200 and 300rkYhis researchhie purpose of

HRTEMSs is not only tabtainhigh resolution imags but TEMs focus beams of electron 300

and 200 kV of TEM wre used for the reduction dfydratedcerium precursoranplesat

different exposure timegigure 313 shows schematically the dry irradiation of precursors in

the TEM. Thenanostructurdormation by the electron induce irradiation depends on the

el ectron beam current dens 124y avher el dlc tirsont |

irradiation time and O is the current densit



65

TEM
e-Beam

{ ’ Ce Chloride

Vacuum

Sample
Ce Nitrate

Figure 313: Schematic representation of dry irradiation of cerium precursors in TEM.

3.4.1Sample Preparation for Dry Irradiation

In order to prepare the sample for dry electron irradiation of hydrated cerium precursor in
HRTEM, we tried to make the sample as thin as possible, due to the conditions for making
electrons transparent. There areotmethod we have used for theamplepreparationof
hydrated cerium precursors. For both methods the small quantity of precursor sample was first

manually ground to a fine powder, using a pestle and mortar.

a) Thefirst methodinvolved placing amall amount of very finely ground powder on the
TEM coppergrid.

b) For the second method, a solution was made by dissolving the ground powder in pure
deionised water. A small amount, in other words a tiny drop of liquid sample, was
placed on the TEM copper grid. After that thguid sample was dried at room

temperaure before the electron irradiation experiment.

Samples prepared by using the second method (i.e. sehdaged) are not good enough to
irradiate in TEMdue tolong drying process in lab causes contaminatibsample so this
method was not used dugiour study. Instead, all our samples for dry irradiation were made

by using the first method (i.e. dry powder based).
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3.5Chemical Analysis

Energy dispersive-xay (EDX) and electron energy loss spectroscopy (EELS) analysers have
become very common anabgl attachments for modern TEM instruments. The EDX analyser

is almost a standard feature for an analytical SEM or TEM. Both two types of chemical analysis
were used during our irradiation experiment in HRTEM 2B1@ith the help of electron
energy loss @ectroscopy (EELS) and energy dispersive spectroscopy (EDX) attachments to
identify the chemistry of synthesised nano structures or other phases. EDX chemical analysis

in SEM was also used for the characterisation of precursors material.

3.5.1EDX

The EDXmethod is the most widely usaghalyticaltechnique for determining quantitative
chemical results in SEM and TEMigure 32 indicates that various signals are generated when
electrons interact with matter and eveyrsil can carry useful information. The bombardment

of high energy electrons on a material causes the removal of tightly bound inner shell electrons
and creates a vacancy. Due to the imbalance of the situation of the electron in the inner shell,
immediatey an electron from the outer shell jump and fill gapof the inner shell. This inner

shell ionistion ofatomscauses thgeneratioro f A ¢ h a r arays, agsees Rigue8 X

14. The resulting Xrays have usef information of materials chemistry atoms present in the
specimerj12(. The working principle of EDX analysis lmsed on the Silicon or germanium

detector.
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Figure314 Schematic diagram of the ioni-mytion

and energy loss electrofgj.

In this work an Oxford Instruments ED&balyser was used, with an uittan window detector
attached to the JEOL JEM 20EOFEG TEM, for determination of the chemistry of nano
structures and phases, and the same type of EDX instrument was also attached to the Inspect

F FEI scanning electron oroscope.

3.5.2 Electron Energy Loss SpectroscopyHELS)

EELS isanotherimportantchemicé analysis method used in this studlyis used in order to
determine the change in chemical and structural information of specifB&hs is based on
a principle that when sample is very thin, and the energy of electron is very high then mostly
all of the incident electron is transmitted to EELS spectrline baic principle of EELS is
that when electron energy sufficiently high, and the sampletisin enough, almost all of the
energy of incident electrons is transmitted to the EELS spectrum analyddhere is no

reflectionor absorptionA small amount of energlyom the transmitted electron will be lost

0]
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due to scattering during the interaction and remaining energy of electron carrying the data
related sample internal structuw@n be seen iRigure 314 shown abovelhe EELS signahas

the capability taaccurately measure ligkliow Z) as well as heavghigh Z) elements easily

due tothe loss of characteristic energy camgyatonic number information during interaction
[125.

Therefore, th&eELS method is the most important one for checking the chemistry eZlow
elements materials in the TEM during expgnts. This method gives more information than
EDX, such as data about tekctronicconfigurationstructure and the elementalngposition

of thethin samplg12(Q. In thisresearchEELS (Gatan GIF 200) was used in a JEOL 2810

TEM to identify the chemistry of the dry irradiation product and liquid cell experiments.
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Figure 315 A typical EELS spectr showing that zercelectronloss peak and low loss
(plasmon)egions are eviderdt energy losses of 0 eV and around 2q EAg.

Figure 315 represents the typical enerpss spectrum that contains a first dominant zero
electronloss peak and low loss region. The initial peak indicaeso loss pegkvhich means
this peak consistof electrors which do not lose any energy during inelastic scattering. The

region consists of peaks below 50, e¥lled low lossand it represent$ié inelastic scattering
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by outershell (valence or conduction) electrons in shenplealso referred tas plasmon loss.

This low loss scattering is the resaftthe collective oscillation (resonance) of many outer
shell electrons. Fochemical analysisfasamplesthe characteristic edges at higleéctron
energy losses (core loss) are compulsory. In this region the electrons haslbigfeenergy

losses andhe edges represent the inelastic scattering of inner shell electrons. These inelastic
excitaions of innershell electrons havéhe characteristic energy of particular chemical
elements an@nergy ar&known for every electron shell, the energy of everysaton edge
showswhich chemicalelements are present within the thamgle The qualitatre analysis of
sampla for determining the energies of any edges in this regiorusaallybe seen between

100 and 2000 eY118 125.

Electron energy loss spectroscopy (EEL8ave superior spatial resolution and energy
resolutionascompared to ER, andhas well detection capabilitiésr lanthanides or rare earth
elements. Mereforejn this PhD research we have used EELS method to identify the reduction
of cerium nitrate to ceria or cerium chloride to ceria. Fortner J.A. and Buck, E.C. et. al.
mentioned that electron energy loss spectrometry can be positively used to identify the
oxidation or reduction state of rare earth elemgt2§. According to them EELS high energy

M4 and M5 edges region have absence of overlap with M4 and M5 edges of other trace
elementsFor rare earths elements, the dependence admd4M5 relative peak heights on 4f

shell occupancy is obvious. Therefore, M4 and M5 can be easily used to determine the
oxidation state of the multivalent elements like Ce asd forother rare earth elemenihey

have also revealed thak can straighiforwardly useM4 : M5 edgeratio (second derivative or
background subtraction methodl) extract the chemical oxidation state informationor
reduction of cerium or rare earth elemeiitse relative intensities of sharp M4 and M5 edges

are characteristic adhe 4tshell occupancyThe two strong features on the M4 @il edges
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of EELS spectraf the lanthanidesndicatesthe twoelectronicconfigurations otransitions

i.e.3d2 A Sfspand 3d2A 5f 7, respectivelfl27].

Some group of researchers have used this method to determine the reduction state of Ce4+ in
ceria by observing change in shape of the cerium high energy M4 and M5 edges. According to
Garvie L. and Buseck Rhe energyloss neaedge structure of the beatamagedof ceria
exhibitsceriumM4 and Mb and O kedge shapes that are constant with reductiorcesiam

3+ oxide. They have also mentioned thatrohg theelectron beam reductiche spectrum of
ceriachanges as follows: (a) decreases in energies dfithandM4 peaks(b) changes in

shape opeakstructure (c) inversion of M5 til4 ratioand (d) increase in thHd5 to M4 area

ratio[15].

3.6 Scanning Electron Microscope (SEM)

The scanning electron microscope (SEM) is a type of electron microscope which is principally
designed for surface or topographical imaging instead of internal structural analysis, as can be
seen schematically ifFigure 316. The scanning electron microscope is similar to the
transmission electron microscope because both have some identical parts, such as the electron
gun, condenser lenses, and vacuum system. However, thenwqukinciple for image
formation is completely different. For instance, the TEM has to provide information about the
internal structure of thin specimens, while the SEM provides information about the surface or
near surface of bulk samplgkl§.

The tungsten filament based thermionic emission gun is the one most widely &e6lsn

The electrons are accelerated to an energy that is usually in the range of 0.2keV to 30keV,
which is considerably lower than typical TEM energies (200 keV). In the SEM, images

are produced by raster scanning of electron beam to the sample isplkyidg the signal
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from an electron detector on a computer screen. By choosing the proper detection mode it is
possible to obtain a topographic or compositional contrast image. The scanning microscope
provides a spatial resolution better than 10ni8Eimagingmode and 100nm iBS imaging

or compositional mode with 100 times greater than large depth of field as compared to an
optical microscope. Scanning electron microscopes may compriserap 3pectrometer
attached (i.e. EDX detector) for chemicaabssis. we used an FEI inspdesscanning electron
microscope (SEM) for the characterisation of dry precursors before the start of irradiation

experiments in a TEM.
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Figure 316: Schematic diagram of SEM showing the main conepts{118§).



CHAPTER FOUR

RESULTS & DISCUSSIONDFNLIQUID
CELLO EXPERIMENTS

4.1 Introduction

This chapter discusses the results of electreh i(eadiation of ceria nanoparticles (CNPs)
immersed in water in a liquid cell (LC) in TEM. Ceria nanoparticles and cer@odswere
selected for the purpose of electioduced irradiation in liquid (i.e. denised water) The
ceria nanoparticles and nanoradsre labelled a€NPs and CNRgespectivelyCommercial
CNPs from sourced from Sigma Aldrich having a size range0ef0 nm in diameter, and
CNRs were supplied by owSA collaboratorsand these were50-200 nmin length. The
chemical composition and other detail of CNPs and CNRs are lisTethlig41.

Table 41: Table provides information on the purity, source and size of the ceria nanoparticles and
nanorods.

S. No. Materials  Source Geometry Size nm
01 CNPs Sigma Irregular shape, bu 1040
Aldrich UK predominantly
octahedral
02 CNRs UCF* Regular and 150200
Irregular top surface
rods

* University of Central Florida, Advanced Materials Processing Analysis Center (AMPAC) and
Nanoscience Technology Center (NSTC), Material Science and Engineering, College of Medicine,
Florida 32816, United Stat¢g, 12§.

The main aim of this studyasto explore the live effect of electron beam on nano structures

immersed in water biyradiating10-40 nm diameter ceri@angarticles(NPs)and150-200nm

ceria nanorod¢NRs) with an electron beam of TEMThe fcondaim was to recorchigh

71
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resolutionimages and live video recordings imeakttime during the process of deliberate
irradiationexperiment in TEMs of JEOL JEM 3010 LaB6 thermal filament and JEOL JEM
2010F field emission gun, operating at 300 and 200 kV respectifeisthermore, energy
dispersiveX-ray spectroscopyHDX) andelectron energy loss spectroscopfe[LS) analytical
techniquedave been applied with the use of the JEOL JEM ZOTE&M operated at 200 kV

Both TEM deviceshave been usdor low intensity high resolution imaging and delitzédy
focussed and high intensity electron beam irradiatiaring theLC experimentsThe electron
beamirradiation in both electron microscapwasapplied withthebigges condenser aperture
(CA) and spot sizél).

This study with the liquid cell haglentified questions related to the application of ceria
materials with water. These questions include stability of ceria in water, formation of new
phases and fast dissolution vatitany chemicals. To find answers to these questions, different
electron lgam diameters were used to apfolyirradiation with different dose levels in order

to explore their influence on ceria in liquid. As reported in the literature review, ceria is the
most stable oxide in air, but the stability of ceria in liquid undertr@ledeam irradiation is

now open to question. In summary then the aim was to explore the real time behaviour of
ceramics in water under electron irradiatigith greater precision than before. During these
irradiation experiments of ceria in water, olddrservations were approximately confirmed,
and new observations made which add to the knowledge base of these materials.

The following sections describe experiments on the electron irradiation dissolution of ceria

NPs and NRs and also formation of newg#schairs and attachment of nanostructu(iss).

4.2 Results in Dissolution of Ceria NS

Multiple in-situ electron irradiation experiments a liquid cellwere conducted at different

locations(contain urirradiated Ceria NP@ndunder differentonditions, in order to study the
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effects of electron beason ceria NPs and NRs in liquidhis section, discussthe LC
irradiationexperimental resultsbtained withceria nano structures.

Liquid cell experiments with ceria NPs in water using TEM irradiation was applied in order

to study the movement of NPs and the behaviour of their trajectories. Earlier in this
experimental work on the imaging of a liquid cell containing ceria NPs immersedanigded

water, observations were made of the occasional movement of NPs in water from the left to
the right side of the cell. On increasing the intensity of the electron beam in these experiments
unexpected shrinkage in the diameter of the ceria NPs tier weas observed. This had not

been reported earlier in the published literature related to ceria, and the first observation in the
studies in ceramics described here, were made in 2015. In order to understand this phenomenon
of dissolution of ceria nanctractures irradiation experiments were carried out at higher
electron intensity in TEM and observations were made of a very rapid dissolution of ceria NPs
and NRs in liquid.

After multiple electron irradiation experiments a threshold electron beam igtemag
identified above which there is a marked difference in the characteristics dfiPsaad NRs

in theliquid phaseBelowthise | ect r on t hr es h o P) the dppetrancesfiat y ( &
water front and movement of nano N&dsd NRswere observedh theliquid cell. Abovethe

el ectron t hr es ho ¥, dsingahigiynfacusedyEM ElécBon heam, @igh
intensily reactions were observed. These consisted of a chain formation of nanopaniitcles
aninstananeoudlissolution of ceria nanstructures (NS), where the dissolution of ceria NS
could becontrolled bydifferent aperture sizes which controls tanverged intensity ahe

electron beamFurthermore, observations lofibble formationwere made when the intensity

was increased to much higher levels that were seven times greater than the threshold intensity.

It has been assumed that this dissolution behaviour of ceria nano structures in water will need
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to be accounted for in any watetated applications of ceri@he new observations made with
these irradiation experiments of ceria in water are described separately below:

The most significant observation is the dissolution of the ceria NS during irradiation at above
the threshold intensity. The bulk dissolution of ceria NPs Hodsed water under electron
beam irradiation at low magnification is showrFigure 41. This figure shows the complete
dissolution of the all sizes 40 nm of ceria NPs that occurred during irradiation over a period
of time. In all cases, somewhat predictably, the smaller particles dissolve first anthatekie

rate compared with the larger nanopatrticles.

.,

200 nm Ca I

Figure 41: Overview of the dissolution of ceria NI di-ionized water at low
magnification.

Following the observations on the dissolution of ceria NPs from one location in the liquid cell,
experiments were then imaging at a reduced magnification in order to observe the beam impact
zones of dissolutionral the surrounding area. Some interesting results of localised dissolution
that occurred during irradiation are shown in the low magnification imageigare 42 (b).

This figure explains the shardbpardedegionsof irradiated zone and unirradiated zone which
shows the both dissolution of nanoparticles and undissolved nanopaFigle® 42 (a & b)
highlights the separation of irradiated (bottom right) and-in@adliated (bp left) areas. This

Figure 42 verifies that the dissolution was only specific to the beam interacting volume zone

due to change in the localised pH (acidic in nature) in the internal surrounding area of beam.
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Figure 42: Comparison of the sample bedcand after irradiatiodissolution: (a) The low
magnification area highlighting the irradiation volume of the beam impact zone. (b) Sudden
horizontal movement of the electron beam, highlighting a separation boundary between pre

irradiated (bottom rightand nonirradiated areas (top left).

4.2.1Dissolution of Ceria Nano Particles

The results o€lectron €-) irradiation of ceria NPenmersedn liquid using alargecondenser
aperture(CA),f or t h-ehdabbokadadeannd 2 nEhexifhis amassive
dissolution of NPsThis phenomenoaf dissolutionwas capturedn avideo, recorded through
the help oRJEOL JSM 301@ansmission electromicroscope equipped withTa/IPS digital
cameraln all the experiments of irradiation of ceria it was observediigatlissolution of the
ceria NPs wasery fast as shown irrigure 43 (a) to (d), and this wasvithout any catalyst or
concentrated acidrhe dissolution ofrregular shaped osharp edges otihe Ceria NPs was
faster tharthat forround particles. The calculated dissolutine of irregularsharp edges was
about 1.6 secongandto completely transform into peahapechangarticlestook éout 4.8

seconds.
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Figure 43: Figures (a) to (d) shows the fast dissolutiowafhedral shapeeria NPs (scale bar of
20nm), where (a) 0s (b) 1.6 s (c) 1.6 s and (d) 1.6 s apatrt.

4.2 1.1 Quantification of Ceria NPs

Comparsons of thedissolution raten these experiments were made wathsitu chemical
basedlissolution of ceria NPs. To this egdantification ofthe dissolution rate (Ryas made
as function odifferent geometries of theangarticles The calculatedissolution rate (Rin
g/m?/daywasusedto enable direatomparisos with earlierex-situ literature. The dissolution
rate(R) calculations were made usitighe differences ithe volume normalised to the initial
surface area of NPs at the start of tihee interval. In the equations (4.1) and (4.2) belaw
is thedissolved massg; density of ceria, ¥nrthevolume of NPsand Asnpthesurface areaf
the spherical nanoparticl@pproximation respective)yffor atime interval §.

Mp = 7 (Vsnitn) ¢ Vsnitni)) 4.1)

R (k) = mb/ Asnitn1) / (tn-tn-1) 4.2)
The dissolution rate i a function of both radius and timer any nonflat shapeFor flat
surfaces owing tdéhe change in particle sidee. the radius during dissolutigna different
expression is requiredhe exponentiafit for nonflat shapes can kepproximatd well as by
exponential increase witdP radius anchdecreaseavith time, wherea, b,gare fitting constants

and b is the initialnangarticle radius:
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R (r,t)= aexp €br(t) 4.3)
r=ro-gt (4.4)
R(t)=aexp €b(roi gt)) = const. exgbgt) (4.5)

The shape of the ceria NPs arginally irregular or octahedral, and the dissolution is shown
Figure 43 where time t=0 is a selected sequence from a video recording. In fact, dissolution
appeared earlier on, but it was necessary to wait for particieisg roundshapeio smoothly

fit the sphere formulat her wi se we candt use the formul a
rate of nanoparticles. At the time of this relative t=0 measurements began of the diameter of
the NPs for quantification of dissolution were maddwe initial $ze of the particles
(nanoparticle 1 (NA) and nanoparticle 2 (NP)) at the time ofmeasurement wa35nm in

size and the particlediametershrank from 35nm to6 nm in the water duringelectron
irradiation. Ths shrinkage corresponds to an exponent 0.069 in eqg. 3and the speed of

radial shrinkageyields ag= 0.91 nm/sand the relationship between diameter and dissolution

/ shrinkage was found to tieear.

Trackng of thecontinuougdissolution ofdifferent shape geometries thie NPs(i.e. NP1 arl

NP2 are shown ifFigures 44 and Figured-5. Further tracking studies were madearticles
having projected shapes that were ellipsoid, octahedral and sphanddhe result®r these
particlesare describeth Tables 4-2 to Table4-7. In order to obtairmore accurate data, the
diameters ohanostructureat the same positions were measured many t{fnestimes) for

all quantifications of dissolution, and the standard deviation calculEtedhighlighted circles

and points in the figures correspond to theelected particles under studiyor every
guantification of dissolution calculation of the NPs, the t0 is the time where we were started
measuring the diameter of nanoparticl®s, for time t1, we have used the surface area of
nanopaticle at time tO to calculate the dissolution value of t1, and for time t2 we have used

surface area of time tl to calculate the dissolution values of time t2 of nanoparticle similarly
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for every nexinan@articles.In order to obtain accurate data for gtiication, the diameters
of NPs at the same positions were measured 5 times. The standard deviation in tidsaable

correspond to the range ®Mmultiple measurements, respectively.

4.21.1.1 Dissolution Calculatiomof Nanoparticle 1P-1)

One octahéral nanoparticle was selected for the dissolution calculation of ceria from the video
sequences. Continuous irradiation causes dissolution of the edges of the octahedral NP, and
this particle turned into a spherical shape (the yellow highlighted cifmlesents the NR in

Figure 44) and then the diameter measurement commences at (t=0) for the spherical NP
until it completely disappears as showrrigure 44. A spherical approximation was assumed

and the formula for a sphere was used for calculations of the surfacgtdred and the
volume(4/3° r3) duringquantificationof dissolutioncalculations where tharea and/olumes

are based on estimates from projectiohable 4.2 shows the diameter of IPand its

calculated dissolution rate g/m?/dayalong with the calculated standard deviation

Table 42: The diameter of cerilP-1 and their dissolution values in ¢fislaywith standard
deviation

NP-1 Diameter Dissolution (R) Standard

nm g/m?/day Deviation
34.8 234.9 56.1
33.1 42.7 19.4

26.9 136.4 23.8
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Figure 44: The dissolution o€ENPs and the yellow circle indicates the-NFor the
dissolution calculation.

4.21.1.2 Dissolution Calculatiosof Nanoparticle 2 P-2)

Figure 45 shows the selected images of ceria NPs obtained from the video which shows the
dissolution behaviour of NR during liquid cell irradiation experimeritigure 45 (a) indicates

the t=0 where the diameter measurementhefspherical NP was made for the dissolution
calculation. As before, dissolution was observed before, t=0 because it was necessary to wait
for the octahedral NP to transform into a round shape due to easily apply spheredofmula
surface area and volemA spherical approximation (i.e. surface area? and volume (4/3

" 1) were used for the quantification of the dissolution of the2NPable 43 shows the
diameter of the N2 and their calculated dissoluticatesin g/m?/dayalong with the calculated

standard deviatian

Figure 45: The dissolution of CNPs and the yellow circle indicates th& Nt the
dissolution calculation.
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Table 43: The diameter of NR and their dissolution values in gfielay with standard
deviation.

NP-2 Diameter Dissolution (R) Standard

nm g/m?/day Deviation
16.2 283.0 34.0
14.9 4442 534
13.6 420.7 16.9
12.1 497.6 31.5
9.7 617.6 26.0
8.8 378.2 4.7
6.7 731.1 110.4

4.21.1.3Dissolution Calculatiosof Nanoparticle 3N P-3)

NP-3 is octahedral in shae shown ifFigure4-6 though it was necessary to use the spherical
approximation because the orientation of the octahedron of ceria nanoparticle is nos&nown

we cannot apply octahedral formula for calculation of area and vollongpply the spherical
approximation an envelope is estimated such that the octahedralddmeétime outside, and
sometime inside the assumed sphere size so that the total volume is approximately the same.
Table 4.4 shows the diameter of{8Rind its calculated dissolution rateg/m?/dayalong with

the calculated standard deviation.
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Figure4-6: The dissolution of octahedral shape NP and yellow circle indicates H3efddP
dissolution calculation.
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Table 44: The diameter of NB and their dissolution values in dfisiay and thetandard

deviation.
NP-3 Dissolution
Diameter (R Standard
nm g/m?/day  Deviation
51.1 143.0 66.5
50.0 157.6 73.3
48.2 144.3 67.1
47.2 55.2 25.7
46.5 28.5 13.2
42.7 102.7 47.8
32.8 125.5 58.4
30.1 107.0 49.8
28.1 128.3 59.7

4.21.14 Dissolution Calculatiomof Nanoparticle 4P-4)

The dissolution behaviour of an eBipid shapedhanoparticleduring irradiation is shown in

Figure 48. The original shape of NB was octahedral, and irradiation iaies dissolution at

the edges resulting in a transformation to an elliptical shape. Following the transformation
measurements were made of the projected surface area and volume by considering it as an
approximation of an ellipsoid of revolution in whicde=p) shown schematically Figure 47.

The formulae 2.6 and 2.7 shown below were used to perform these geometrical calculations
and the results shown ifhable 45. This Table 45 give the surface area calculation, the

dissolution ratén g/m?/dayalong with the with calculated standard deviation
The surface area of an Ellipsoid = 4 x [((a®)*®+ 2(ac}9)/3]°%%° (2.6)

The volume of an Ellipsoid = 4/3&%c (2.7)



Figure 47: Schematic figure of an ellipsoid in which (a=b).

Table 45: NP-4 and their dissolution values in dfisay with standard deviation.

NP-4 Dissolution Standard
a (nm) C (nm) (R)
g/m?/day Deviation
17.5 285 98.1 30.9
15.9 26.9 31.1 25.3
14.5 284 26.1 4.2
15.3 274 941 20.7
13.7 255 59.4 9.1
12.9 24.3 29.9 15.2
12.6 22.7 72.9 12.3
11.8 20.8 18.8 22.0
11.6 19.7 121.2 81.5
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Figure 48: Figures (a) tof{ shows the effect of dissolutiai an ellipsoid shape NP (scale
bar of 70 nm) where (a) to (h) are snapshots 16.6 s apart.

4.21.15 Dissolution Calculatiosof Nanoparticle 5N P-5)

NP-5 is also an octahesl shape nanoparticle shownRigure 49. As shown in the figure the
dissolution started from the corner or edges, and then the particle turned into a round or
spherical in shaped nanoparticle under continuous irradiation. The spherical approximation
was used for the calculation of the surfassaaand volume during dissolution of the ceria NP

by using the same envelope method that was used wiB WN&ble 46 shows the diameter of

NP-5 and their calculated dissolution rateg/m?/daywith standard deviatio

C

.'
| e —
| 70 nm I 70 nm | 70 nm

Figure 49: The dlssolutlon of an octahedral shape NP and the yellow motif indicates the NP
5 for dissolution calculation.
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Table 46: The diameter of NS and their dissolution values in ¢fisay along with standard
deviation.

NP-5 Dissolution Standard

Diameter (R) Deviation

nm g/m?/day

42.9 130.8 17.2
41.6 52.8 15.2
37.8 114.9 16.6
34.1 81.7 14.5
33.0 25.8 7.2
32.9 7.4 2.9

4.21.16 Dissolution Calculations of Nanoparticle 6 @8

NP-6 is a roundshapé nanoparticle ast®wnin Figure 412. This Figure4-12 alsoshows the
dissolution behaviour of ceria nanorods for which the observations were made of the
dissolution of one nanopatrticle. In order to quantify the dissolution of cer@ &lBpherical
approximation was assumed as described in the dissolution calculationslofTiBle 4.7
givesthe diameter of N/ and the calculated dissolution raie g/n?/day along with the
calculatedstandard deviatian

Table 47: The diameter of N, and their dissolution values in dfaay along with the
standardieviation.

NP-6 Dissolution Standard

Diameter (R) Deviation
nm g/m?/day
16.6 8.9 1.5
138 48.2 8.6
13.0 23.0 2.8

12.0 29.2 8.7
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Comparisons have been made of the dissolution rate of ceria NPs in water in this study, with
the previousy published workrelated to exsitu chemically dissolved measurements of ceria

and these are summarised in Table 4.8. In this Table 4.8 the dissoéuE®f nano and macro

sized ceria particles are given in the presence of other NPs, chemicals and ultrasonic excitation.
The results electron irradiation indicates that diesolution ratesn this studyare found to

vary from ~ 10i 730 g/nf/day, andthis is atleast 5 orders of magnitude greater than those
reported earlierTable 4.8 also compares the dissolution rate of different shapes of ceria NPs
and it is interesting to note thtde particle shap@ppeargo have aminor influence during

radiolytic dissolutiorin water

Table 48: Comparison of ceria NPs dissolution rates from the literature with samples from
this work (NR1to NP-5).

Ref Temp (°C) Dissolution R(Ce®) Comments
(g/n?/day)
[129 40 1.8 x10° Ceria NPs, 0.25 M HNES. Pt
NPs (2.5 wt%)
[130 40 2.7 x10° Ceria NPs, 0.125 M $Q; with
ultrasound (20kHz) & Pt NP«

[131] 60 2.9 x10° Macro-ceria, 2 M HNQ

[50] 90 4.85 x10* Macro-ceria, 0.01 MHNOs
NP-1 RT 43- 235 Min 7 Max rate (Round shape
NP-2 RT 283- 730 Min i Max rate (Round shape
NP-3 RT 28- 157 Min 7 max (Octahedral shape
NP-4 RT 18- 122 Min T max (Oval shape)
NP-5 RT 7-130 Min T max (Octahedral shape

Thecombined graph diiP-1 andNP-2 is shown irFigure4-9. This plotshows the dissolution
behaviourof the combined tracking of two nano particfes. NR1 and NP2) with error bars
based orb repeat measurements for each tstep.A graph has also beetofted as shown in
Figure 49 of nanoparticles size (nm) versus dissolutate ¢/m?/d), and it was found that the
dissolution was a function of both radius and time. The data was fitted with an exponential

function for the decrease of radius versus time. The trend of the graph shows that the dissolution
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rate of the nanoparticles increasesdecreasing diameter and the rate of reduction in radius

was found to be linear with time.
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0
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Rcm2 (g/m?/day)

Ceria nano-particle size (nm)
— R(data) — R (exponential fit)
Figure 410: Combined graph of NBR and NP2 showing the dissolution behaviour.

A spherical geometry was used for the for the catouh of the dissolution of CNP. To confirm
whether or not the NP was spheroidal the TEM image was post processed wittl iptenje
processing software. The plotted profile showrFigure 4.1 indicates that sharp edges of
sphere and half sine curved whiconfirm that our NP is solid sphefiéhe calculated rate of
dissolution ofsphericalceria N given by Rceozwas found to be in the range0Ti 730

g/m?/day, andthecalculated dissolution rate tifeellipsoid shape CNP was 1822 g/nt/day.

5 10 15 20
Distance (nm)

Figure 411: (a) shows the crystalline spherical solid NPs duriigadiation experiment
and their plot profile is shown in (b).
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4.2.2Dissolution of Ceria Nanaods (CNRs)

Two types of egular (homogenous) and irregular skdygeria nanorods (NRs) immersed in
deionised water were used in a liquid cell and irradiated at 200kV irRTHEM. The purpose

of two types of ceria NS is to compare tehaviournf surface smoothness on the dissolution.
The regular or homogenous NRene 156200 nm in length and having3 nm in diameter
similarly irregular shape NRsave same 15000 nm in length and having diamete2% nm,
but outer surface have irregularities onlnt.order to obtain accurate data for quantification,
the diametes of NRs at the same positions were measured 5 times. The standard deviation in
the table also correspond to the range of 5 multiple measurements, respdctigeiymon
with the earlier dissolution of ceria nanoparticles in liquid cell experiments lasdisisolution
behaviour of the CNRs was foundavea thresholdntensity ofthe electron beam of TEM.
When irradiated with a current densityéf7 0  n2Atthe @eria NRsexhibited adissolution
which was very much similar to dh seen in th dissolution of ceriananoparticles during
electron irradiation as shown figure 412 and Figure 413. The average minimum and
maximumcalculatedlissolution rate aheNRs was ktween 25.5 g/Aday to 99 g/rfday. The

following observations were made during the dissolution of the CNRs:

1. The corrosion of CNRs started from the surfand resulted in a continuously random
thinning of the rod diameter
2. The dissolution of homogenous rods also started from the surface, and the thinning was

very slow compared with the irregular shape ceria nanorods as sh&iguia 413
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Figure 413: (a) to (d) shows the dissolution of ceria NPs and thinning of the NRs.

4.2.2.1Quantification otthe dissolution o€eria NRs

To quantitatively analyse the dissolution processes of the NRs, the diameterd\ét tite
nanoscale threlcations(highlighted with the yellow arrowyere selected for measurement
of diameter ohomogeneous and irregular NRs as seen irrtgere 412 andFigure 413. The
dissolution rate (Ryvas quantifiecdasafunction ofthe homogenous and the irregular surfaces
of thenanaodsas shown irFigure 412 andFigure 413, andin Table4-9 to 410 respectively

As before he calculated dissolution ratR) in units of g/m/day wascompaed with results
from theearlierex-situ literatureon ceria nanostructurelt was assumed here the rods were
cylindrical and the unit area and volume were determined for calculation purpdses. T
dissolution rates Rvere obtained frontime differences ithevolume normalised to the initial
surface area at the staftthe interval of NRsIn equations 4.6 and 4.7 belaw indicatesthe
dissolved mass; density of ceria, ¥nr the volume of NRs and Anr the surface areaf the

nanaod respectively, athetime interval §.
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Mp = 7 (VsnKtn) C Vsnitn-1)) (4.6
R (k) = mb/ Asn(tn-1) / (th-tn1) 4.7

4.2.2.1.1Dissolution Calculatiomof NRs (L and 2)

For the quantification of the dissolution of the irregular surfaces of NRs 1 and 2 (as shown in
Figure 412 with a yellow arrow) in water, a few images of ceremorodg{NRs) were selected

from the still image sequeacin the liquid cell dissolution experimentsSigure 412 (a)
indicates the time t=0 where the measurement was started for the diameterd ahNRIR

2 for the dissolution calculation. The ceria NRs are solid, ssutiace area and volume of the
NRs are based on a solid cylindrical geometry (i.€. {Zh + r)] for the surface area and (

r’h) for the volume). Table-8 and 410 shows the diameter of nanorod 1 and 2, and their

calculated dissolution rate g/mé/dayalong with the calculated standard deviation

Table 49: The diameter of NR and their dissolution values in glisay with standard

deviation.
NR-1 Dissolution Standard
Diameter (R) Deviation
nm g/m?/day
13.2 25.5 1.5
10.6 71.7 15
7.8 74.7 0.8
34 99.0 0.2

Table 410: The diameteof NR-2 and their dissolution values in dffisiay with standard

deviation.
NR-2 Dissolution (R) Standard
Diameter g/m?/day Deviation
nm
14.5 30.9 1.7
12.2 65.0 3.3
9.4 77.4 2.8

6.1 83.4 2.4
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4.2.2.1.2Dissolution Calculation oNanoiod 3 (NR-3)

For the quantification of smooth and homogenous nanorods images of ceria nanorods (NRS)
from the still image sequence taken during the irradiation experiment with the TEMF2010
were used and the results showFigure 413. Figure 413 clearly shows the slow dissolution

of the NRs during irradiatiorf-igure 413 (a) indicates the t=0 where the measurement of
diameters of for the NR for dissdution calculation started. Again a solid cylindrical
approximation was used for the calculation of surface area and volume off lfits.411

shows the diameter of nanorod 3 and their calculated dissolutiom igte%/day along with

the calculated standard deviation

Table 411: The diameter of NF8 and their dissolution values in gty along with the
calculated standard deviation.

NR-3 Dissolution (R) Standard
Diameter g/m?/day Deviation
nm
11.5 9.8 1.4
11.1 13.0 1.7
10.9 6.4 1.0
10.6 8.4 1.9

4.2.3 Comparison of NPs and NRs:

Two types of regular (homogenous) and irregular shaped ceria nanorods (NRs) immersed in
deionised water were used in a liquid cell and irradiated at 200kV irRROTEM. The purpose

of two types of ceria NS is to compare the behaviour of surface smootmenssdissolution.

The regular or homogenous NRs were-PB0 nm in length and having3 nm in diameter
similarly irregular shape NRs have same-PB0 nm in length and having diamete25 nm,

but outer surface have irregularities on it. TEM imageguiie 412 and 413) reveal the fast

reduction of the irregular ceria nano rods grain size and the formation of more irregular
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corrosion pits on the surface of the rough NRs during the dissolution experiment in TEM as

compared to homogenous NRs.

Thecombine graph of the dissolution rates of ceria different sized NPs and NRs were measured
at different dissolving time and the results are shown in Figttd. 4t shows that the
dissolution rates of different nanostructures i.e NPs of ceria were apptelyirsame. More
prominently, the diameter of the irregular shaped CNIReeuces roughly with 7 times faster
dissolution speed than that for homogenous NRs. It is also interesting to compare nanoparticles
with nanorods, and here the dissolution dataHerirregular nanorods are found to be within

the range of our dissolution data for nanoparticlesthe other hand, homogenous CNR shows

an order of magnitude slower dissolution than irregular nanorods or most nanopdrtieles.
results of in situ dissation showed that the higher surface curvature of nanoparticles relative

to ceria nanorods accelerates dissolution rate in the same way as coarsening of the ceria

nanorods.
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Combine Graph of NPs and NRs
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Figure 414: Figure shows the combine grapmahoparticles and nanorods.

4.2 4 Discussionin the dissolution of Ceria NS

A basic observation from low magnification images of irradiation of ceria nanostructures in
water under electron beam irradiation showrkigure 41 indicates that irrespective of the

initial size andshape of the particle, it will shrink and disappear. For example, the results of
predominantly octahedral shape nanoparticles under irradiation with a TEM electron beam
shows a rapid dissolutiostarting from the corners or edges simply because theséare t
weakest and outer surface and therefore most favourable areas to initiate the shrinking. This
shrinking leads to a significant rounding of the irregular or faceted octahedral NPs. The
observed speed of dissolution for small nanoparticles is predidestdy than that with larger
particles. The continuous monitoring of the overall shrinkage of the NPs diameter indicates a
complete disappearance within a few seconds of irradiakioe.quantification rate of CNRs

wasapproximatelythe same as ceria namparticlesandthe dissolution rates of homogenous
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and irregular shape NRs from different positionsre different. More importantly, the
diameter of the NRreducesandomlybut the speed of dissolution is fast on the surface of
irregular shape NRs as coarp to homogenous NRK.was observedhat the thinner side
stareddissolving first, and the surface roughnegsseasedor increasingrradiationtime for

both types of NReVlany dissolution sequences of NPs and NRs were observed and almost all
types d nanostructures disappeared during irradiation, with calculated dissolution rates in the
range 16730g/m?/day. These calculated dissolution rates are five orders of magnitude higher
than the laboratory dissolution experiment. Moreover, the NP shapiecistioal and has little
influence during the dissolution or shrinkage. A more detailed analysis of the quantification of
dissolution of individual nanoparticles having precise shapes showed that the shape only had a
small effect. The quantification ofdividual nanoparticles anganaods can be clearly seen

in Figures 43 to 413 andthe actahedral ceriman@articlesare seen to bendergoing corner
ablation and rounding before dissolutioan be seen ifrigure 44 and Figure 46. The
guantification results of the ellipsoid shape nanopartid¢tegife 48) indicates alissolution
speedhatwasslightly slower being irbetween that of the sphere, octahedraranddshape

NPs as shown ifrigure 45. Referring to the graph dfigure 4-10, the size of the elliptical
shape NP can be found esitle of our graph (Figure-#0). The slow dissolution of the
elliptical shaped nanoparticle is due to the relatively large size as compare athéhe

nanoparticles (i.e. NR to NP-3).

According toVirot et. el. the dissolution rate of ceria can be accelerated or increased by
decreasing the size of ceria particles hence it larger specific surface area. In our NPs we have
expected the fast dissolution of ceria NPs, but is should be within two ordexgniitude as
compare to the micro size particles. The results of ceria dissolution experiment of nanoparticle
size have been confirmed, as shown in figw&04to be within one order of magnitude

(compared to micron size particles i.e9 énicro meter insize), compatible witi29, but
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cannot be proceed upto the five orders of magnitude during dissolution. The calculated and
literaturebased dissolution rate measurements summainzé&dble 48 comprise a range of

ceria NP sizes, from nanoparticles of few tens of{ b2 to hightemperature sintered solid

bulk materialf50, 131]. The observed differences related to dissolution are approximately
within 2 orders of ragnitude of each other, and cannot explain the giant rates of dissolution

i.e. 5 order of magnitude higher for nanoparticles.

By comparing the ceria dissolution rates for the two types of irregular and homogenous
nanorods, we notice that the average ratgissolution data of the two rough nanorods NR1
and NR2 is about seven times quicker than the data for the homogenous NR see-Eijure 4

This is due to the roughness of surface which provides an extra enhancement of active surface.

When we compare naras with nanoparticles, and the dissolution data for the rough nanorods
were found to be within the range of our various findings for nanoparticles. But, the
homogenous NR in Figure¥3 shows one order of magnitude slower shrinkage than most
nanoparticlesand irregular NRs. We assumed that the higher surface curvature causes the
increases of dissolution rate. In our case nano particles relative to nano rods accelerates
dissolution rate in the same way as roughening of the rods. We observed that th&éatissolu
rates for nanorods, ellipsoid shape nanoparticles and round nanoparticles were of similar order

of magnitude.

Dissolution of ceria NPs and NRs in water were determined by the energy of the TEM,
irradiation intensity of the electron beam and thadiation physics of water undanelectron

beam Measurements were performed using both 300 and 200 kV irradiation energy on NPs
and NRs using a TEM 3010 and 26E&lectron microscope. The dissolution of ceria NPs

occur when we irradiate at 300kV with lessrent as compare to the irradiate at 200kV. In
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this case high energy irradiation possibly causes the formation of more water splitting species
such ag€ag H°, OH°, HO,®, OH, H:O*, Hz and HOy).

Similarly, the dissolution of ceria NRs occurs withadiation at 200kV with a high beam
current. In this case the higher beam current causes the formation of more water splitting
species. The effect of an beamon a sample of water wakiscussed 98, 10Q0 and for
solutions with dissolved precursor chemicaldi82 133. The radiolysis of water causes
splitting of the water molecules and the generatiaonic speciesvhich areboth alkaline and
acidicas represented in equati@d. The implication of this is thawater splitting radicals in

the radiolytic water may accelerate the dissolutite of ceria nanostructures during-$itu

liquid cell TEM irradiation experimentObservation had previously been made of a localised
drop inpH during irradiation of the sample in water due to the formation of a water splitting
product in which thegenerationof HzO" dominates[98]. Similarly, in the irradiation
experiments of ceria in deionised water described here the dissolution is acidic in nature due to
H3O" generatiorwhich causes a localised drop in pH down to around 3 near the electron beam
i.e. beam impact zone which can be seen in the Fig@ra=dirthermore, dissolution may be

due to the generation afdditionalelectrons i(e. low-energy secondary elieons presentin

any solidfiquid, and more specifically bl hydrated electrons in wateshd many water
splitting radicalsas represented in equatiorB s well as gases (k4 O) [10Q present
throughout the interaction volunee surrounding area of the beam as inRigeire 42.

The quantified dissolution data in water obtained here have proven that the dissolution rate of
ceria nanostructures diree orders of magnitude higher than agrlier rateseportedatroom
tempeatures for any shape morphologyreviously reported work demonstrated a dissolution
rate 1 to 2 orders of magnitude greater than th&tendissolution rate of ceria due to a number

of factors including change imolarity or acidity, temperature, partie size, particle

microstructure andeactive vater splittingspecieq498, 129, 131].



96

We have observeghassive dissaition ratesof ceria inde-ionised water under TEM electron
beam, exceedm any prior reports for laboratory chemical dissolution rates at room
temperature by several orders of magnitude. Accelerated dissolution during liquid cell
experiment of ceria in TEM were based on the radiolysis of water precedinepttadika
Electronwater interaction generates radicals, ions and hydrated electrons, which assist in

hydration and reductive dissolution of oxide minerals.

We have started irradiation of ceria immersed ifiathesed water, irradiation causes water
splitting andgenerates ionic species of both alkaline and acidic character. According to the
previous research in pure deionised water (as we have used), ultima@lygéheration
dominates, causing a localised drop in pH down to about 3 [16]. B¥ déneration dung
electron irradiatiofi98] would move the system rapidly into low pH and therefore a high ionic
solution range. Simultaneously, the incident electron beam generates further electrens (low
energy secondary electrons in any solid/liquid and more specifically bound hydrated electrons
in water) plus further HO-derived radical species and gases, (Bb) [10( throughout the
interaction volume. Therefore, we assume that acidic dissolution is the main working

mechanism during irradiation of ceria in deionised water under TEM @telstam.

The reasons for giant dissolution rates, which appear to be 5 orders of mapighetehan
any previously reported room temperature rates for ceria in water of any morphology, has to
consider 6 key effects: (i) molarity/acidity, (i) temperatu(iii) particle size, (iv) particle

microstructure, and (v) reactive water splitting products.

(i) dissolution of ceria with respect to acidic molarity is unlikeipen extrapolating literature
data for 1M and 2M HN®@dissolution ofceria[129, as wellas from 0.5M- 6M [131],

specifiesthat rate changes are kept to a factor 10 within 12 times higher molarity. Even if there
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is no linear relationship hold, 5 orders of magnitude higheat#s cannot be achieved via such

a pure HO" increase alone.

(ii) As reported earlier water temperature influence with a factor of 2 in ceria dissolution rate
for 30° C temperaturfel3]]. In our case we usectibnised water so there is no chance of rise

in temperature due to electron beam irradiatibarefore we can safely discard tbion.

(i) The results of ceria dissolution experiment ahaoparticle size have been confirmed
throughfigure 410 to play a role within one order of magnitude, compatible with [10], but
cannot proceed the five orders of magnitude during dissolution.

(iv) Materials morphology and defects can be change the dissolution rate by one order of
magnitude. Indeed, iour in-situ experiments confirm primary dissolution of octahedral edges
with high surface energy, before dissolution of the spherical remaining core of particles
proceeds. As the surface energy is inversely proportional to radius of curvature, accelerated

dissolution as of Figure-40 is expected.

(v) In the case of previous literature experiments and in our dry irradiation experiments in
chapter 5 specially section 5.2 there was less or no water splitting products were available
during irradiation. Herén the case of liquid cell experiments irradiation is via a high density

of electrons with moderate electron energy (200 kV and 300 kV) of TEM. On the other hand
in the case of radioactive decay of ¥ThO;, dissolution studies would depends on lower
irradiation dose, but with high particle energies. The additional water splitting reactive species
in radiolytic water, which would be absent in standard acidic solutions, include, amongst others
[98, 100, hydrogen (the main reducing agent), oxygesQHhydrated electrons, as well as

radicals of hydogen, water, and hydroxide.
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4.3 Formation of New Phases

Some new phase formation during irradiation of ceria NPs in water in liquid cell is reported in

this study, and the next section discusses the results of this investigation.

4.3.1 The Frmation of Dark Phase NPs

As part of the experimental investigations described here observations were made on the
formation of a new dark circular shape nanoparticles apparently larger in size as compare to
raw ceria NPs a typical result of which is showirigure 414. These phases are formed from

the irradiation of possibly earlier patches of dissolved ceria nanoparticles samples during the
irradiation experiments. All thesteatures have a dark atomic contrast compared with
amorphous phase and are either equal or the larger in size (i.e. size > 50 nm) as the raw
nanoparticles. This phase consists of approximately round particles, that are monodispersed
and havingsomedistan@ between each other compared with the raw ceria nanoparticles as
shown in Figure 4. The formation of this round shape particles was observed at the end of
the irradiation experiment. We have observed only one time the formation of these dark phase
nanogrticles and currently there is no evidence to support a mechanism for their formation
because these irradiation patches were left for a long time in the TEM without any irradiation.
It may that these patches are a product of dissolved ceria. It was aibseat this phase
dissolved quickly under irradiation of electron beam within 20 seconds as shé&iguia 4

14 (c).
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Figure 414: Roundish new particles / phase formation having dark contrast and their
dissolution under irradiation (scale bar of 200 nm).

4.3.2 The Formation of 1D Free Standing Needles

The irradiation experiments of ceria NPs in water described here also indicated the formation
of 1D free standing needle shaped particles as shofigume 415. Observations were made

of the transformation of ceria NPs into needles in water during irradiation in the TEM.
Continuous irradiation of ceria NPs up to 5.4 seconds causes a shrinkage of the surrounding
area of NPs as seenhingure 415 (b), and then further irradiation up to 19.5 seconds leads to
the formation of needles as showrFigure 415 (c). On further irradiation, after 26.9 seconds

it was observed that the needles had a dark atomic contrast similar to raw ceria and also
crystalline appearance as showrFigure 415 (d). During this transformation to the needle

structures a change of position of the ceria NPs was observed as sitoguréw15 (b) and

(c).

Figure 415: The dissolution and formation of newly formed neeshaped particles from
octahedral shaped ceria NPs.
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Another similar example of the formation of 1D nano needle from the ceria NPs is seen in
Figure 416. These needles formed directly during the didsmtuprocesses of ceria NPs that
were originally octahedral shape and the rithgdkness atomic contrast of these newly formed
needles is similar to raw ceria NPs. The indication of high mass contrast, Bragg scattering, and

their flat facets indicated thregrystalline nature.

Figure 416: Live dissolution and transformation of needles from nanoparticles.

In other related investigations with liquid cell irradiation of ceria NPs needle shape rods were
observed to form from arriented chain of NPs. It was observed on occasion that a chain of
oriented attache{©A) NPs in our liquid cell as shown igure 417. Currently there is no
explanation for the assembly of this oriented attachment, and it may be the case that this is
form during the hydrothermal synthesis process of ceria nanoparticledldéhechematic
octahedra NPs shows the possible attachment morphology of NPs as showsignrhd 17

(a). During irradiation of the oriented atted chain observations were made of the step by
step process formation of needle shape rod through the dissolution of the NPs chain as shown
in Figure 417 (a) to (d). The continuous irradiation causes the parallel thinning of the CNPs
surfaces as shown iRigure 417 (b-c) and formation of rod&igure 417 (d). The whole

process of making needle shape rod via NPs took approximately 29 seconds.
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(c) (d)

B Toonm
Figure 417: Figure shows the formation of needle shape rod from oriented nanopatrticles
chain (a), oriented attachment of NPs anddlstep by step thinning of NPs surfaces and

rod formation. (Blue schematic sketches shows the suggested idealised fundamental particl
morphologies and crystallographic orientations).

4.3.3 The Formation of Multiple Needles and Pikes Attached to the NP

Further experiments on the irradiation of ceria NPs in water led to the observation of the growth

of needles in a well define manneor the octahedra of crystalline raw ceria NPs as shown in

Figure 418. The growth of these multiple needles starts with relatively broad pyramids sho

in Figure 418 (a), and after continuous irradiation these become sharper and spikier with an
increasing aspect ratio. Such multiple needles appeanéng the experiments and they were
seen to be formed on a chain of attached nan
needle growth and parallel dissolution of raw ceria NPs is shoviaigure 418 (b). The

prolonged irradiation causes the growth of many needles as showguire 418 (f). The

observed dissolution rate of needles is relatively slower than the original ceria NPs and so they

dominate the growth during irradiation.
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Figure 418: Parallel live dissolution and complete stepby itdpicfye | ed6 of t he gr
nano needles on the facets of ceria octahedra.

Similar nano needle formation and growth was observed on the facets of octahedral of
crystalline ceria NPs as shownkigure 419. In this figure (aghows two attached octahedral
ceria NPs which begin shrink due to irradiation, and (c) shows the occurrence of needles at the

corners of the octahedvéth (d) indicating the clear formation of the needles.

(a) Bisdw BEE " @
$ 85 %'

50nm

Figure 419: Formation and growth of needles on the facets of ceria octahedra.

Anot her observation in these investigations
from the newly formed nano needles on the facets obuitede ofceria octahedranvelope
All corners of the ceria octahedra facets are the main sites fdettsopment of needles as

shown inFigure 420 (a) and (b).
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Figure 420: The occurrence of needles on the facetedhwctahedra.

Another example of needle formation during the liquid cell irradiation experiments is
illustrated inFigure 421. In this figure one small particle joins two large particles from their
needles at the corners of the octaheligure 421 (c and d) shows that continuous irradiation
leads to the fast dissolution of small nanoparticles and the slow dissolution of large particles

with parallel thinning of the needles.

Figure 421: (& d) The growth of needles outside nanoparticle octahedra.

When a new region was irradiated during the experiments it was observed that two
nanoparticles can become attached to each other from the corner of the octahedra by needles
of one smlnanoparticles as shown kigure 422. The high magnification TEM images show

that the needles are outside the octahedra of the nanoparticles and continuous irradiation leads
to the detachment of nanoparticles due to dissolutidess than 1.5 seconds as shown in
Figure 422 (b). The needles were found to be sensitive to the electron beam and typically a

needle can dissapeaithin 2 seconds as shownhkigure 422 (c). One important observation
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is that the dissolution of that needle is very fast compared with to #teveqf larger nano

particles.

Figure 422: The live sequence of needle rupture between two ceria octahedra.

Figure 423 shows theformation of staishaped multspike structuregrowing out of the
original rawceria NPs . These structures were formed very quickly, and last for short period
of time during irradation. All such nanoparticles form spikes an example of which can be
seen inFigure 423 (b) and (c). The process of transformation and dissolugiaery quick

and the whole nanoparticle is consumed within 3.9 seconds during the formation of single
sharp spikes as shown figure 423 (d). Furher irradiation caases the complete dissolution

of all the newly formedtarshaped multspikeneedles.

Figure 423. Growth of multiple needles per host particle into star shaped objects followed by
a narrowing of th@eedles and dissolution.
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4 .3.4Discussionon the New PhaseFormation

The new phase formations during irradiation of ceria NPs are listed below followed by
proposed mechanissthematicallyas shown in Figure-24 anddiscussion on each of these

observations

Case diNew phase formatian

C a s diDisaddution of octahedralanoparticles

Case hiFormation of 1D needles within the envelope of the original nanoparticle
Case diFormation of multiple spiked needles on chain of multiple nanopauicles
Case diFormation of needles outside the octahedral nanopadicles

Case diFormation of needles from a chain of octahedral nhanopadicles

o_00 o
o0
(a) New phase () L oo 832

formation . ..‘ ®e

(a’) Dissolution
starts from corner

(b) Formation of
1D needle

(c) Formation
of spikey
needles
(d) Formation of needles
outside of octahedra

(e) Needle from

multiple chain of NPs m‘ == e

Figure 424. Schematic proposed mechanisms for, a) The foomaf new round dark phase
particles, a6) The dissolution behaviour of
ofaces instead of the corner, ¢) The formation of multiple spikey needles, d) The formation of
a needle outside of the NP octahedra anche)f@rmation of a needle from a chain of
oriented NPs.
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Case alt was observed that the new phase has a dark contrast similar to the raWR=eria

The new phase showed Bragg diffraction feat(alask black particles and their white shadow
which can be seen in the figlirduring the experiment which implied they had a crystalline
structure. The newly formed particles in this phase are roundish in shape and monodispersed
as shown inFigure 414 and schematically irFigure 424 (case a). These newly observed
particles dissolved under continuous prolonged irradiation in the same way as raw ceria NPs.
It is proposed that these phases are likely to be.Geihg to their dark contrast, or it could

be aceria or modified form of cerium oxide. These phases are not identified because 3010

TEM have not analytical attachments, but we assume they are linked to the CeO

C a s eln tlhisdcase the dissolution of crystalline octahedral ceria NPs started rapidly from the
corners as shown iRgures 43 and 49 and alsaheir proposed mechanissgshematically in

Figure4-24 (ad and then it is transformed into a sphere or round shageabarticle. Ifigure

4-24 ((ad) the vyell ow dashed | ine indicates th
transformation into the round shape nanopatrticles, and then disappeared due to the continuous

irradiation.

Case bThis refers to needle forrian at the corners of the octahedra within the envelope of

the original raw nanopatrticle. In this case it was observed that parallel dissolution of the ceria
NP started in an opposite manner from the surface (i.e. possibly the (1 1 1) faces of the NP
rather than from the octahedra corner or edges. This irradiation causes the shrinking of surfaces
beside the cornegnd made a needle like appearance as clearly shoWwigune 415 or
schematically irFigure 424 (b). In Figure 424 (case b) the yellow dastidine indicates the
dissolution of faces and the transformation of octahedral shapes into the needle shaped spikey
particle. The simple analogy is that the removal of materials takes place from both sides of the

octahedra corner which leads to the growftthe nano needlike structure.
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Case cThe formation of needles starts from pyramids on more than one particles with likely
octahedral shape. Upon continuous irradiation needles become sharper and pointier with
increasing aspect ratidn this case ifit is assumed the ceria NPs d90} capped cubic
octahedral shapes, then needles grow pafditf)} with in the original particle envelopa

the orientation of <100 as shown in théigure 418 (c) (see yellow arrowpnd proposed
schematic modeh theFigure 424 (case c)If the growth is perpendicular to planes this

can be possibly due to another underlying particle (see blue arrow Fig8ré&c)).

Case dOccaagonal formation of needles ooutside ofcubeenvelopeof ceria{100} octahedra
facetas show irFigure 424 case dFigure 421 (a) shows that both particles were attached to

the octahedra at the {100} cube facets, and all the ceria NPs are aligned with common <001>
axes.n thisFigure 421 one small NPs is connecting two large ceria Bibwve observed the

paralleldissolutionof small NP due to irradiation.

Case e: We notickthe formation obne largeneedle from the oriented attached chain during
irradiation as shown ifigure 417 (a) to (d). The continuous irradiation causes the thinning
of the CNPs surfaces as shownFigure 417 (b-c) and formation opproximagly 80 nm
long rodswithin 29 secondas seen iifrigure 417 (d). The masgshickness contrast of needle
is similar to raw ceria NP§Ve assumed #t the possible oriented attachment is <001> and the
mechanism of attachmeat NPs can be sean the Figure 424 case d. We believatatthe

all NPsarebonded atomicallpn {100} planesn the direction 0f001] and forming a singal

crystal.

The dissolution of octahedral ceria NPs in water undeeam irradiation has opened up many
guestions because during irradiation many types of known anomalous behaviour have been
observed. We have no further explanatiegarding this behaviour due to limited availability

of research data regarding ceria in water but this is hypothesised as this behaviour was observed
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due to the formation of different water splitting species or a change of pH of the water during

the irradation experiments. Previous research by Schneider et al. suggested the change of pH

by the electron beam of the TEM causes many changes similar to etching in the growth of
metallic nanoparticles in a liquid c¢B8]. Alternatively, regarding the observed anomalies it

has been assumedghmay be due time specific(irradiationdosg or the concentration and

size difference of the NPs in the |iquid cel
observed in every irradiation experiment and it was concluded that under continaiasiam

the complete disappearance of all type of ceria nano structures will take place and this includes
octahedral or round nanoparticles, nanorods or newly formed spikey needles and free standing
needl es. For case (ad) edhneto aorauhdasiaped\iP ard thenh a p e
disappeared due to dissolution. In another experiment the same octahedral shaped NP
transformed into a spikey needle or into fstanding needles first, and then disappeared due

to dissolution. It is known from the lit@ure review of ceria energy thaiib< Ei100[58]. The

implications of this are that dissolution would start from the corner first, and make it round the
octahedr al NP. However, in these studies th
reverse was observeAlternatively, it was assumed that the particle waosidink and the

formation of a needlehave been happendtbm solution or from the surrounding of the
dissolved atom of ceriunThe observed needle existed only for few seconds and then dissolved

due to the continuous irradiation.

4.4 Movement, Chain Formation and Attachment

The results of eirradiation of ceria NPs in water have exhibited many phenomena such as the
movement of the NPsidh intensity neckchainformation and the attachmeat nano particles
before complete dissolution due ¢ontinuous kectron (e) irradiation. In this section these

phenomena will be discussed in detail.
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4.4.1Nano Particle Mobility

The mobility of a group of crystalline raw ceria NPs in water at irradiation levels that are low
or below the threshold intsity of electron beamare shown irFigure 425. Here it can be seen

how a group of original raw nanoparticles randomly move and change locationein Wat
noticed the various events during the mobility of nanoparticles, such as touching, rotating and
detouching with each other. During the 2D movement we observed that the particles were not
selfassembling or making a chain, but were bouncing andnmgdweely in the liquid, as can

be seen irrigure 425 (c-d).
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Figure 425: (a) and (b) show serfii r e e mév2nieot of particles suspended in water.

We also observed the water front and movement of ceria NPs in water during the experiment,
as seen in Figure-Z6. In this figure the step by step laydmarks of water front can clearly

be seen, as shown byetlgellow arrow inFigure 426 (a). These water fronts were formed due

to the introduction of a fresh water supply into the liquid cell system with the help of a manual
syringe. We only observed this type of water front during the experiment when we @eitiodu

a fresh water supply into the liquid cell in order to boost the movement of the ceria NPs. In
Figure 426 (d) it can be seen that some empathy spaces indicated by the yellow &frgurén

4-26 (c) have been filled by the freshly moved ceria NPs.
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Figure 426: (a) to (d) show the water front stability and movement of ceria NPs (scale bar at
400nm).

4.4 .2Nano Particles Chain Formation and Attachment

The results of the electron irradiation of ceria NPs at low and high intensity of electrons in
water showed many phenomena, such as particle movement, attachment and detiacmgent
chain formatiorduring theLC experiment. When we started the experinadrelectron beam

irradiation we made the following types of observation:

1) Case 1: the movement of NPs with slow dissolution and the making of small particles
chains with some gaps or without attachment, as clearly seen in FHgire 4

2) Case 2: the movemenf NPs with slow dissolution and the making of chains with
corner to corner attachment, as clearly seen in Fig2& 4

3) Case 3: the movement of NPs without dissolution and the making of small chains of

two or more NPs can be seen in Figu294

Case 1:In the high magnification images of the irradiation experiment of ceria in water we
observed the nice movement sequences of NPs, as deignri@ 427. In Figure 427 (a) one

large dumbbelshaped NP attached itself to the smathhedral nargarticlefrom the corner.

In Figure 427 (b) we noticed the shrinkage of the dumbisfliped NP and an octahedral
shaped NP and the breaking of the attachment of the dundhlagled NP to the octahedral
shaped NP. We observed tlhaiir nanoparticleas seein the Figure 427(b& d) were trying

to make a chain without attachment and with some gaps in between them. In this figure one

important visible observation was the parallel dissolution and chain formation phenomena
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without attachment. So, we observed someioants thinning of NPs and some patrticles were
dissolved, while some undissolved particles were making a small straight chain with gaps, as

seen inFigure 427 (c).

Figure 427: The movement of octahedisthaped ceria NRand chain formation without
attachment before complete dissolution.

Case 2: The high magnification images ttie liquid cellexperimentalsoshowed the long
random movement of NPs the liquid andforming chairs, as seen irFigure 428. In this
experimentthe octahedral ceria NPs weshowing a slowparallel dissaltion, moving from
one point to another and making tip to ¢ciprnerattachedchains. Allthe nangarticleswere
movingfreelyin the solutionwater)of theliquid cell. In Figure 428 (a) before any movement
occurred we noticed the two pairs of face to face attachment of particles: the first pair was one
large and small particles (highlighted by a blue circle)taerdecond was another pair of small
NPs (highlighted by ayellow circle). The pair of small nanoparticlesoveda distance of
approximately 10@¢im from their location to another locatiafi NPs and attachethemselves
to the octahedra facets of ceria B form a corner to corner chas clearly seen inside the
yellow circle of Figure 428 (b). Figure 428 (c) indicateshe up and down movement tie
ceria nanoparticlehainmarked byared curved arrow lineThe clear parallel dissolution of

NPs could be observed ingare 428 (d) during the corner to corner attachmen
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Figure 428: Nanoparticle movement and tip to tip chain formation with parallel slow
dissolution.

Case 3:In liquid cell irradiation experiment of ceria NPs in water we observed the chain
formation of round NPs below the threshold intensity of the electron beam. We noticed that
some of the particles attracted each other and formed a chain of two or muRiplerihe

chains that were formed can be seen in Figw2sahd 430. InFigure 429we observed that

six NPs were attracted to each other and formed a straight chain. Initially, all these NPs were
moving randomly in the liquid, as can be seen in Figu28 @). In Figure 430 (b) we have
observed that six NPs are trying to align in straight line and started to make a chain of multiple

NPs that can be seen in Figures 4.26 (c) and (d).

—_—
| 300 nm

Figure 429: Nanoparticlenovement and chain formation in water.




113

Similarly, in another experiment we observed that 3 small chains were formed in the same area
of liquid cell irradiation, as seen in Figure3. Figure 430 (b) shows the 2 small chains (inside

the highlighted yellow circle) containing 3 NPs. We observed that continuous irradiation in
liquid caused more NPs to become attracted to each other and to make a long chain containing

four or more NPs, as seen in Figur8G¥c).
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Figure 430: (a) to (c) show the movement of the NPs and the small chain formation.

Furthermore, we also observed a long chain containing five NPs, as seen in R3durénd

this figure, step by step all the sequences of chain formation could éreexdhsin Figure 81

(&) 2 NPs initially attracted each other and then these 2 NPs moved from their location to
another side and attached themselves to 3 more NPs, making a long chain of 5 NPs within 2.9
seconds, as seen in Figurk84 (b). The chain fored was a curved shape, as shown inside the
yellow highlighted area of Figure-3iL (b). We noticed the stability of the chain, which was
moving freely in the water under the electron beam, as seen in Figdréd). This figure (d)

also shows the curved @in moving down from the left corner and making a straight chain.
We noticed that the NPs or NP chains were continuously moving up and down, so we observed

blurred or slightly out of focus images, which can be seen in FigBie(&f).



(d) " 300nm | (e) " 300nm | (D 300 nm

Figure 431. Movement of NPs, and their stability and step by step chain formation.

4 .4 .3Discussionon Movement, Chain Formation and Attachment

The results of the low and high magnification images of the liquid cell irradiation experiments
of ceria NPs in water have revealed the movement, attachment and some more complex and
opposite phenomena of movement and attachment during chain formatite isarme
experimentThe previous research studies related to the liquid cell TEM of different metallic
and ceramic NPalsoshowed oriented attachment, agglomeration ardgggomeratior]94,

109 but in our case we observed some similar and some opposite.results

The results of low intensity irradiation of ceria NPs indicate the usual mobility of NPs in water,
as can be seen in Figure28. Thi figure show that the particles are bouncing, moving away
from each other and making spaces in between them. According to the previous research
studies this type of movement of NPs may be due to the electrostatic force or may be due to

the same charge, v is why they were repelling each other.
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Figure 432 This schematic figure shows the proposed mechanisms of movement and chain
formation: (a) particle movement and chain formation with some gaps with parallel
dissolution; (b) large displacement and movement with corner to corner attachment with
parallel dissolution; and (c) movement and chain formation without dissolution.

In our liquid cell experiments of ceria NPs in watee observed three different typek
movemengnd chain formatiowhich were opposite in nature. The proposed mechargams
be seen schematically Figure4-32. When we increased the intensitytioéelectron beam we
observed the movement of NRsvolved slow dissolution andthe making of small
nang@articles chain with some gajas clearly seen i@ase 1 in l|gure4-32and also in Figure
4-27. In this casgparticles are trying t@onnectwith each other but they are niot fact
connectingasthey maintain a little gaf.he same type afeparation or gap has been observed
by an earlier team of researchers in relation to metallic Au nanopatrticles. According to them,
the separation between the nanoparticles in water is due to the moraymrmf hydration

on NPs[134]. Alternatively, the gaps observed between the NPs were dweottypes of
generated forces which may be attractive and repulsive fioroasure In the case afhaterias
that are identical they areusually attractive in nature, but is possible for two dissimilar
materials tdoe repulsive in nature. Generalprevious studiebhave showinhat the interaction

between metal, metal oxide and ceramic NPs and NRs during movement, attachment,
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agglomeration and dagglomeration in liquid wererobablydue to van der Waals forces,
hydrophobic attractions, and chargearge interactiond 35. So, h ourCase 1 bothattractive
and repulsive forcesmay bepresentdue to tke attractive forcethe particles are trying to join
together, whileat the same tim#he repulsive forces areausingthemto repel each otheht

may therefore be due to these forces that our NP chains have some gaps in between them.

Similarly, in Case2 we observed long displacement of two NPs and their attachment with
other NPsalongwith a slow parallel dissolution anthe making of smallcorner to corner
attachedchairs, as the mechanisnarc be seeschematicallyn Figure 4-32 Case?2 (b) or in

Figure 428. In this case, our particles were not round but octahedral in shape, so possibly they
had some strong dipole forces or stroag derWaalsforcesfor attachment. Those forchad

a tendency to aggregate them with each other eakdgording to earlier researclhe
irregularshaped\Ps preferedto attach themselves ®ach other at their endsot from the
middle, due to the strong positive and negative forcasheNP in liquidhas itsown distinct

point of dipoles; and théree movement of N&around other NPs or NP chaiis dueto the
smallamount ofinteraction energj109. It hasalsobeen mentioned in previous research that
magnetic NPs have magnetic dipole moments so they have both magnetic dipole and
electrostatt dipole movementat the same timgL36]. In our Case 2herewasno chance of

any sort of magnetic dipole movement becauseNRgwere normagnetic in natureSome
researchers have also found thaplied convective forces like magnetic and electrostatic
forces are also being used to align and control [NB4g. Possibly weobserved these types of
forces inbetween the particleturing chain formationue touse of theelectron bean.

In our Case 3we obseved the stability of ceria NRsvhich formedsmall and large chasrof

NPs as seerthe mechanism schematically Figure 4-32 (Case 3 and in Figure €9 and

Figure 431 In this case we observedathattractive forces were presdrgtween the NPs and

due to tlesethey attracted each other and madenall or largechain.According to previous
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research studies related to our case 3, the round nanoparticles contain some charge effect and
due to this thg attract each other. Anand et al. have observed the attachment or coalescence of

NPs due to the removal of the hydration layer fromstiméaceof Au NPs[134].

4 .5Bubble Formation

The highlyfocusedorolonged electron beam irradiation of the ceria NRsiBqueous solution

(i.e. de-ionisedwatel) has complimentdly led to thegeneratiorof nano bubbles in wateWe

used approximately 7 times greatexation intensity as compared to the dissolution intensity:
i.e. 3 nA/unt for the generation ofano bubbles in water. Initiallyrradiation causes the
dissolution of ceria nanoparticles and then formation of nano bubbles in the liquid and
continuous elecbn irradiationwith ahighly convergedlectron beam caused thenobubbles

to grow, as shown irFigure 433. Figure 433 (a) shows the presence of some ceria NPs at the
start of irradiation but the high intensity of the electron beam caused the fast dissolution of
NPs, as can be seenkigure 433 (b). Figure 433 (c) shows the formation of nano bubbles
due to continuousriadiation, while Figure (d) indicates the growth of such bubbles, also due
to the irradiation. We observed the formation of bubbles after the complete dissolution of ceria

NPs.

Nano bubbles

Ceria nanoparticles

- Nano bubbles

Figure 433. Nano bubble formation and theirogvth at even high intensity &iC electron
beam irradiation (scale bar 890nm) where (a), (b), (c) and (d) are snapshots 40.5 s, 8.3 s,
6.6 s, and 33.33 s apart respectively.
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4 5.1Discussionof Bubble Formation

Low intensity irradiation has not indieat any nano bubble formation inside the liquid cell
during the irradiation experiments of ceria NPs. We assumedhéageneration ohano
bubbles was due to the formation of hydrogen in the ligelid @& shown ifrigure 433 (a) to

(d). According to research studies, the generationamiobubblesweredue to the formation

of hydrogen inside the liquid cell, because of the splitting of water into species through e
irradiation[106. The formaion of hydrogenions, together with othanoleculeandradicals
specis, is ausual phenomenon which occurs when water is irradiatechig- beam of
>200kV. So, we predicted that possibly hydrogen generation to some degree would happen at
an early stage in our irradiati experiment and be consumed by secondary reactions. High
intensity irradiation only causes the formation of enough hydrogen to be released
simultaneously to react into stable molecular ahd start visible bubble formation. The
continuous irradiation caes the growth of the bubbles, as can be seen in FigRBéd}. We

noticed that during the dissolution of ceria NPs, bubbles were absent, even at high intensity

irradiation.

4.6 Related Liquid Cell Observations

We also observed some multiple minoredliLC observations, which were as follows:

4.6.1Fresnel Rings Formation

Furthermoregduring the dissolution of solid ceria NFs the e- irradiationexperiment in the
liquid cell, we observed somiestantaneous appearance and disappearanaggefand coe
shell patternsas shown irFigure 4-34. The total time for whiclthering phase exisdwas

about 0.3econds, as shown igure 434 and forthe core shell it was 1.3 secondsctually,
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the ring phase appeared during one frame of the imagdisagpeared in the next frame of

the video. So, we assumed that these rings were temporary rings formed due to the up and down

movement of particles in water in the liquid cell. For further confirmation that these rings were

temporary rings we pogirocesed some similar rings containing NPs. Our images and results

of the plot profile (as shown in Figure3®) indicate that these rings are Fresnel rings instead

of chemical rings, due to the up and down movement of NPs in water.
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Figure 435: Figures (a), (b) & (c) show the formation of Fresnel rings (by arrow) due to the
movement of parties, while (al), (bl) and (cl1) are plot profiles of images (a), (b) and (c)

respectively.
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4.6.2EELS of H20

Through the liquid cell irradiation experiments of ceria NPs we have discovered many live
reaction, phase formation, chain formation, attachmemisieattachment in the presence of
water. During the experiment in TEM 20EOwe used electron energy loss spectroscopy
(EELS) chemical analysis of liquid cell with ceria NPs. We have observed the EELS spectrum
of water and ceria NPs and successfuligoded the EELSof plasmon range signafrom
waterand the ceria nano structures. We observed the difference in plasmon scattering results
due to changes of water thickness as shown in FigtB@. Multiple selected area EELS
analysis indicates an increase in water thicknessshous Dz sensitivity throug multiple

plasmon scatterindg-{gure4-36).
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Figure 436: (a7 c) Low loss EELS of water at 3 thicknesges the basis oDz sensitivity
through multiple plasmon scatteringg) single to 4fold plasmon peaks (in eV).

Similarly, we recorded the EELS spectra of cerium peaks (i.e.-€ddd) as shown in Figure
4.37. The magnified view of the dédge specifies the presence ofCeThe EELS spectra

also indicate the oxygen and nitrogen peaks as well.
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Figure 437. (a) EELS spectra of cerium and water; (b) magnified view of spectra containing
nitrogen and oxygen; and (c) magnified view reveals the M4 and M5 sub peaks of cerium (in
evV).

4.6.3Post Processing of Liquid Cell Chips

4.6.3.1Dry Chiplmaging

After the successful liquid cell experiments we gastcessed the small chips to further
investigate the final product material: for example the morphology of ceria NPs, their size,
geometry and chemistry, and any contamination. We selectech&leSsN4 chips to analyse

in the TEM by using a standard JEOL TEM holder as we were unable to do aipyquesising

of large chips in a standard TEM holder due to its large restricted size. The results, as seen in
Figure 438, show that we observed the clustdrBlBs having the size range of raw material,
which means that the dissolution of NPs in the liquid cell was limited to the localised region of

the electron beanmpact zonerather than being in the whole cell.
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Figure 438: (a & b) Unirradiated dry ceria NPs on smalkISi chip.

4.6.3.2Dry Chip EELS

Furthermore, we did some EELS spectroscopy of our dry chips samples and the EELS spectra
indicated the presence of some nitrogen (which basically came from the silicon nitride
membrane), oxygen and cerium (from the ceria). The EELS spectra indicatedséecer of

two cerium peaks, of M4 and M5 respectively, and the M4 peak was larger than the M5 one,
which meant this belonged to Ce4+. The EELS results also indicated that no carbon
contamination happened in our case, as we did not observe any carbon ggspiectrum,

as seen in Figure 4.39 (a & Myitially we suspected and assumed that we were facing some
carbon contamination, which is usually formed during irradiation experiments, but the EELS
spectrum results clearly showed that there was no clrbdge present. This meant, therefore,

that as carbon was absent there was no chance of carbon contamination in our experiment.
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Figure 439: EELS spectra of small chips containing ceria NPs: (a) shows the presence of
nitrogen, oxygen and cerium-Edge with two sub peaks; and (b) indicates that no carbon
peak is present.



CHAPTER FIVE

DIRECT DRY IRRADIATION OF
PRECURSORS

5.1Introduction

In this direct dry irradiation method, cerium sdltgerium nitrate hexahydrate (CNH) and
cerium chloride heptahydrate (CCL) were usec
throughout this chapter. Direct dry irradiation of salts or compounds has rarely been studied
and the formation of nano structur®S() by this method has become a topic of great interest.
Ceria nano structures are the most studied ceramic nano materials due to the high number of
applications in different fields of catalysis and biomedics. Research studies have shown that
many exsitu laboratory based synthesis methods are available such as chemical precipitation
and solgel for the synthesis of ceria nano structures. Although some studies have been
conducted on the synthesis of metallic nano structures ksjtu electron beaminduced
irradiation, to the best of oumformationthere is no research to date on the synthesis of ceria
nano structures by using cerium nitrate hexahydrate as a precursor through the method of direct

electron induced irradiation.

The aim of this study therefeiis to fill the gap in theerialiterature by attempting the-situ
irradiation ofhydratedcerium precursors and the formation of ceria or ceghioridenano
structures through electron beam irradiation in TEM. Two hydrated cerium precursors cerium
nitrate hexahydrate ((CeD)z 6H-0O) and cerium chloride hepta hydra@eCk 7H.O) were

chosen for the purpose of exploring the electron irradiation induced nanostructure formation.
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We used 99.9 % pure water soluble salts of the cerium nitrate hexahydrate precursor and 99.9
% pure water soluble salts of the cerium chloride heptahygr&eursor during the dry
irradiation experiments. The CNH and CCL were purchased from Sigma Aldrich UK. In this
research He production of nanostructuregi.e. nangarticles andnanaods from cerium
precursorswas carried out in a JEOL JEM 26EGnd JEQ JEM 3010 TEMSs at acceleration
voltages of 200 kV and 300kV respectively. We ussgshvergedelectron beaof different

intensities with and withoutondenseapertures for different dosduringthe experiment.

After successful liquid cell irradiatiorf the nano structures in water we started the irradiation
experiment of dry precursors of hydrated cerium. We thewly formed 1D rod by liquid cell
method and rods formed by dry irradiatioould have a relationship. In both liquid cell and

dry experimat irradiation, water and ceria are common. Hence we are interested in studying
those hydrated cerium precursor materials and the said connection is our motivation because
our intention is to explore the interconnected phenomena of the synthesis ofrfaincxiale

through theTEM electronbeamirradiation induced method.

In this work our main aim is the synthesis of nanostructures but in addition to this we have tried
to explore the effect of electron beams by varying the size and intensity on thep@gunsor

salts. We started dry irradiation experiments with the CNH and then we switched to CCL for
the synthesis of nanostructures. So, in this chapter, secHtafts with the results of the
CNH and the section will present the irradiation resuit§EEM and the electron energy loss
spectroscopy (EELS) chemical analysis results. Sect®prBsents the irradiation results of
CCL at 200kV and 300kV, and includes the formation of nano rods and irregular and round

shaped nanoparticles (NPs) with orivaitit condenser apertures (CA).












































































































































































































