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Abstract

In this study, we simulate that irradiation of nanoceria has potential inducing (breathing mode) lattice
vibrations. Irradiation therefore has potential to be used in increasing the catalytic activity of nanoceria
structures. If irradiation can benplemented to vibrate atoms off their lattice sites, in a similar manner to
temperature, this would enable surface atoms to be more easily extracted. Extracted surface oxygen has
potential uses in oxidative catalysis or to modulate oxygen concentratibiological environments with
nanoceria as a nanozyme

Here,MolecularDynamics (MD) simulationas used tacalculae vibration (breathing modefrequencies

of variouscerianangparticles. Vibration was induceth polyhedral nanparticles, 665¢ 6708 cenim atoms
in sizeand compared to the vibrations induced in nanocylindsssprisinge53¢ 6721 cerium atomsThe
simulations revealed that breathing mode frequenaiexreasawith increasingizefor both polyhedral
and cylindicalnangparticles inaccord with experimentThe simulations also revealed thHakeathing mode
frequencies depend upon the aspect ratior@nocylinders Thesimulations suggest that breathing mode
vibrational spectra can be used as a fingerprint to identify the sizape,and aspect ratio distribution of a
ceria nanomaterial sample.
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1.Introduction

1.1 Celum OxideNanoparticles

Nanoparticlesare an area of high interest in terms of scientific reseaf@@rium oxide has properties as an
oxidising and reducing agent in catalysis which sted@® Yy O S NJA dz¥e@it&h betwekrtwd (G &8 (0 2
oxidation states, these states being®Cand Cé*. These properties provide versatility for cerium oxide
nangparticles to be used in both oxidation and reduction reactions which provides purpose in a variety of
fields such as catalyt@mnverters in the automotive industrpr nanomedicinéin the medical field.

The ability of cerium to switch between two oxidation states is what provides cerium oxide with oxidising
and reducing properties. One factor affecting whether the naemticle acts as an oxidiser or reducer is the
Ce/Ce** ratio on the surface of the nammarticle. In environments where an oxidation reaction is

required, oxygen can be removed from the cerium oxidegparticle; this createsoxygenvacancies within
the nangparticle surfacewhich are stabilised by an increase irfGens to maintain charge neutrajit
Alternatively, if the environment has a high concentrat{onygen partial pressur@f oxygen present and

a reduction reaction is required thesxygenvacancies can be filled causing an increase fhi@es. The
areas of a cerium oxideangparticlesurfacewhere these oxygen vacancies are produced and filled are
known as the catalytically active sites.

A study conducted by Tarnuzzer ef alvestigated the use of engineered ceria npadicles as a means

of cell protection during radiation therapy thin cancer treatment. They reported that the ceria
nanaoparticles provided a 99% protection of cell death from radiation for healthy cells compared to no
protection for tumour cells. They attributed this result to a potential antioxidant property of ceria
nangparticles eliminating free radicals at target sites caused by shifting of oxidation state of cerium from
Ce*to Ce", these target sites being more numerous in tumour cells when compared to healthy cells.

Thecapability to store oxygen during oxygen rich environmesutsl release this stored oxygen in oxygen
lean environments is known as a material oxygen storage capacity [€arch into the area has
discovered that anaterial OSC is affected by a varietyadtbrs such as the surface to volume ratio, the
surface planes available for interaction during catalytbis defect present within the materiahnd the
cerium oxygen bond length

1.2 Molecular Vibration

The vibration of an atom can be augmented throdlgd energy present within a medium, introduction of
energy into the system increases that vibration whereas removal of energy will reduce the vibration of the
atom. This vibration passes intbe surrounding atoms and molecules allowing the energy to agape

through the medium. In technical terms, vibration is the mechanical form of repetitive variation between
two or more states. These may be regular repeating across a timeframe known as periodic vibration or
random. Commonly when thinking of vibratiamd waves, initial thoughts would be of sounds waves. In

the case of sound waves, the energy vibrates molecules in the air allowing the sound wave to travel
through it.

The vibration of molecules forms the basis for several analysis techniques for identifying unknown
compounds such as Infrared spectroscopy and Raman spectroscopy being two of the most common. In tf
case of infraregpectroscopythe vibration of moleculabondscan be induced through the introduction of
non-destructive radiationthis radiation is absorbed causingprationthat occurs at different frequencies
dependent on the type of bond vibration taking place, such as bending, stretching or rotation.
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Fig 1. Examplsof bond vibrationghat occur during Infrared Spectroscafi,eft to rightjasymmetric stretchingscissoring
bend,rotation, and symmetrical stretchingymmetrical stretching is the vibration pattern present within breathing maades
is the only one of the four to not be visible using Infrared spectroscopy but are visible using Raman spectroscopy.

Research conducted into the frequency of vibrations caused by the different functional groups has led to
the production ofdatabases on the higher frequency molecular vibrations. These databases can be used a
comparison to identify unknown compounds as well as deduce the properties of that compound. In recent
years, more research has been performed into lower frequency mi@deeibrations such as the breathing
modes of nanparticles.

1.3 Breathing Modes

Breathing modes are a type of molecular vibration withangparticles; it involvesthe symmetrical
expansion and contraction of the atoms withimangparticlein every diretion known as a radial
breathing mode due to the radial direction of the vibratidreathing modes occur in more than just
sphericalnangarticles, every shape afangparticlehas its own radial breathing mode

A review by Ghavanloo et.Asummarised research into the radial breathing modes of a variety of
nangparticles with differentgeometries suclas carbon nanotubes and nanowirdééany of the breathing
modesobtained within the studies arglentified usingRaman spectroscopyhichis dwe to the nature of
breathing modes being a symmetrical vibration meaning Infrared spectroscopy would not work.

Infrared spectroscopy relies on a change in dipole moment created by the vibration of the molecule and
changes in bond length using the equation:

A (Equationl)

— Tt

W
Ly GKA& pSljHA GGRY OKI y3IS EQN RALMFKSIOOB h§yibidEon | Yy R 4
mode, for avibratiomlY2 RS (2 06S AYFTNINBR | OGA@®Ss GKS @I f dzS
oxide, the linear structure of the molecules means that during symmetrical vibration of the breathing
mode, a dipole moment is not created. Therefore, the breathing mode tdms of cerium oxide
nangparticles are not infrared active and cannot be observed using infrared spectro§copy.

The production of perfectly symmetrical nanopatrticles is unrealistic due the production of various surface
planes upon the nanoparticle durirogystallization. Due to the production of these surface planes and

their effect on the nanoparticle shape, the perfectly symmetrical vibration of a nanoparticle is also
unrealistic. Therefore, the breathing modes observed within this study are more gledated to quasi
breathing modes observed by Sauceda étwhich are the closest vibration to that of breathing mode
vibrations. These quabireathing modes are inherently more common within cylindrical nanoparticles as
their dimensions are not equal@aning that the vibration travels further along one axis than another. As
these vibrations are not symmetrical, they can be activated and observed through infrared excitation.

Raman spectroscopy works at lower frequencies through the scattering of lightotan excites the
compound under examination causing it to vibrate and change into a different vibration state, it then
ejects a scattered photon. The energy of the scattered photon will be dependent on the new vibrational
state, if the new state is ofigher energy then the scattered photon will be of a lower frequency to
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maintain the total energy of the system. However, if the new state is of lower energy then the scattered
photon will be of a higher frequency. Comparison of the scattered photon frequesith a database of
known frequency values allows the identification of the unknown compound.

1.4Size and Shape Effects

The size and shape ohanagoarticle caninfluencevarious propertiesuch as the catalytic capabiliti€'s,
optical properties?, melting andrecrystalli@tion that have an impact on the purposes and uses for that
nangparticle. Xu et af investigated the effect of nanoparticle shape on the catalytic activity of silver
nanoparticles. They compared truncated triangular, cubic and near spherical silver nanopantidlbey
concluded that the rate of reaction produced by cubic silver namntoglas is considerably quicker than that
produced by the truncated triangular and near spherical silver nanopatrticles.

Haruta et af investigated the size effect of different sized gold nanoparticles deposited on a metal oxide
surface They studied theeffect of the nanoparticle size on its catalytic capabiliiesa support for

oxidation and reductiorn the combustion of CO and various other hydrocarbdimgy observed an
increase in the reactive properties of the previously low reactive gold wheastimplemented as
nanoparticles They attributed this increase in reactivity to the production of defects and more reactive
planes during downsizin@s opposed to the (111) and (110) planes more commonly in bulk gold

Current methods of establishing tls&ze and shape of unknowrangparticles can be expensive and time
consuming Accordinglyyibrational, breathing modefrequencies of unknownanagparticles offer a
relatively quick and inexpensiveethod of nanomaterial characterisation.

Choi et al®investigated the effect of particle size on the Raman spectra of titanium oxide nanoparticles.
They examined two nanoparticle s&e30 nm and 12am - and observed both broadening and a shift in

the Raman bonds with decreag particle size. This suggsestn influence of particle size on the vibration
frequencies of nanoparticles

Catalytic activity is partially dependent on the atom sites present on the surface of the nanostructure. It is
possible that the shifting of atoms from their original latticeesiduring vibration, could impact on the
catalytic capabilities of that nanostructure. These vibration states can also provide insight into the bond
strengths and therefore the formation energy required in vacancy production and in turn the production of
potentially reactive surfaces involved in catalysis.

Nanorods have an interesting property that their length can be of a different value from their width or
radius in the case of cylindrical nanorods. Whereas with cubic and spheaivgdarticles the lengh, width
and height will be of equal value, nanorods add an additional varidb&aim of this study is to

investigate how the lengtand aspect ratiof cylindrical nanorods affects the vibration frequency of these
nanorodsusing computer modelling anaiolecular dynamics simulations
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2.Literature ReviewNanoparticles

The surface area to volume ratio is much higher for nanoparticles, this ratio increases as the size of the
nanoparticle decreasegactors such as size, shape and composition potentially have a greater impact at
the nanoscale than bulk materjaspecially factors such as surface planes. These properties are what
make nanoparticles an area of high research interest.

The increased edtct of size, shap&omposition,and surface planes makes ngrasticles versatile for a
wide range of processes dependent on the composition of that particle such as nanomedicines,
catalysis agents, fuel cells, and sensors.

2.1 Cerium Oxidand Appliations

Research conducted on cerium oxide has led to the identification of many of its useful properties such as
its ability to both oxidise antceduce; his has led to its use in many different areas of industhe ability

of cerium oxide to uptake and releasgygen in high temperature environments has led to its use in
OFdlrtedrd LINPOS&aaSad ¢KAa oAfAGE A& LINPRAzZOSR 0
allows the production of oxygen vacancies upon the surface ohémeparticleas wellas the filling of

these vacancies.

2.1.1Automotivelndustry

One common place to find naparticles is in the automotive indust¥ 7. The combustion of fuel in
automotive is incomplete due to the limitations of oxygen flow and produces hatogfploducts, the
main three being: hydrocarbons (HC), carbon monoxide (CO) and nitric oxidé€ (NO)

Reaction of incomplete fuel combustion:

« o ,, - - v~ Equation 2
00 pogru 0 © WL ¢V OV (Equad )
Initial catalytic converters were made up of twhases, an initial phase of Platinum (Pt) and Rhodium (Rh).

This Pt/Rh phase plays the role of neutralising the NO product intd Becond oxidation catalyst plays
the role of converting the excess CO and HC into the less harmfand®;O*.

Modern cdalytic converters are known as threeay catalysts (TWC), one material neutralises all three
harmful byproducts of combustion. This is usually achieved through an initial layer of Pt/Rh or similar
material layer on top of an oxidising framework such @sumn oxide. The addition of cerium oxide has

many advantages; it aids the stabilisation of alumina surface at high temperatures and the distribution of
the Pt/Rh layer across the surfacgerium oxide has the ability to switch between Ce(lll) and Ce(IV)
oxidation states through the release and absorption of oxygen. This ability makes cerium oxide useful in a
three-way catalyst by allowing it to release oxygen when exhaust fumesdrandstore it when fumes

are lean The oxidation and redox reactionseaas follows:

Oxidation (Equation 3) Redox (Equation 4)
cO'd O60° 0 00 p.

The amount of oxygen that can be absorbed by a material is its oxtgeage capacity (OSC). This
controls the oxidation and redox reactions and affects the catalytic capabilities of the material.
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2.1.2Nanomedicine

The research afiangparticles can also be found in the field of nanomedicine, the ussaoiparticles in

the treatment of cancer cells and cell repair is under heavy research.n@olgbarticles are one of the
most common types afiangparticleused in nanomedicine research; howevadyancements in the use of
other types ofnangparticlesuch as cerium oxide still take pldte

A study conducted by Xu etinto the effect of cerium nanoparticles as a countermeasure for radiation
induced lung injury in mice investigated the lunguiyjcaused to mice by radiation through a sample of
mice administered with a high dose of cerium nanoparticles and a sample of mice with a low dose of
cerium nanoparticles being compared to a control group of mice with no cerium nanoparticles and found
anincrease in survival rate for mice exposed to cerium nanoparticles. They attributed this increase in
survival rate to the elimination of free radical properties of cerium nanoparticles created through the
change in oxidation states and oxygen defects foandhe surface of these nanoparticles.

The production of Reactive Oxygen Species (ROS) ipradiyct of regular cell metabolism, howevitrese

can be damaging to the cells as they have been linked to damage in the cell DNA causing mutations such
strand breaks or incomplete replication. As such it has been increasingly suggested that ROS may be a
source for the production of cancer cells within the b&ds?: Cancer cells exhibit an increased presence of
ROS to compensate for an increased metabolivi#¢ within the tumour cells. Some treatments focus on
increasing the levels of the ROS past a threshold where they begin to damage the tumour cells as oppose
to promoting growth leading to cell death However, other studies suggest that the elimiatiof the

ROS is a more effective method.

A studyby Xue et at*reported that cerium oxide nanoparticles were effective in eliminating hydroxyl
radicals through their antioxidation propertiethey also found that there was a relationship between the
nanoparticle size and the efficiency of hydroxyl elimination with éfficiency increasing as the

nanoparticle size was decreased. Research into this antioxidant elimination has shown that other factors
such as the nanoparticle coatit®@nd the oxidation states of the cerium present can also affect the ROS
elimination adivity?°.

Dunnick et af® tested gadolium oxide doped cerium oxide nanoparticles on their ability to eliminate
ROS. The doping limited the®Cand Cé" transitionswhich was found to reduce the antioxidant properties
of the cerium oxide, suggesting ththe ability to switch between two oxidation states is a more important
factor than the oxidation states present upon the surface of the nanopatrticle.

2.1.3MechanicaPlanarization

Cerium oxide is widely used as a polishing agent of gla$aces industries such as electronics have a
growing requirement for high quality glass surfaces for products such as computer chips. Cerium oxide
powders have been implemented in eliminating surface impurities to produce thesegaaity glass
surfa@s.Some studies into this area have suggested that the planarization is purely mechanical caused b
the pressure of cerium oxide crystals on the surface along with surface impurities being washed away,
whereas other studies suggested chemical interactamsn additional factor with Geions playing a

more active role in the planarizatioprocess tharCe*ions.

However,a study by Janos et.#lconcluded that the crystallite structure size of the particles of cerium
oxideinfluencedthe efficiency oplanarization. They reported that the removal rate was found to increase
with an increase in crystallite structure size suggesting that the size and shape factors of cerium oxide
additionally affect its role in mechanical planarization.
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2.2Nan@articleSize, Shape arf@omposition

The size of a nanoparticle has an impact upon the properties of that nanopatrticle. As the size is decreaset
the surface to volume ratio of the nanoparticle increases. This property can be further tailored through the
nanoparticle shape, with different shapes such as nanospheres exhibiting a higher surface to volume ratic
than cubic nanoparticles. The shape of a nanoparticle also affects the surface planes present which can
have a further impact on the ability to form pgen vacancies upon the nanoparticle surface, which is
fundamental for the OSC (Oxygen Storage Capaxditiiat nanoparticle during oxidation and reduction
processes.

Na et al?® investigated how tuning theize andshape can affect the catalytic capabilitiastially they

tested how reducing the size of a nanoparticle affected the catalytic capabilities and found with a
reduction in size there was an increase in active sites for catalysgiffen compared how gherical
nanoparticles and nanorods converted CO as temperature was increased. They found that the nanorods
converted CO more effectively than the spherigatl cubic nanoparticleg\t 150°C, the CO conversion for
nanorods was approximately 20% comparedl0% for spherical nanoparticles and 2% for cubic
nanoparticles This difference continued as the temperature increased toZ5@vhere the conversion for
nanorods increased to 90%, 65% for spherical nanoparticles and approximately 6% for cubic nelesparti

Additionally,the composition of amangarticlecan have an impact on its properties; the introduction of
dopants into cerium oxidaangparticles can affect its capabilities in catalysie addition of dopants
influencesthe propertiesof the atoms already present; this can be through the bonding of cerium to
oxygen or the production of vacancies

A study by Gupta et &P investigated the addition of a dopant on tiigxygen Storage Capacity (O8IC)

cerium oxide nanoparticles. They reped with the introduction of a doping agent the bond length was
increased which led to an increased OSC. They found that the addition of an Mn dopant provided longer
Mn ¢ O bonds and increased the length of the3@ bonds. They reported an increased @86 this
increased bond length which was further supported by the addition of a Pd dopant which provided further
increased bond length that also improved the OSC of the, Gafbpatrticles.

2.3 Surface Planeend Oxygen Vacancies

As stated, theability of cerium ions to switch between €and Cé&* oxidation states within cerium oxide
nanoparticles has an impact on the applications of these nanoparticles. Some of the factors that control
the oxidation state of the cerium ions is the number of gey vacancies within the nanoparticles which in
turn are controlled by the surface planes present.

The surface plane is the configuration that atoms sit upon the surface of a structure be thsanécie or
bulk. For nanparticles, each surface plane halifferent properties dependent on its stability and the atom
configuration present.

A study by Cones&found that different surface planes have different stabilitidsese are shown in Fig 2.
decreasing in stability from left to right

(111) > (211) >140) > (100)
a Stability
Fig 2 Order of surface plane stability as report by Cof&g$a11} surface naturally rearranged into a steppgd 1} surface.

The surface planes that are exposed on a amticle can be tuned by the shape of the ngranticle
produced. Cubic namparticles are entirely{100} surfaces, octahedral naparticles have two surfaces
present 0f{111} and{100}** and nanorods posse$$10 and{100 surfaceg’.
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A review by Mullin® discusged the structure patterns of cerium oxide ngvarticles as well as the surface
planes produced. Fully oxidised cerium oxide has a fluorite crystal structure with the cerium atoms filling
FCdlike sites but not asightly packed Each cerium atom is bonded to eight oxygen atoms, and each
oxygen atom is bonded to a further four cerium atoribe surface structure and its stabilaye affected
by the chargeproduced;these surfaces can be classified as per the works of Tasker {111} surfaces
each layer has an alternating charge with the repeating units leading to no net dipole moment being
produced aiding with the stability of the surfadhijsis classified as a type 2 surfa€er {110} surfaces
there is zero charge on elatayer,these surfaces are classified as type 1 surfageally, {10G surfaces
have alternating charges on each layer similafltbl} surfaces however the repeating units are
unsymmetrical leading to an overall net dipole moment being produced redwstability of the surface.
This makes the {100} surface an example of a typargace

Zhou et aP* synthesizech sample of cerium oxide naparticles, these nanparticles consisted of

nanorods with sizes ranging from lengths of ZOB0nm anddiameter of 13¢ 20nm and irregular
nanoparticles with an average diameter of 8nm. Using Hégiolution Transmission Electron Microscopy
(HRTEM) they studied the surface plane structure of these panicles observing that the nanopatrticles
produced predminantly{111} or a mix o{111} and{001} surface planes whereas the nanorods produced
predominantly{001} and{11G} surface planedJsing temperature programmed reduction (TPR) with H
they observed that the nanoparticles were more active than nanofamgever due to a reduced redox
capacity this increased activity was limited and reduced over time. Comparatively they observed that for
CO conversion the nanorods displayed a higher activity and oxidation rate than the nanoparticles with one
suggestion fothis being due taxygen storage capacitf the surface planes predominantly produced by
each shape.

The amount of oxygen vacancies found within the nzamticles affects the catalytic properties of that
nangparticle. These vacancies improve the catalydapabilities of the nargarticlethrough the ability of

these vacancies to move throughout the ngraoticle. This allows oxygen atoms to move towards the
surface of the nanparticlein environments where there is low oxygen, and then in environments gher
there is a high concentration of oxygen these atoms can be transferred through the structure allowing the
uptake of more oxygen.

0. I co:
N

- o -
- ® : o - -

o --0--®
- - o | o -

Fig 3.An example ofhe movement of oxygen atoms through tleerium oxidenangparticle. Vacancies allowxygen to move to
the surface to interact with CO to produce £ 8lternatively,oxygen provided by £ran be moved into the structure for
storage.

Cones& reported that oxygen vacancies improved the oxygen release and uptake in cerium oxide
nanagparticles. They found that the surfaces that were easiest to form vacamateg were {100 and

{110 surfaces, the most difficult being t{&11} surfaces as these are the most stalAefactor in the
production of vacancies is the surface charge préseith vacancies being easier to form in polar surfaces
where they have the beneficial effect of reducing surface charge.

A study by Liu et & investigated the effect of oxygen vacancies on the catalytic properties of nanorods.
They produced two typesf nanorods, one with oxygen vacancies ac§dd4} and{100} surfaces, the
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other with reduced oxygen vacancies acrfii30; and {110} surfaces. They reported that the nanorod with
large oxygen vacancies was more catalytically active despite possessssgedctive (111) surface.

2.4 Crystallization

Crystallization is the process by which disorganised atoms/ions are organised into an ordered structure
known as a crystal. Crystallization is split into two stages: nucleation and crystal growth.

Nucleation

Nucleation is a term for the process of a new structure starting to form. The rate of nucleation dictates
how long that new structure takes to form, this can be affected by a variety of factors such as the presenc
of defects, temperature, anche concentration of free particles within the syst&mThere are two forms

of nucleation, homogeeous and heterogeeous nucleation:

Homogereous nucleation consists of the production of a new crystal nuclei without external contact, the
rate of this nucletion can be calculated using the following equafiof:

Y 0 QOQEYTQY (Equation 5)

Ly GKAARSI|jMA (RRY TNBK 3J14S NIKS @’FﬁiY)@ﬂSSNﬂazkﬂfu KYﬁnﬂmdefYS
is the thermal energyl, Y BQ WB LINS &Sy Ga (GKS LINPoloAfAGE dGKFG G
homogereous nucleation is a lot more difficult to occur, this is due to the nature of newly developed
crystals of small size to dissolve.

The formaton of homogerous nuclei can be calculated thermodynamicaily
0 & @I Q1 "Qd @ 'NO1 "W Qi "Gud 4D @@ Qi QW
For spherical nanopartictethe following equation can be used:

YO 1 O 1“‘1 0 (Equation 6)

o
Ly GKAAKGRIj BUGNBYESWYIa (KS AR GKS FTadhfr tSHS NEhefiekese
energy densityl Y R FrRY R & f & K® nanbpRriicza 2 F (KS

Alternatively,heterogereous nucleation is a more common form of nucleation, this occurs on a
disorganised surface. The nucleation rate on the disordered surfaces occur at differing rates across variot
surfaces, this rate can bmlculated by the equatidf:

(Equation 7)
Y AP gQY
Ly GKA&jQSIpdz GiKSBYy A2y 2 ¥ S MK eRESH INGBBSNDL 4 ( KS TNBS
B means these calculations are sum of all the nucleation sites.
Crystal Growth

The second stage of crystallization is termed crystal growth and takes place after nucleation has occurred
it involves the expansion of the crystal nuclei through depositiorearrangement of atoms. There are
various methods and mechanisms describing the different prosdssé¢he growth of the crystal.

Beginning with kassical growttihis method is dependent on the surface reaction and monomer diffusion
rate. Nanoparticles tht are above a certain size, also known as the critical size, will continue to grow
whereas those that are below the critical simaydissolve back into a solution. This process of smaller
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crystals dissolving back into the solution is the basis for amatfethod known as Otswald Ripenfhd?

,within this mechanism the dissolving of crystals below the critical size allows the constituent atoms to be
redistributed onto larger crystals that are above the critical size that have not dissolved, contrituting
their growth and therefore increase in sizenother mechanism for crystallization and crystal growth was
developed by LaMer et & #. This method involves a sharp increase of monomer concentration within a
solution initiatingnucleation over a shotime period. After this nucleation stage, the growth of the crystal
can be controlled via the limitation of the monomer diffusion rate, this method has been used previously
to producenanoparticle$> %,

The processes of Coalesceff@nd Orientated Attachmerit crystallization differ from previous methods
of nanoparticle production. As opposed to other methods that separate the growing nanoparticles,
coalescence and orientated attachment methods involve the combination of multipl# sar@particles
into a larger single nanoparticlEocusing on the orientated attachment method, the mechanism begins
with the sudden organisation of the atoms into a single crystal plane promoting reduction in the energy of
the system. As these crystdbpes produce multiple nanopatrticles, they begin to interact with the
surrounding nanoparticles through van Wéaals interaction. The main difference between coalescence
and orientated attachment crystallization is that within the former, the nanopartic@sbine in any
arrangement whereas with the latter, the nanoparticles rearrange across grain boundaries to a lower
energy configuration. This method of orientated attachmbaasbeen implemented and observed in
previous studies such as with the productioititanium dioxide nanorods.

The discussed mechanisms above all relate to the production through crystallization of nanoparticles from
monomer solutions. However, within this study the recrystallization stage was different as it involved the
rearrangenent of atoms that were already constructed into an amorphous structure.

Grain Boundaries

Grain boundaries occur at the interface between two crystal planes with differing crystal structure, this
creates misorientation between the planes leading to changes within the nanoparticle properties. The
grain boundaries are measured by their level a$onientation and possess a tendency to produce defects
such as dislocationFhere are two main levels of misorientation, firdtlyv anglewhich is a term used

when the misorientation is less than 15 degrees of rotation. Secondlysamgte is the ternused when

the misorientation is greater than 15 degrees of rotation, these faggle grain boundaries possess a
higher level of disorder then lovngle due to a larger grain boundary gap for defect ions.

The various forms of misorientation have been poegly studie, two examples of these are tilt and

twist misorientation. Tilt misorientation involves the rotation of the crystal plane parallel to the boundary
plane, whereas twist misorientation involves rotation of the crystal plane perpendiculaetbdgbndary
plane. The energy of a leangle boundary is dependent on the degree of misorientation between the
crystal planes, this energy can be calculated using the Sbadkley equation.

The grain boundaries present within a nanoparticle can impadhe properties of that nanopatrticle,
these properties such as the electrical, magnetic and vibration. This impact can primarily be caused by the
defects created by the grain boundaries and the ions that they produce.

A study by Aljawfi et &f investigded the effect of grain boundary defects on the electrical and magnetic
properties of chromium doped, zinc oxide nanoparticles. They observed that the structure of the
nanoparticle was more ordered at the crystal plahan at the boundary. They furtherstiovered that the
defects created by these grain boundaries increase the oxygen vacancies present leading to an increase |
the ferromagnetism. However, the defect ions at the grain boundaries additionally produced a form of
electrical barrier that increasl the resistance across the boundary reducing the electrical properties.
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2.5 Vibration

The vibrations of narmarticles hold the potential as a technique for identification; this has led to interest
in terms of research. The relationship between frequency of the nanpatrticlevibration and its
morphology could allow the prediction of geometric and behavioural properties from thatpeatiole
vibration. Properties such as the size, shape and composition of thepaatie will affect its vibration
frequency suggesting the potential to identify these prapes from the vibration.

The types of vibration that occurs for a ngasticlecan depend on the
nanoparticleQ a & Bphdritahangarticles have a radial breathing mode
where the atoms within theaangarticleexpand and contract in a
symmetrical manner in all directions. An investigation by Harfiaimdo the
vibration of spherical gold nanoparticles found that as the diameter of the
nanoparticle increased, the frequey of the vibration decreased.

Fig4. Example of the radial
breathing mode of spherical
nanoparticles.

Alternatively, nanorods have at least two vibration modes. They possess a
radial breathing mode caused by the symmetrical vibration of the nanorod in
all directions. Due to the introduction of length there becomes the posgibilit
of extensioral vibration which is the expansion and contraction of the nanorod in a lengthways direction.
Largeet al> investigated the vibrations in metallic nanoobjects, they identified these various vibration
modes in nanorods. They reported on déermain vibration modes; the breathing mode, the extension
modes and finally a quadrupolar mode caused by expansion of the nanorod in the radial direction along
the length of the structure like a wave.

a) b)
* 4 ﬂ
v s —>
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« I “a
Figba. Example of the radiétkeathing mode of a nanorod. Figbb. Example of the extension vibration of a nanoro

The propagation of vibration throughreangparticleoccurs through the interaction of vibrating atoms
interacting with stationary atoms sharing energy across the interatomic bonds causing the stationary atom
to begin to vibrate and the bond to lengthen. This mechanism repeats itself causing a wave th sprea
throughout the nangarticleuntil it reaches the surface, where the interatomic bonding pulls the surface
atom back causing the bond to shorten and the structure to begin to contirathe simulation thatvere
conducted the energy within the system doaot change, therefore as the number of vibrating atoms
increases the individual vibrational displacement in each atom interaction reduces to conserve the energy
within the system. This reduction in atom displacement leads to a reduction in the vibxalti@h is

observed through a decrease in the pressure fluctuatidimss is confirmed by molecular dynamics
simulations run by Kogure et.&lwhere they caused vibrations within nanoparticles and found that the
ydzYo SN 2F aK2 (¢ k @A 0 Ndime spyeading thrauyhdut the/n@ndiaticie STRey 810 S
found that the mean velocity of the vibrating atoms decreased over time as well as the number of vibrating
atomsincreasing

The relationship between the physical properties of carbon pemticles ard their radial breathing mode
frequencies have been investigated by several papers to develop equations for the calculation of radial
breathing mode frequencies. In the works of Jishi éf #he phonon modes of carbon nanotubes are
investigated to develp an equation for the calculation of the radial breathing mode using the diameter of
the nanotube, this equation is shown below:
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é (Equation 8)
! Q

In this equatiorAis a constant commonly reported with a value between 21818 cm! and d is the
diameter of the nanotube. An equation for the calculation of the diameter can be provided by Raber
et al> as follows:

™o

; - ; Equation 9
Q € ae a (Eq )

InthA & S|j oi® ( /@R intliyers that represent the chirality and helicity of a single walled carbon
nanotube.Although these equations are designed for the calculations of carbon nanotubes it suggests that
the radial breathing mode frequency faangparticles can be calculated from the physical properties of

the nangarticle.

There are several methods for the inducing and studying of vibrations witimgparticles.

One of the most commomethodsis ultrafastspectroscopythis method uses short laser pulses to obtain
data on the frequency afangparticlelattice vibrations. It works through the excitation of electrons in the
structure causing the lattice temperature tse;this diffuses through the lattice causing a retion to a
normal breathing state. Excited electrons in thengparticleinteract with phonons to produce electren
phonon coupling during the vibratiofhe produced vibrations are impacted by the geometry of the
nanagparticle.

Voisin et aP® implicated ultrafast spectroscopy to measure the electron interactions of silver, gold and
copper nanoparticlesThey examinedgamples of nanoparticles ranging in sizes frogldnm using
femtosecond pump probe technique. The technique allows the gatlgest information on the electron
electron scattering, electrofattice couplhg. The oscillations observed through this technique have been
found to be similar to the frequencies of the breathing mode of these nanoparticles.

Another method of analysing énlattice vibrations is through Raman spectroscopy, this method works by
exciting photons in th@angparticle causing inelastic and elastic scattering. The elastic scattering photons
have the same energy as the incident photon whereas the inelastic scatteinotons have a different
energy to the incident photon. The vibrations of the structure can be measured through the inelastic
scattered photonsThe energy difference between the incident photon and the inelastic scattered photon
is the energy requiretb excite the structure to vibrate.

Various methods of Raman spectroscopy can be employed to analyse the vibratrarsjodrticles.

Wheaton et aP® investigatedthe use of Extraordinary Acoustic Raman (EAR) spectroscopy to measure
single nanoparticles. This method involved the use of two lasers at different wavelengths to incite
vibrations within the nanoparticle. They measured the vibrations of nanoparticlesdset 20nm and40

nm and found the peak frequency decreased with nanoparticle size and confirmed the ability to measure
the vibration of single nanoparticles using Raman spectroscopy.

2.6 Molecular Dynamics Simulations

Molecular dynamics is a technique asi®r the computational simulation of compounds and structures. It
Ada oFaSR 2y bSgl2yQa flga 2F Y20A2y Ay NBtlF A2y
within a simulated system. The use of Newtonian mechanics although simple, can allow thetitao
prediction ofnangparticle properties and behaviour, as well as their catalytic properties and the molecular
interactions. The use of molecular dynamics in computational simulation does not circumvent the need for
experimental data or research bptovides theoretical properties and interactions under desired

conditions using coded constraints and force field application.
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Molecular dynamics simulation begins with an initial input of atom positions and velocities, additional
conditions such as pressiand temperature are then appliedVith the atom and environment conditions

of the simulation set to the desired valugbe new atom positions and velocities are then calculated at
each time step and the data produced recorded at designated intervedsigin the simulationThis

recorded data is then analysed for the values of the specified properties of interest to the study being
conducted. Animportant factor in these calculations is the potentials that are used during the molecular
dynamic simulatios as it provides information on how the interaction between atoms will be calculated
during simulation. There are several different potentials that can be used for calculating atom interaction,
one example of these is the Buckingham Potential:

> 5A BB IW li (Equation 10)

A and C within the calculations represent constasftattraction and repulsion across the interatomic bond
length ) between two example atoms$&ndj). These calculations come together to provide a vatue f
the potential energyj) between the two atomsThe interatomic potentials used within molecular
dynamic simulation to calculate the interactions between atoms are simplified to reduce the amount of
computational power required and lowering the ¢ad computational study.

There areseveraladvantages to using molecular dynamics to simulate experiments via computational
means.Firstly,the ease of which results can be obtained through computer simula#iar an initial
training period it is relatively easy to use molecular dynamics techniques to simulate a wide range of
different systems under a variety of conditions that may bediff to recreate experimentallylhe
turnaround time for computational simulation is reduced when comparing to experimental research, data
can be obtained within a matter of hours or days that could take months or years to recreate
experimentally.The useof coding means that changes to the compounds being simulated are relatively
simple to conduct with just a few lines being changsgecially when compared to the potentially costly
repercussions were this mistake be replicated within an experimenta¢ting. The use of molecular
dynamicsalsoaddsportability to the researchadvances in remote accessibility means that a researcher
can make changes from any location without travgjlto the laboratoryThis portability and functionality
alsoaidin the aspect of collaborative research with computational files capable of being easily shared
amongst other researchers.

The costs of computational research are additionally reduced when compared to the experimehtl

long term An initial production anehstallation of supercomputer facilities can incur a large costyever,

after this initial cost computer simulation can be used to establish the optimum conditions for a variety of
compound production experiments removing the cost of materials for amal error in experimental

stages. The removal of physical chemicals also reduces the health risks to researchers and the additional
costs of accidents, incorrectly written code is relatively cheap and easily rectified when caught in initial
stages comparm to costs incurred by incorrectly mixed chemicals or spillagesell as the health dangers
posed to researchers in these situatioiifiere are still health risks posed by computational research
however these are more loAgrm issues such as eye strailongside further health issues incurred by a
sedimentary working style at a desk, however, these can be managed.

There are still disadvantages to computational simulation using molecular dyndmecsitial costof
supercomputer facilities camecome considerable dependent on the processing power desired. This initial
investment may take a long time to balance out with money saved from experimental research without
including the running cost in the form of regular maintenareergy provisionand regularly updating

the software licencesAdditionally,the cost of training researchers in the use of computer simulation
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techniques and the time it would take a further disadvantage for the use of molecular dynaritds
training would also reque regular updating as new versions of the coding software is released

Although quicker than experimental methods, the time taken by computational simulation varies upon the
complexity of the system being simulatad well as the number of timesteps required for the reaction

being simulatedDue to molecular dynamics relying on the calculation of interactions between each atom
in the system being simulated being conducted at each timestep pernysterms with a higlatom count or

with multiple compounds present can take longer than simpler systems with less atom interactions to
calculde.

Another fundamental flaw in using molecular dynamics simulation is the accuracy and relcdlitiey
theoretical data producedgainst experimental dat&keasorfor this is the limited accuracy of over

simplified potentials that sometimes require further fitting to experimental data. Another reason is that
defects found within experimentally produced structures can provide difteresults than the theoretical
values produced from perfect crystals using computational methods. However, updates developed throug
research has allowed the inclusion of defects such as dislocations and impurities to increase the reliability
of theoretical data. This further highlights the need to maintain up to date software and training when
using molecular dynamics in research.
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3. Theoretical Methods

3.1 Molecular Dynamics

Molecular Dynamics is a method that involves theusé &fF RAGA 2y f YSOKI yA Oa ac
motion to computationally simulate the interactions of molecules and atoms. Through the use of control
parameters such as temperature and pressure, the interactions within a system can be studied under
design? O2 Y RAUGA2Yad ! FTUSNI RSTFAYAGAZ2Y 2F AYAOGAL T |
can be applied to calculate the resultant positions and velocities at each step.

bSgti2yQa [l 6a 2F az2irzy

As previously stated, within Molecular Dynamic®t€ y A lj dzSa > bSgi2y Qa 1 sa 27F
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properties to calculate the new atom positions and velocities within the system during each step of
simulation. Beginning with the original equation arrangement:

O aw (Equation 11)
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acceleration of the atom in the x, y and z directions. However, within this study, the acceleration of the
atom is not initially knownthe acceleration is expandable as the change in velocity over time.

QU (Equation 12)

9]

This equation can be rearranged to incorporate known variables:

Q Equation 13
0 g2 (Equation 13)
Qo0
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the term ofthe potential energy of the system, this potential energy term is provided by the designated

potentials that are reported in section 3.2:
0 T‘—TY (Equation 14)
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Thermodynamic Ensembles

Ensembles are a collection of possible states in which a system may exist. This produces a distribution of
probabilities for the state of the system and pigoperties. A thermodynamic ensemble focuses on the
thermodynamic properties in the production of this distribution of probabilities dependent on which
properties are being studied. The two types of thermodynamic ensembles that were implemented within
this study are known as NVT and NVE ensembles based upon the thermodynamic properties that are kep
constant within the simulation.
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NVT ensembles are characterised by set values for the number of moles (N), the volume (V), and the
temperature (T). A simple niieod to control the temperature is through the rescaling of the velocities
which can be done using equations of motion such as those produced b§°dosiée Langevin methdd.
These equations incorporate terms for friction and random force. In this sh&lNVT ensemble was used

in the nanoparticle preparation stages to maintain the temperature of the system at the desired constant
during simulation.

Alternatively, NVE ensembles are characterised by set values for number of moles, volume, and the total
energy of the system (E). In these simulations the system is assumed to be isolated so that it is unaffectec
by energy or particles from the environment. At each timestep, the position and velocity of each particle
can be calculated to provide the trajectes. These trajectories allow the calculatiminall future positions

and velocities with the total energy of each state assigned probability based upon where its total energy
value falls within the desired range. This ensemble was implemented duringiifaion stage as it allows

the calculation of the most probable future atom positions and velocities at each timestep.

3.2 Potentials

Forcefields are a crucial element within molecular dynamics calculations as they govern the atomic
interactions within tle simulation. They have many functions within the simulation such as controlling the
reduction of potential energy between atoms and their neighbours through attraction and repulsion or the
interactions of atom pairs during bonding. The potentials candagpted to establish the potential energy

of an entire simulated system rather than just individual atom to atom interaction.

There are various potentials that can be used in molealyaamicssimulations In this study the two
potentials that were appliegvere the Buckingham potenti#lfor the melt, recrystallization and cooled
simulations Additionally,an adapted variation of the Morse potential was applied for &ugiilibrationand
the final vibration simulations.

Buckingham Potential

TheBuckingham potential involves taking terms for the attraction and repulsion to calculate the potential
energy of the entire atom interaction:

- f 0 Equation 15
Y 0Qwn - T (Eq )

Ly GKA&UR IjAdd GiAk2Sy LB S Eg88y t 0 6% S8 B LEL Stsdthtas Hha W
interatomic distancéetween those two atomsA and” are the parameters that relate to the repulsion
element of the atomic interaction within this equation, whergas the parameter that riates to the
attraction element of the atomic interaction within this equation.

The potential parameter values for the Buckingham potential used in this study were obtained from Sayle
et al%2% and Lewis et &l* The Buckingham potential has been used for the amorphization and
recrystallization stages of these studies similar to the manner in which they were implemented in this
study.Although other potentials were available, these potentials parameters had bsed in previous

studies and fitted to bulk structural and elastic properties of ceria and were first to show reactive effects
for {111} and {110} surface planes.
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Atom | Atom | A (eV) [ 6)0 C (eV.A)
Ce O 1986.83 0.351 20.40
O O 22764.30 0.149 27.89

Table 1. Table showing the values for the Buckingham potential parameters obtained from Safte%adé® provided the
values for the ceriung oxygen interaction whereas the value for the oxy@esxygen interaction was obtained from Lewis
and Catlow".

Morse Potential

The Morse potential involves the inclusion of atom distance, equilibrium bond distance and dissociation
energy to calculate the potential energy of atom interactioftss potential is suited for investigation of
vibration properties of moleculegue to its inclusion of the effects of bond breaking making it a better
approximation for vibration structure anldence its use in the vibrational stage of this study.

v 0O p QonQi i p (Equation 16)
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otherwise known as the dissociation energyisrthe distance between the two example atoms, antr

the equilibrium bond distance.

A version of the Morse potential was used within this study, this potential was produced by Pedorte et al
The potentiaiincludesa shortrange Morse function and an added repulsion terjr €.

- L Equation 17

Y o p @ - (Equation 17)
Ly KA &UG ljadal GiAk2Sy @ GAGSA OBK S yASNH eGK IWNB S 2y (KS SEL
original Morse potentiatj andro represent the distance between two example atoms and the equilibrium
bond distance respectivelyor thisstudy,the potential parameter values for the Morse function were
obtained from Sayle et &f

Atom i Atom | Djj (eV) aj (A?) Ro (A) G (eV A9
Ce @) 0.098 2.930 1.848 1.0
O O 0.041 3.189 1.886 22.0

Table 2. Table showing the values for the modified Morse potential parameters obtained from Sayfe thiegl provided
parameter values for both the ceriumoxygen and oxygeQoxygen interactions.
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The Coulombic potential relates to the electrostatic portion of the atomic interaction between two
particles that are charged:

NN

0 0 (Equation 18)
i

This can be modified to relate to the potentialene@yg (i 6 SSy (62 SEFYLX S A2ya

y nn (Equation 19)
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The charge properties of the particles used within this study are reported below, they are split into the
charges for the Buckingham potential and modified Morse potential:
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BuckinghamPotential

Atom Mass (amu) Charge (e)
Ce 140.12 +4.0

O 15.99 -2.0

Morse Potential

Atom Mass (amu) Charge (e)
Ce 140.12 +2.4

O 15.99 -1.2

Table 3. Table showing the values for atom mass and atom charge included in the Coplmantial, these values are
separated by their related potential Buckingham and Mohia#hen empirical interatomic potentials are developed, the
LRGSYGAEFE LI NIFYSGSNAR FINB 2LIAYAASR T2NJ I LI NI Mddbdihel NI
. dzO1AY3IKIEY LRGSYGAFE FYR GLI NGAFEE OKFNBSa adzOK | a

Total Energy Calculation

The calculation of the total interaction energy of an atom pairing can be obtained through the combination

of the Coulomb function with the designated potential of the simulatiorthis studythe calculation of the

total interaction energy for the atom pairings within these simulations reqline combination of a

Coulomb function, the equation is written as:
oY nn

W L (Equation 20)
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This equation allows for the calculation of the total energy of the interaction of one atom pairing, this can
be smply modified to calculate the total energy of the entire system:

. nn W | L (Equation 21)
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A Too close B ¢ Equilibrium distance Cc Too far

Fig 6. This figure shows the variation in potential energy against the increase and decrease of the interaton
RA&AUFIYOS® ¢KS . dzO1AY3IKFEY LRGSYOGAIE Aa NBLINBaSydu¢
represented bythe red line, and the inc@oration of the two into the total interaction is represented by the blac
line. The figure displays the potential energy development and interatomic distance at the point where bond
formation occurs. Between the points labelled A and B the attractiveefoate in effect becoming dominant at
point A where the atoms are too close for bond formation, whereas between point B and C the repulsion for
are in effect becoming dominant at point C where the atoms are too far apart for bond formation. As tee figL
shows both potentials show the potential energy approaching zero as the interatomic distance increases, re
zero whenr reaches infinity.

When calculating the totahteraction energy of a system, it is easier to define the particle charges using

[ 2dzft 2Y0Qa [Fod LG A& Y2NB RAFFAOdA G (G2 | OOdzNY G S
such as those used with the Buckingham potenfalthese valueare based on various methods such as
spectroscopic analysis, they can vary from study to study.

3.3DL POLY

DL POL%is a molecular dynamics package that provides a base code for modification for a variety of
different simulated interactions and envirorents. In this study the DL POLY code was used for the
simulation of the amorphization, crystallisatiar]axation,and equilibrationstages during the preparation
of the nangparticlemodels. The same code with minor alterations was in used in the vibratoulations
after an initial velocity change was implemented within the code.

Periodic Boundary Conditions

For thisstudy,a set of periodic boundary conditions were implemented for simulating the interactions of
the nangparticlemodels. The use of periodic boundary conditions is common practice for computational
calculations as it allows the modelling of smaller unit cellsteract in the same manner as the larger bulk
materials providing information of the properties of the full bulk structure from the smaller unit reducing
the amount of data for simulation reducing the amount of computation power required. When using
periodic boundary conditions, the interactions of the simulations are examined within a central unit cell
known as the supercell which is then surrounded by infinitely repeated periodic unit cells that are identical
to the initial supercell.

During the calcdtion stages of the simulation it is the atoms located within the supercell that are included
in the calculation. The atoms located within the immediate surrounding periodic unit cells may be
considered in the form of their interactions with the super@thms, granted the repeated cell is located
GAGKAY GKS W/ dzi hT¥FQ RA&GFIYOS AyOfdzRSR GAUGKAY 0
beyond the cut off distance are not considered in the calculations of the supercell aitwsss the ase

for nanoparticles which are effectively zero dimensional objects. In contrast, in extended objects such as ¢
nanowire or nanosheet, 1 2 Ya KI @S (GKS LRAOSyGaArft G2 Y2@S G2 0
when these atoms pass through the boundargll an atom enters from the opposite side of the supercell
originating from the neighbouring periodic cell replicating the atom movements of the central cell.

3.4 Simulations

All the nangarticles used within this study went through three stages of pirgpian prior to vibration.
Amorphization, recrystallization and coolirtbis was to transform an initial produced structure to a
structure with more realistic surface planes and crystallography. A spherical nanoparticle, with a selected
radius, was builfrom parent cerium oxide material. €@r G atoms were removed from the surface to
neutralise the chargacross the nanoparticle. The nanoparticle was then amorphized at K5605Q000
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steps, crystallized at 1500 for 5 milliontimestepsandfinally cooled at 10& for 10,000 timesteps each
timestep was equivalent to 0.005 picosecondbis process was repeated for all the npadicles used
within this study, with nanocubes being built to selected lengtlith, and height values and
nanocyinders being built to selected length and diameter values.

Simulations within this study were run using 16 processors with the runtime varying between an hour to
48 hours The time that a simulation took to ruwas dependent on three maiiactors:the sizeand atom

count of the nangarticle, the number of steps in the simulation and finally the processing power available
for calculation. Beginning with naparticle size,each simulation involved calculating the interactions of
each atom against eventher atom in the system3ructures with a larger atom count took a larger run

time as there were more atoms involved in these atom interaction calculat®esondlygach stage

required a different amount of simulation time for the atoms to achieveadblgt arrangementtherefore

each stage required a different amount of timesteps to complete.éxample, the amorphization of the
nangparticles was quicker requiring only arou®0 thousandtimesteps whereas recrystallization required
more run time at arand 5 milliontimesteps This increased number of steps meant that recrystallization
stages tok longer to simulateA supercomputer was used for all the calculations involved in simulating
the various stages of naparticle preparation and vibrationThe processing power controlled how much
data could be processed at one time, therefore the greater the processing power, the more data that coulc
be processed and therefore the quicker the simulation could be performed.

Nanaqparticle Preparation

All nangparticlesused in this study were created using the npadiclebuilder tool in Material Studio
2016 from a base cerium oxide moddihis tool allowed the shape of the nanopatrticle to be selected.
Once the shape was selected, the desired dimensions fondineparticle were inserted into the building
tool. There was the capacity to select the desired surface planes for polyhedral and nanocylinder
structures, however this was not implemented as the structures were then subjected to a melt and
recrystallizatbn stage to produce more realistic surface plar@ése units used in this study wefagstrom
(R) for the length, width and height for the nanocube models, radius and length for nanocylinder models
and radius for the nanosphere modelaring the initial generation of the naparticlemodels, however
these have been converted intdanometres (nmto better relate to the findings found within the
literature. The time was reported in picoseconds (pshichled to the unit of measuremendf velocity to

be reported as Angstrom per picosecordps) andfinally the pressure studied during vibration was
measured in Pascals (Pahe next step was to neutralise the charge on the r@article, this was done
manually through the removal of exceatoms. The table below lists the shape and size specifications of
the nan@articles used in this study and the atom count of cerium in those panticles.

Nangparticle Shape Nangparticle Dimensions Cerium Atom Count
Nanocube (Length x Width Keight) 3nm 665
4nm 1687
5nm 2916
Nanosphere Diametern 4nm 820
6nm 2899
8nm 6708

22| Page



Nanocylinder Diameterx Length) 4nmx 2nm 653
4nmx 3nm 954
4nmx 4nm 1290
4nmx 5nm 1604
4nmx 6nm 1905
4nmx 7nm 2257
6nmx 2nm 1458
6nmx 3nm 2131
6nmx4nm 2916
6nmx 5nm 3589
6Nnmx 6nm 4262
7nmx 2nm 1979
7nmx 3nm 2892
7nmx 4nm 3955
7nmx 5nm 4868
7nmx 6nm 5781
7nmx7nm 6721
8nmx 2nm 2576
10nmx 2nm 4047

Tabled. A summary table of all naparticles observed in thistudy. Separated into groups based on npadicleshape and
further ordered by increasing naparticledimensions. Included is the cerium atom count of each mpanticle.

After production of the nanparticleand neutralisation of the charge using Mater&ldid®, the
nangparticlefiles were transferred to a supercomputer for the running of computational simulatibins.
simulation of all steps in the process of preparing the maarticlefor vibration was conducted through

the use of molecular dynamicgach nanoparticle simulation was conducted within a-ceiftained

simulation cell. The dimensions of the simulation cells were given values of 120 Angstrom in the X, y, and
directions.This ensured that there was enough space to prevent any of the nanostructures from
interacting with the edge of the simulation cell and next periodic. @dlinangarticles were put through a
process oamorphizationfollowed by the recrystallisation ohe nangarticles and finally cooled to set the
newly produced recrystallised structuréhe NVT ensemble within the DL POLY code that controls the
volume and temperature for particles in a system was included to maintain the temperature at a constant
for the system. The NVT ensemble was applied unchanged for alpagdinote preparation stages to ensure
the coded value for temperature at each stage remains constant.

Amorphization

Each of the nangarticles went through an initial simulation of an amorphinatistage they were
simulated within conditions of 450K for50,000 timestepsThe temperature conditions within the
simulation caused the shifting of atoms from their lattice positidos to the breaking down of the bonds
whichproduced an amorphous structure which could then be recrystallized.

Crystallization

After initialamorphizationof each nanparticle, a recrystallization stage was simulatd&the simulated
temperature was dropped to 150K for recrystallization to begimd each simulation was run for
approximately5 million timesteps The simulations were observed using VAo monitor the
repositioning of the atoms to produce the final surface planes of each structure.

Alongside the standard recrystallization simulatiam additional simulation was run where the time value

for eachtimestepwas adjusted from 0.00ps to 0.00000%s. This decreased time value meant that the

data for the recrystallization was gathered in smaller increments leading to much better visualisation of
atom rearrangement and surface plane production. As this simulation was designed solely for the purpose
of examining the rearrangements of the atoms during recrystallizationtieil formation of the surface

planes in greater detail rather than the production of full recrystallized models for vibration, the number of
timestepswere reduced leading to a redtion in time to5 ps.
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Fig7. Example of surface plane and crystallography change in nanoparticles after amorphization and recrystallization
figure shows the change in crystal planes of the 4 nm x 6 nm fronmitied build of {100} and {110} cylindrical structure to
a hexagonal structure consisting of {100} and {111} planes.

Crystallization begins with the formation of seeds through the clustering of athiondeation of these
seeds causes an expansion of the structure. When two expanding seeds meet, they lead to the productior
of grain boundaries that can be observed within these nanostructiesects observed within the
recrystallized nanparticles were raturally producedas this study is not investigating defect affects there
were no designed defects incorporated within the structugsth the nanocubes and nanospheres within
this study produced polyhedral structures after the recrystallization stage pviedominantly{111}

surface planes exposed with minor expog@io} surface planes. The (111) plane is the most
thermodynamically stable planes therefore this plane is preferentially produced plane during
crystallization. The Am x 4nm nanorod additioally produced a polyhedral structure consisting of
predominantly exposedl11} planes with the incorporation of mindf.10} surface planes.

The nanorods excluding thendn x 4nm nanorod produced hexagonal structures after the recrystallization
stage. The exposed surface planes observed were a relatively equal distribufidiijodind {100} planes

As previouslstated,the (111) plane is the most stable plane thermodynamicaligreas the (100) plane

is the least thermodynamically stable, howevene latteris the most reactiveThe recrystallized structuse
were then cooled at 108 for 10,000 timestepsndan additional equilibration stage was incorporated into
the nangarticle production.The equilibration stage was used to incorporate the Morse potential, this was
achieved through changing the Buckingham potential for the modified Morse potential and running an
additional simulation fod 0,000 timestepsit 100K.Due to theinterest in vibrational properties, the final
stages of the simulation used the Morse potential. The form of the Morse potential is more realistic for
modelling movements of atoms around their equilibrium positions.

Vibration

Fig8. Example of the propagation of vibration through the npadicle, displaying the displacement of atorftem their
lattice positionsdue to bond contraction and extension
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After the preparation of thémodd) nangoarticles, simulation of the nararticlevibrations was

performed. To achieve thignergy was introduced into the systeny increasing theelocityof a single
cerium atomto (typically 2504/ps). This induced velocity was kept the same across all vibration
simulations to remove the induced velocity as a variable. The introduction of the increased initial velocity
caused a collisionascadéetween atoms that was repeated throughout the nguaoticle causing the

spread of energy across the systenvdsationalwaves. Thevelocity was increased for one random atom
and direction, there was little variation dependent on which atom was modified provided that the atom
did not break away from the mainrsicture as this would lead to a secondary shock interaction within the
structure distorting the vibration patteriVhen the velocity of one atom is altered it shifts from the lattice
site which causes it to push the next one out, continuing as a wavetfrermitial source of energy input
until the whole nanoparticle expands which then contracts creating the breathing mode. With two atoms
modified this would create two waves which would spread throughout the nanoparticle until they
inevitably interacted vith each other with two atoms shifting out of their lattice sites towards each other
as opposed to outwards creating a distortion in the wave.

In the literature review it is discussed that some structures possess more than a single vibration.pattern
Large et at discussed that nanorods possess both breathing mode and extensional vibration. These
patterns are identified to be low frequencies similar to the breathing matiechmeans that the

introduced energy is not required to be considerahteltherefore the inroduced velocity is not required

to be considerable.

Alongside modifying the velocity of a cerium atom, the amount of time represented by each timestep was
changed from 0.00%s to 0.0000%s. The ensemble was switched from NVT to Nigilag anEwald

predsionof 10°. The vibration within the narmarticlewas measurediathe pressure of the system at

each recorded timesteghe pressure of the system was recorded as it represents the movement of the
atoms with the expansion of the atoms causimgdecreasein pressurewhich thenincreasesas the atoms
contract.

Pressure is measured from the net amount of compression experienced by atoms with respect to
interatomicpotentials.Each fluctuation of the pressure from high to low was equivalent to one whae
vibration mode, pessurecalculated as a function of time was then recorded to give pressure oscillations
with characteristic frequencie#\s breathing modes involved the expansion of atoms in all directions
simultaneously, these cause the largesatflations in the pressure within the supercell. Whereas radial

and axial vibration patterns only exhibited expansion across one direction, therefore their effect on the
supercell pressure is reduced compared to that of the breathing mode. It was thrbegimplementation

of FT analysis that the fluctuations created by the radial and axial vibration patterns become observable a
they are overlaid by pressure fluctuations from the breathing modes.

Frequency Calculation

An initial resonant frequency of thereathing mode vibrations was calculated from the timessure
graphs from the average value of a single wave. However, the nanoparticles within this study are not
perfectly spherically symmetric; therefore, several breathing modesxist to produce tk composite
pattern. As such, Fourier Transform (FT) analysis was employed using th€ a6det this allowed for the
identification of the various individual frequencies within the initial tqmessure data.

The size of the peak within the FT graph wegmresentative of the quantity of that frequency present
within the time-pressure data, the larger the peak; the more prevalent that frequency was. All the
frequencies calculated within this study are recorded in Terahertz (THz).
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Fourier Transform Anakyis

Fourier Transform analysis is a mathematical technigue for deconstructing a composite pattern of
vibration. It can be implemented to isolate the various component frequencies within these patterns. In
this study, FT analysis was conducteddientify the various frequencies present within the presstinee
graphs. Each of these frequencies were representative of the various vibration modes present within the
overall vibration pattern.

One of the most commoforms of FT analysis is known asr{tdmious) Fourier transform, it is

implemented in creating one continuous function of the frequency to produce a frequency distribution. In
this study, the size of each peak on the FT analysis graphs were equivalent to the percentage presence o
that vibration mode.

3.5 Visualisers

Molecular graphical analysis was performed using Material Stiftiothe initial production of the
nangparticles, and VMP for the visualization of simulations.
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4. Results

4.1 SimulationData

Nanocubesnm (2916 Ce) 2504/ps

(Initial structure) (Final cooled structure (Final crystalline structune

Fig 9. Example of the structudevelopment of the 2916 Ce nanocube through the stages of nanopatrticle production
beginning with the initial structure, posecrystallization and the final cooled structure. The shape of the nanoparticle
develops from cubic to polyhedral with a changesumface planes from {001} to a mixture. These images were obtained
through the VMD visualiser, for the initial structure and final cooled structure a 7.0 sphere scale was used, whereas f
final crystalline structure the sphere scale was reduced to 2.0

The initial structure of the 2916 Ce nanocube displaf#d} surface planesafter amorphization the
recrystallization the atoms rearranged into a more stable structure with increased stability of the surface
planes such as the (110) plaleading to a change in shape from the cube to a polyhedral structure.
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Fig 10. The tim@ressure graph for the 2916 Ce nanocube at a vibration initiation velocity oS0 The frequency from
this graph was calculated as 0.938 THz.

As previously stated, the velocity was increased for a random atom and direction, and there was little
variation dependant on the choice of atomis observed in Fig 10 that there is an initial shock created by
thisamended atom interacting with surrounding aton#s.this point the breathing motion is producing a
pressure fluctuation with an amplitude of £2 pa. This pressure fluctuation is reduced throughout time
meaning that the intensity of the breathingotion reduces, however at 17s the amplitude of the

pressure fluctuation stabilises into a regular pattern of #fla5suggesting that the breathing motion is
occurring at a continuous intensityithin the graph the areas of high pressure relate to tbatcaction
section of the breathing motion, whereas the areas of low pressure relate to the expansion section of the
breathing motion. The expansion of the ngasticleleads to an increase in the surface area for catalytic
activity to occur, therefore théime intervals of low pressure are representative of time intervals where
there is potential for high catalytic activity to occur. The amplitude of the reduction in pressure is related
to the level of expansion of the structure during the breathing motitrerefore with a higher amplitude

of pressure reduction, the level of expansion of the naaxdicleis greater with a larger surface increase
allowing for higher catalytic activity.
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Fourier Transform Analysislanocube Bm

Frequency (Fourier Transform)

0.928 THz | Dominant Peak

n H ﬁ ﬁ Frequency lpitial Measurement)
0.938 THz

Table 5. Table displaying the frequencies of the vibrati
through both methods of frequency calculation, initial
u V measurement, and FT analysis.

Fig 11. Image taken from Viper displaying the
dominant frequency pattern from FT analysis (pink)
overlaid upon the timepressure graph (red).

Fourier Transform Nanocube 5nm
10

0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95 1.05 1.15 1.25
Frequency (THz)

Fig 12. The FT analysis graph for the 2916 Ce nanocuhebafiion initiation velocity of 258/ps. A single peak is located &
the frequency of 0.928 THz.

It is observed in Fig 12 that FT analysis performed on the 2916 Ce nanocube produced a single peak at tf
frequency of 0.928 THz. This frequency value suadar to the frequency value calculated during the

initial measurementThis is confirmed within Fig 11 where tiavepattern from the peakrequencyis

overlaid upon the timepressure graph and display a similar wave pattern. During FT analysis eaeh wa
pattern present within the main timg@ressure graph produce an individual vibration frequency

represented as a peak on the FT analysis graph. Therefore, each peak DareyBis graph can

potentially be attributed to a vibration motiarThe single pak on the FT analysis graph for the 2916 Ce
nanocube is representative of the breathing motion.
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NangarticleShape Cerium Atom Count Initial Measurement FT Analysis Measurement
Frequency (THz) Frequency (THz)
Nanocube 665 1.408 1.451
1687 1.039 1.060
2916 0.938 0.928
Nanosphere 820 1.290 1.335
2899 0.932 0.928
6708 0.828 0.689
Nanocylinder 653 1.538 0.814 (Diameter)
1.578 (Length)
954 1.262 0.716 (Diameter)
1.255 (Length)
1290 1.140 1.140(Diameter + Length)
1458 1.481 0.586 (Diameter)
1.399 (Length)
1604 1.129 1.092 (Diameter)
0.502 (Length)
1905 1.092 1.092 (Diameter)
0.422 (Length)
1979 1.418 0.536 (Diameter)
1.466 (Length)
2131 1.114 0.570 (Diameter)
1.091 (Length)
2257 1.055 1.06 (Diameter)
0.39 (Length)
2576 1.338 0.470 (Diameter)
1.550 (Length)
2892 1.064 0.506 (Diameter)
1.091 (Length)
2916 0.869 0.521 (Diameter)
0.881 (Length)
3589 0.798 0.796 (Diameter + Length)
3955 0.787 0.619 (Diameter)
0.993(Length)
4047 1.090 0.377 (Diameter)
1.470 (Length)
4262 0.746 0.744 (Diameter + Length)
4868 0.735 0.732 (Diameter + Length)
5781 0.677 0.671 (Diameter + Length)
6721 0.67 0.667 (Diameter + Length)

Table6. A summary table of the frequencies calculated in this study from the-tidhes & & dzNBS 3INI LKA & ¢
F NB |j dzSuymd Eelates@ohe first frequency calculated for each npawticlefrom the average wavelength of the first
five waves of the timeJNB & a4 dzZNB 3INI LIKD® ¢ KS WwWCe Fylfeaira YSIFadaNBYSy
by FT analysis conducted the timepressure graphs and recorded measurements for both diameter and length vibratic
The data has been split intanoparticle shape groups which are then recorded in order of increasing cerium atom coul
The trendfor nanocubes and nanospherskows that as the cerium atom count and therefore overall atom account
increases, the vibration frequency decreases. For nanocylinders the trend is similar, however, the radius to length rat
creates heightened frequencies for select nanocylinders.
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4.2 Observations

Both the nanospheres and nanocubes after the initial amorphization stage produced a polyhedral structur:
during the crystallisation stage. This preference to produce a polyhedral structure could potentially be
attributed to the more stable n@re of the{111} planes of polyhedrals when compared to the less stable
{100} planes of nanocubes. This is confirmed through the visualisation of the crystalline structure of the
nanospheres and nanocubes as well as through the examination of theptiessure graphs of these two
types of structures and the frequencies of theirnations that produced a common trendline when

plotted.

Many of the timepressure graphs produced for the vibration of ngadicles possessed sharp peaks in
contrast to the smooth peaks that would be expected. There were common features observed across
marny of the timepressure graphs one of these being an initial jump/shock in amplitude caused by the
introduction of the increased velocity of the incident atom being transferred through the system. This
initial shock in the amplitude then begins to gradualécrease as the number of timesteps that have
passedncreases. This reduction in pressure fluctuations is potentially caused by the transfer of kinetic
energy back into potential energy due to the resistance of the bonded atdsmthe number of timestep
increased the amplitude of the waves decreased to a point where the peaks are less distinguishable
potentially due to the presence of more than one vibration pattern created by the incident atom.

These common patterns were not the case for all n@artides studied, some structures such as them
nanosphere and the Am x 2nm nanocylinder which do not possess a clear gradual decline in the
amplitude of the wave in the timpressure graphs after the initial shock instead these graphs display
double peak alongside fluctuating wave amplitudes. Additionally, some of the larger structures such as
the 6 nm x 6nm nanocylinder and th& nm x 5nm nanocylinder shows little to no initial shock which leads
to no pattern of gradual decrease in wave amplitude.

1.5
665

=
N

820

=
w

=
N

=
-

1687 Polyhedral

=

2899 2916

o
©

Vibration Frequency (THz)

o
o

o
\I

6708

o
o

0 1000 2000 3000 4000 5000 6000 7000
Atom Count (Ce)

Fig13. Graph presenting vibration frequency plotted against cerium atom count for both nanocube and nanosphere structures.
Due to both nanparticleshapes producing polyhedrshapes thiss presented as a single polyhedral data series. The

frequencies ued in this graph were obtained from the FT analysis measurements. The points are labelled in size order starting
with the smallest at 665 Ce to the largest at 6708 Ce with the frequencies producing a rande45dnTHz to 0.688Hz.

The difference betwen frequencies are much larger for the smaller atom count models, a change of 0.391 THz between the 66¢
Ce model and 1687 Ce model, compared to a smaller difference in frequencies for larger atom count models, a change of 0.23
THz between the 2899 Ce mddend the 6708 Ce model.
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Fig 14. Graph presenting vibration frequency plotted against cerium atom count for nanocylinders. The frequencies used in thi
graph were obtained from the initial measurements. The points are labelled in size order startirthenstimallest at 653 Ce to

the largest at 6721 Ce with the frequencies producing a range from 1.538 THz to 0.67 THz. Similar to polyhedrals the overall
trend shows that as size increases, the frequency decreases with the rate of frequency decreaseadmirigrlamall

nanocylinders and smaller for large nanocylinders. Some nanocylinders break the pattern of frequency decrease withrincrease
size, for example, the 6 nm x 2 nm (1458 Ce) and the 7 nm x 2 nm (1979 Ce) nanocylinders where the freqgbecyharhi

smaller nanocylinders.
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Fig15. Graph presenting the vibration frequencies of the vibration modes of nanorods against the nanorod length. Famthe 4
diameter nanorods it shows that the vibration frequency of the extensional mofdestsr than the vibration frequency of the
radial vibration mode whilst the length is shorter than the diameter, the extensional mode then switches to being slower as
length surpasses diameter. For th@® and 7nm diameter nanorods there is a gradual degse in the vibration frequency of

the extensional mode and an increase in the radial vibration mode as length is increased until they share a single vibration
frequency for both.
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5. Discussion

5.1 Literature Comparison

Size v Frequency

Oursimulations predict that the vibrational frequency of cerium oxide nanopatrticles increases with
decreasing size. This trend is initially observed in the data for the vibrations of the nanocubes and
nanospheres which are recorded as a single polyhedralgtzias in Fig 13. This data series covers
nanocubes of 3 nAto 5 nn? with a frequency range of 1.451 THz to 0.928 THz and nanospheres with a
diameter range of 4 nm to 8 nm that possess a frequency range of 1.335 THz to 0.689 THz.

Wheaton et af° investigated the acoustic vibrations of different sized nanopatrticles, studying polystyrene
nanoparticles and Titania (TiQusing Extraordinary Acoustic Raman (EAR) spectroscopy that combined
previous Raman and ultrafast techniques with the results shbalow:

Composition Size Frequency
Polystyrene 20 nm 0.044THz

40 nm 0.022 THz
Titania 20.5 nm 0.158THz¢ 0.166 THz

Through the continuation of the trend observed in the data seoiethe polyhedral models used in this
study, a frequency d.275THz would be expected for a model with a 20 nm diameter which is much
higher than the frequency value for the polystyrene model, this could potentially be due to the material
used.Polystyrene bonds are van der Waals bonds which are much weaker than the ionic bonding that
takes place within cerium oxide nanoparticld@$ie Titania nanoparticle studied by Wheaton possessed a
frequency which is much closer to the expected value for a simiked serium oxide nanoparticle possibly
as they are both metal oxide structurésat exhibit ionic bondingAlthough there are differences between
this study and the study conducted by Wheaton in terms of the size range and the material used, there are
similarities in the overall trend that can be established. The authors tested increasing sizes and reported
that as the size increased, the frequency of vibration decreag@dhfollows the trend concluded in this
study.

This trend of frequency decrease witizes increase is further supported by a study conducted by Sauceda
et al® who investigated the vibration pattern of different metal nanoparticles of various morphologies.
They studied goldsilver,and platinum nanoparticles in three different structureagtes; icosahedron,

alk N] Qa RSOIFIKSRNIYft IyR C// GNHzyOFGSR 204GF KSRN} N

Composition Size Frequency

Gold 0.5 nm 3.33 THz
3nm 1.05 THz
4 nm 0.74 THz

Silver 0.5 nm 3.33 THz
3nm 1.33THz
4 nm 1.25 THz

The frequencies of both thgold and platinum nanoparticles are in a similar frequency range to the
frequencies in this study and other literaturdhen comparing the frequencies of 3 nm nanoparticles the
frequencies are found to be similar to those observed within this study. Tlseyf@und that the
frequencies decreased as the diameter increased, however, the data shows a more linear trend in the
frequency decrease than is observed in this study and Wheaton ktisimportant to note that the
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vibrations reported in Sauceda anet the breathing modes and are instead qubstathing modes
meaning that they are the vibration mode with the smallest deviation from the breathing mode.

Many studies examining the vibration and breathing modes of spherical nanoparticles report siemitis t
to those concluded in this study’®. However, there are some studies that show deviations from the

conclusions of this study.

Goharshadi et at* studied the breathing modes of spherical nanopatrticles within cerium oxide powders
using a variety of methods such as dynamic light scattering spectrometerislévid the data analysed
using FIRaman analysis'hey studied four samples of nanoparticlakihg the average diameter within

each:
Nanoparticle diameter Frequency
5nm 0.139THz
8 nm 0.138THz

Although the overall trend of the data shows a decrease in frequency as the diameter increases, the
change in frequencies is much smaller than tholssesved in this study. A possible cause of this could be
due to the frequencies in the study being taken as averages, this allows a larger range in size difference
between the smallest nanoparticle and the largest nanoparticle within samples leadingaiegvariation

in coexisting frequencies.

Hodak et af® also found a data pattern that varied from the one this study when investigating the acoustic
breathing modes of bimetallic corghell nanoparticles. They investigated the breathing mode of gold and

lead nanoparticles shown below:

Nanoparticle diameter Frequency
48 nm 0.062THz
68 nm 0.049THz

They found overall that the frequency decreased as the radius of the nanopatrticle increased however they
reported that for largemnanoparticles the change in frequency was larger than for smaller nanoparticles
this was a contradiction of this study that found as the size of the nanopatrticle increased the change in
frequency decreased getting smaller for the larger nanoparticles.

Thetrend of frequency decrease with an increase in the nanoparticle cerium atom count was also
observed within the nanorod data in Fig 14. The data series covers nanorods with an atom count of 653 (-
nm x 2 nm) to 6721 (7 nm x 6 nm) with a frequency of 1:838 to 0.67 THz. However, for the nanorod

data it was observed that there was a frequency increase for nanorods that possessed a length shorter
than the nanorod radius when compared to nanorods with a smaller atom count but a length longer than
the radius.

Cardinal et al® investigated the acoustic vibrations of bimetallic-Rd coreshell nanorods, they studied

gold nanoroads coated in palladium increasing the thickness of the palladium in 1 nm intervals. The initial
gold nanorods were 33.7 nm by 9.7 nnittwpalladium deposited with a thickness range of 0 nm to 5 nm.
The palladium was deposited in three methods, around the circumference of the nanorod, on the tips, and
finally equally across the entire nanorod surface. They also gathered data on pu@dagidre palladium
nanorods of equal sizes, the size range of the nanorods investigated consists of larger nanorods than tho:
investigated within this study. They simulated two different vibration modes, the extension and the
breathing modes of the nanods, the extensional mode had a frequency rang8.65 THz t00.02 THz,

and the breathing mode had a frequency rang®&fTHz t00.125THz.
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The frequency ranges reported by Cardinal ¢falre shown below:

Nanorod composition Size Frequency
Gold 33.7nm x 9.7 nm 0.25 THz
Gold- Palladium 33.7nm x 9.7 nm 0.25 THz
Palladium 33.7nm x 9.7 nm 0.333 THz

Additionally, the data produced by Cardinal efahowed patterns in the vibrations similar to those found
within this study. It showed that for all the simulated nanorods; pure gold, pure palladium and the
palladium coated gold nanorod there was an observed pattern that as the size of the nanorod was
increased around the circumference and in a uniform manner, the frequency of its simulated breathing
mode was found to decrease. This supports the trend observed in this study that found as the size of the
nanorod increased, the frequency of the vibrationcdeased. However, for the nanorods whose size was
increased at the tips lengthwise, this pattern was not observed and instead it was reported little change in
the overall breathing mode frequency of these nanorods. This is different from the trend obsertrexl
results of this study, which found that there was still a decrease in frequency for the nanorod vibration as
the length was increased, though this decrease was reduced for the larger nanorods in this study
suggesting that a decrease in vibratioadquency with length increase as a feature of smaller nanorods.

The trend of frequency decrease with an increase in nanorod length is further supported by the work of Ht
et al’” who investigated the effect of nanorod length increase on the vibrational respof silver
nanorods through ultrafast laser induced heating.

Nanorod size Frequency
20.7 nm x 46 nm 0.025THz
22.8 nm x 108 nm 0.0083 THz

They observed that the frequency of the vibrational response decreased as the length of the nanorod was
increased similarly to the trend observed in this study, however, they reported a more linear trend in the
frequency decrease compared to the curved trend observed in this study.

Peak Split

The use of FT analysis on the vibrations of the nanoparticléssrstudy allowed for the isolation of the
various vibrational modes present within them. In this study two different types of nanoparticles were
investigated: symmetrical and asymmetrical.

Symmetrical nanoparticles such as the nanospheres and nanocubes possessed identical distances that tt
vibration travels across shown in Fig 16a. Fig 16b shows this singtdarcdisneans that there is only a

single vibration pattern leading to only one frequency being identifiable during FT analysis causing a singl
peak in the FT analysis graphs. This singular frequency and peak on the FT analysis graphs are also
observed fomanorods whose diameter and length were of an identical size and thus identical vibration
distance.
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Fig B. a) Diagram showing an example of the vibrapatterns of a symmetrical naparticleg A G K @1 f dzS 5

equivalent. b) Example of the FT analysis graph of a symmetricgbaiute, the single peak produced by the vibration
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Whereas asymmetrical nanoparticles such as nanorods havedtiffdistances for the vibration to travel
across for each dimensiodiameter,and length, this means that there is more than one vibration pattern
present. The presence of these multiple vibration patterns leads to multiple peaks in the FT analysis grap!
as each vibration pattern has its own frequency. The frequencies of these peaks and the distance betweel
them has the potential as a method to identify the differences between the dimensions of unknown
asymmetrical nanopatrticles.

This characteristic of niiple peaks during FT analysis of asymmetrical nanoparticles such as nanorods wa
supported by Hu et a during their analysis of the vibrational response of silver nanorods. The FT analysis
graphs showed three vibration pattern peaks, two of these peaks were attributed to the extensional
vibration mode and the breathing mode. This is similar to the resliserved in this study that showed
multiple peaks in the FT analysis graphs for the vibration of nanorods. One of these peaks can be attribut
to extensional vibration due to a decrease in frequency as length increased and another attributed to the
breathing mode vibration.

Additionally, Hu et al” calculated an aspect ratio of length/width for four FT analysis graphs which showed
that as the aspect ratio decreased, the difference between the breathing mode and the extensional mode
decreased. Hwever, though some of the FT analysis graphs produced in this study showed the same
pattern of a decrease in difference in the frequencies between the extensional vibration mode and the
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Fig 7. a) Diagram showing an example of the vibration patterns of an asymmetricgbasiotes A G K G KS @1 €
being of different values leading to multiple vibration patterns, these patterns merge for the breathing mode. b) Exam
the FT analysis graph of an asymmetrical memticle, the multiple peaks correlate to different vilifan modes produced
by the different distances that the vibration must travel across including the breathing mode, the equal expansion of t
nangarticlein all directions.

breathing mode as the aspect ratio decreased, several of the graghstliconform to this trend. This

could potentially be due to the nanorods examined by Hu et al all possessing a length larger than their
diameter, whereas in this study the majority of the nanorods possessed a diameter larger than the length.
For the nanoods with a 4 nm diameter this aspect ratio also switches from the diameter being larger than
the length to the length becoming larger than the diameter.

The presence of these various vibrational modes is further supported by the work of Cardinalteeal in
study of bimetallic Au/Pd corshell nanorods. They investigated the breathing and the extensional
vibration modes of nanorods confirming the separate frequencies in asymmetrical nanoparticles. Their
data also shows that for nanorods where the lenggtharger than the diameter of the nanorod, the
ONBIFIGKAY3a Y2RS FNBIljdzSyoOe Aa FlLAaAGSNI GKIFIyYy GKFEG 27
being05THz t00.125T T | Y R { K S 0.05[HE fio§.0eITHz. It suPporys The results observén

this study for the 4 nm x 5 nm to 4 nm x 7 nm nanorods, the frequency of the breathing mode becomes
faster than that of the extensional mode once the length is larger than the diameter as shown in Fig. 15.

Microstructure and Defects

Throughout this sidy there were several nanoparticles that produced data points that did not perfectly
adhere to the trends drawn from this research. One example of this is the FT analysis of the 8 nm x 2 nm
and the 10 nm x 2 nm nanorods, the dominant frequencies idedtifiethe FT analysis of these two
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nanorods put the frequency much slower than would be expected. The expected vibration frequency for
the 8 nm x 2 nm nanorod was 1.338 THz, however the dominant frequency was found to be 0.47 THz, this
was the same for th&0 nm x 2 nm which was expected to exhibit a vibration frequency of 1.09 THz
however the dominant frequency was found to be 0.377 THz.

Upon examination of the frequency graphs for the 8 nm x 2 nm and 10 nm x 2 nm nanorods there can be
identified a point wiere the frequency wave pattern changes from the pattern produced by the initial
shock of the incident atom. Further investigation of the vibration simulations linked a potential cause for
the change in vibration patterns can be attributed to a similar detéd asymmetrical faces that can be

found on both nanorods. The presence of this defect creates a distortion in the vibration causing the
wavelength to increase. This distortion of the vibration waves created by defects within the nanorods led
to a changen the vibration frequency due to the increase of the wavelength, as the wavelength increases
it leads to a lowering of the vibration frequency.

A study was conducted by Muskens et%hto the longitudinal surface plasmon resonance vibrations
across gold nanorods. They studied gold nanorods of an equal size, 30 nm x 15 nm, but with different
structure shapes and surface planes. Initially stating with an elliptical shape, the cap8attereed in

stages towards a cylindrical shape, they observed that as the caps were flattened the wavelength of the
surface vibrations was increased from 616 nm to 645 nm thus leading to a decrease in frequency. This
provides further evidence of the imptthat the structure and surface planes exhibit on the vibrations of
nanorods.

5.2 Why Study Vibration?

Ceria Identification

The size, shape and composition of a nanoparticle can have an impact on the properties of that
nanoparticle, hence the importancd being able to measure and identify these factors within
experimentally produced unknowns. In this study, the frequency of the vibration modes of cerium oxide
nanoparticles are identified to be related to the size and shape of the nanoparticle beingechaly

The observed pattern of frequency decrease as size is increased highlights the potential use of vibration
mode analysis as a method of estimating the size of unknown cerium oxide nanoparticles. Standard
measurement of the timgressure graphs, takinan average of the waves produced, primarily works for
nearsymmetrical nanoparticles such as the polyhedral structures produced by the nanocubes and
nanospheres within this study, as these structures produced a singular breathing mode pattern with a
singlevibration frequency being observed.

It is through the incorporation of FT analysis of the tipressure graphs that allows for the identification

of the symmetry of an unknown nanopatrticle alongside its potential for the identification of more complex
unknown nanoparticles such as the nanorods. Firstly the number of peaks that were produced within the
FT analysis data graphs allowed the confirmation of nanoparticle symmetry, it was observed that
symmetrical nanoparticles due to their singular vibration ra@hd therefore vibration frequency

produced a singular peak or tight cluster for the breathing mode, whereas unsymmetrical structures were
observed to produce multiple peaks or peak clusters due to the presence of two or more vibration modes
and thereforevibration frequencies.

Secondly as these unsymmetrical structures possessed different values for the diameter and length, they
produced more than one vibration mode such as a breathing mode but also an extensional vibration mode
and therefore more than iwe vibration frequency was observed. The dominant frequency in these
structures was reliant on more than just the size of the nanoparticle but also the diameter to length ratio
of the nanorod. Patterns in the FT analysis data showed the beginnings @drdification technique, the

36| Page



distance between the vibration peaks for the breathing mode and the extensional mode after FT analysis
has the potential to be used to estimate the ratio between the diameter and the length of an unknown
nanorod. The location dhe individual vibration mode peaks on the FT analysis graphs and their relating
frequencies could also allow for the estimation of the individual dimensions of the nanorod that is being
analysed.

The vibration of the nanoparticles within this study welgserved to be similar to quabreathing modes

in that the expansion of the nanoparticles was wavelike across the whole structure. As individual surface
planes caused the nanoparticle to be asymmetric this in turned caused differing sections of the
nanopaticle to expand at a varied rate making these vibrations IR active. The variations created by these
individual surface planes within these quaiseathing mode vibrations could potentially be used to not

only identify the size and shape of unknown nandjées but the surface plarsg corners and surface
OKSYAAUNER aA YN W G 2NBEKS2WTFAFT IAISWI Lw & LISOG NHzY @

IR and the Electromagnetic Spectrum

An area of common use for cerium oxide nanoparticles is in nanomedicine as a source of oxygen Huring c
repair. The activation of vibration modes to aid catalytic activity would therefore have to take place within
the human body. To activate the vibration modes of the nanopatrticle, the human body would need to be
subjected to a radiation source with endugnergy to promote excitation within the nanopatrticle.

All the vibration modes observed within this study were located at low frequencies between 0.3 and 1.6
THz, this puts them in the fdR region of the electromagnetic spectrum. The energy requirexktite the
nanoparticle and trigger the vibration modes is lower, therefore the frequency and energy of the activating
radiation source is lower, reducing the potential harm caused to the human body during activation of the
nanopatrticle.

Comparing the vilation frequencies of the nanorods it was observed that nanorods of similar sized atom
counts possessed differing vibration frequencies dependant on their dimensions. Nanorods with a larger
diameter and smaller length had a vibration frequency that wasefasian those with a smaller width and
larger length. These nanorods with a higher vibration frequency could require more energy to initiate a
breathing mode, making them less energetically efficient in some instances.

Catalytic Activity

The shape of a moparticle can have an impact on the catalytic activity of that nanoparticle primarily due
to the surface planes predominantly produced by that shape. For polyhedral structures the surface planes
that are predominantly produced are {111} planes that areenthermodynamically stable but therefore

are less reactive when compared to the {001} and {011} planes that are predominantly produced within
the nanorod structures which are less thermodynamically stable and therefore more reactive.

As previously statedZhou et al* investigated the catalytic activity of cerium oxide nanoparticles and
nanorods They observed the predominant surface plane for nanoparticles to be {111} surfaces whereas
the predominant surface plane for nanorods to be {O8d#faces. They observed for the conversion of CO
that nanorods had a higher rate of activity and suggested a reason for this to be due to the surface planes
present.

However, the vibration of the breathing mode causes a shifting of the atoms from theelaites

producing instability within the nanoparticle and its surface causing an increase in energy. This instability
would cause the production of catalytically active sites on the surface of the nanoparticle potentially
improving the reactivity of surfaes such as the {111} surfaces observed on octahedral nanoparfihiss.
increase in reactivity is similar to that observed through temperature increase, energy in the form of heat
causes vibration in the atoms shifting them within their lattice siteskimg it easier to extract oxygen

from the nanoparticle. The vibration created through irradiation has a similar effect of causing atom
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shifting within their lattice sites, however it can be performed at low temperatures improving cost
effectivenessAs thebreathing mode isn expansion of the nanoparticie all directionsthis increase in
catalytically active sites would be observed throughout the entire structure rather than a single surface.

The disadvantage of using vibration in this manner is thatekpansion of the breathing mode and shifting
of the atoms from their lattice positions although is a repeated incident is only momentary. The shift in
atoms occurs at the peak of each oscillation for a few picoseconds before returning to their original
position of reduced energy and reactivity limiting the use of this method, however with increased
frequency this advantageous state of atom displacement would occur more regularly.

Catalytic activity of nanoparticles can be related to the surface to volatie of that nanoparticle, a

larger surface area provides more opportunity for catalytically active sites across that surface, additionally
the smaller volume allows for the easier movement of atoms to and from the surface during oxidation and
redox procsses. Comparing the nanorods in this study, despite similar atom counts nanorods with a wider
diameter and shorter length had a larger surface to volume ratio compared to nanorods with a thinner
width but longer length. This shows potential for improvedabgic capacity for nanorods with a wider
diameter and shorter length over thinner and longer nanorods for improved efficiency in their uses.

5.3 Calculating Frequency

The two methods of identifying the frequency used in this study presented their owengalyes and
drawbacks but both allowed the calculation and presentation of the frequency data in a standard form of
Hz and THz.

For the initial measurement of frequency, the method of frequency calculation was identical for all the
nanoparticles examined ithin this study, however the data range selection process was different for each
one. Beginning at the initial peak observed in the tipressure graphs, an average wavelength of the first
five waves was used to calculate the initial measurement frequemayever, the time of this initial peak
was different for each nanoparticle leading to measurement beginning between a range2p$§. The

initial measurement method allowed the introduction of human error into the calculation of the
frequencies, stepsuch as measurement of the time when the fifth wave ended was conducted by human
eye, however the impact of this process is reduced through the use of average wavelength and a
secondary measurement method using FT analysis.

For the FT analysis, the methof frequency calculation and data range selection was kept the same for all
the nanoparticle examined in this study. All the tipieessure data contained in the graph was used in the
analysis of each individual nanoparticle regardless of initial pead tinis meant that all the waves were
analysed and presented in the final data graph regardless of wavelength and the various vibration pattern:
separated.

When comparing initial measurement of frequency to the various vibration patterns identified E$ing
analysis, the presence of defects and different surfaces within the nanoparticles and their impact on the
wavelength and vibration frequencies of these nanoparticles are crucial, this impact is most clearly
observed within the nanocylinders examinedhs study. When using Fourier analysis on the vibration
graphs of nanoparticles, all the various wavelengths are included into the calculations even those created
by defects, surface planes or grain boundaries within the structure, dependent on when this
microstructure distorts the vibration pattern may lead to the distorted frequency being the dominant

peak. Alternatively, using manual measurement techniques means that any distorted wavelengths can be
easily excluded from calculations of the vibrationguencies. This issue can be minimized in

computational methods however this is more difficult and involves the limitation of the data range used in
the Fourier analysis. Excluding distorted wavelengths that are created by microstructure requires removin
the entire section of data rather than just eliminating the distorted vibration pattern.
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6. Conclusion

Molecular dynamics was used itovestigatethe vibratioral frequency patterns of cerium oxide

nangparticles of various sizand shaps. Two methods ofrequency measurement were employed in this
study, an initial measurement taken from an average wavelength of the first five waves of the time
pressure graphs and a second FT analysis method. All the vibration frequencies calculated for this study
were loated within the low THz range meaning that they are situated within thénflaared range of
electromagnetic spectrumlhe breathing mode vibration of the nanoparticles in this study was observed
to cause shifting of the atoms from their lattice sitegnilar to the effects of temperaturehis could

produce an increase in the catalytic activity of the nanoparticle surface improving efficiency in oxidation
and reduction processes.

Two major trends are identifiable in the results of this study, the fieshg that as nanparticlesize
increases the vibration frequency decreas€his trend was found across all ngasticle shapesHowever,
nanocylinderspossessing lengths smaller than the radulisplayed higher vibratica frequencies than
nanocylinderswith a lower atom count but possessing lengths larger than the raéioisthe polyhedral
nangparticles, the change in frequency was larger for the smaller atom countpeicles and smaller for
the nangarticles with a larger atom counf’he second tned present is that nangarticles with symmetric
dimensions produced single peak graphs after FT analysis wheregsanacies with nonsymmetric
dimensions displayed split peaks at different frequencies after FT andlysgattern of peak splitting
within asymmetrical nanoparticlesan be used teaharacterisghe aspect ratios and dimensions of
unknown nanopatrticles.

Some issues encountered within this study were examining the differences between nanospheres and
nanocubes was not entirelyossible as they both produced polyhedral structures during the crystallisation
stage. However, the trend of these polyhedral npadicles showed that as atom count increased, the
frequency of vibration decreaseBirequency value for th8 nm x 2nmand 10 nm x 2 nm nanocylinders
produced through Fourier analysis was considerably different from the frequency value produced from the
initial measurement. Finally, the presence of extra data peaks within some of the FT data graphs which ce
potentially be attibuted to the microstructure and defects within the ngrarticleanalysed.
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7. Further Work

The conducting of experimentedsearch into the vibrations of cerium oxide ngaoticles using a
technique such as ultrafast or Raman spectroscopy would aid in supporting the results and trends
identified in this study beyond the theoretical simulation. The synthesis of polyhedral and nanorod
structures of similar sizes to those investigatedhis study could provide confirmation of the surface
planesproduced and the patterns that are observed.

In this study, the main trend of interest was that when the length of a nanorod was much sthahethe
diameter, the speed of the vibration fregncy largely spiked\n interesting avenue of further work would
be to increase the sample range of the nanorods examined and establish if the trend continues into
increasing nanorod sizes, through expansion into larger nanorod sizes and combinaticaraetkd to
length aspect ratios for further confirmation of the trends identified in this study along with the
observation of shifts in this patterifrurther investigation into the effects of surface planes on variations
within quastbreathing modes obseed within this study would be beneficial in establishing whether they
can be applieds a method of identifying surface morphology and chemistry within unknown
nanoparticles through infrared excitation and analysis of Fourier Transform data.

Another area binterest for expansion of this research would be to experiment with the doping of
nanagparticles with atoms of differing elements. The potential changes created within the vibration of the
nangparticles by the introduction of varied bond lengths could gHight on further methods of tailoring

the vibration frequency to desired wavelengths and frequencies that are more efficient. This would have a
further effect of altering the oxidation state of the cerium atoms introducing*@xidation into the

structure opposed to the standard €ehat is observed within the namarticles of this study. This change
in oxidation state could also be achieved through the introduction of vacancies into the structure which
could potentially impact on the vibration frequeypof the nangarticleby limiting the pathways of energy
spread.Considering cerium oxides properties in relation to nanomedicine as an oxidising source for cell
repair the potential of measuring changes in vibration frequency caused by the introductacafcies,
would open possibilities of this vibration analysis method as one to measure activity of thparéinle

within the body.
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9. Appendix

9.1 Visualisers
Material Studio 2016

Material Studio 2016 is a computer modelling and simulation program, it allows the user to create, edit
and visualise various molecut@ari NHzOG dzNBa&a +a ¢St €t | a NMHzy FylfeéeaSa
this study, the program was used solely to produce the studied nanostructures. It allowed various
nanostructures to be produced from a base Ga®lecule through imputing specifievalues into a build
nanoparticle tool, the tool then built the nanostructure to bond length calculations for each atom to atom
interaction. These nanostructures were then edited manually through the removal of atoms to create

charge neutral nanostructuge
Visual Molecular Dynamics (VMD)

Visual Molecular Dynamics (VMD) is a program that allows the 3D visualisation of molecules,
nanostructures and other structures, the advantage of this 3D method being the ability to move and rotate
the viewpoint to expos otherwise hidden surfaces. VMD contains a variety of tools for editing the
visualisation of an examined structure; an example of this is the ability to change atom colouring
dependent on different factors such as element, charge or mass. It also hagilitgra/hen it comes to

atom presentation allowing different styles to be chosen, an example of such is CPK where the atoms are
displayed as spheres and further options to change the size of these spheres is available. This range of
visualisation optionsllows the image presented to be tailored to the structure being examined.

For this study VMD was used throughout the runtime of simulations to ensure that they were successful o
to identify areas that may have caused issue in cases of crashed simuldi@ngisualisation preferences
selected for simulations prior to the vibration stage were CPK style atom presentations with size 7.0 sphel
scale, these preferences were selected as they best displayed the movement of atoms along surfaces
during the recrgtallisation stage and the final lattice planes present.

Viper

Viper is a program designed for the analysis of XRAFS spectra using various methods, one of these beinc
the use of Fourieanalysis. It allows the splitting and identification of the vibratitata into the various
frequencies created by vibration modes present, the downside of this program however is that it does not
produce the data within a publishable graph itself, it produces a data file however that can be converted
within Microsoft ExcelFFor this study it was used to conduct FT analysis on all nanostructures that were
examined to identify the frequencies of the vibration modes present within the vibration graphs.
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9.2 Calculating Frequency

The first step was measuring the numbepiabseconds it takes for five waves, this was then divided by five
to get the average picoseconds for one wave:

0640 QOE I U & Qi - _ )
L 0 00 QI WO WON Qwé | 'V GEADI Q

Thedivision of one second by the number of picoseconds in one wave provides the frequency in Hertz
which is then converted to Terahertz:
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06 dn Q0 i U0k Q
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9.3 Simulation Data
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Fourier Transform AnalygjsNanocube 3nm

Fourier Transform Nanocube 3nm
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Fourier Transform Analysislanocube 4nm

Fourier Transform Nanocube 4nm
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Fourier Transform AnalygjsNanosphere 2nm

Fourier Transforma Nanosphere 2nm
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Fourier Transform AnalygjsNanosphere 3nm

Fourier Transforma Nanosphere 3nm
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Fourier Transform AnalysiBlanosphere 4nm

Fourier Transforma Nanosphere 4nm
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Fourier Transform AnalygjNanocylinder 4nm 2nm

Fourier Transform Nanocylinder 4nm x 2nm
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Fourier Transform AnalygjNanocylinder 4nm 3nm

Fourier Transform Nanocylinder 4nm x 3nm
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Fourier Transform AnalygjNanocylinder 4nm 4nm

Fourier Transform Nanocylinder 4nm x 4nm
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Fourier Transform AnalygjNanocylinder 4nm 5nm

Fourier Transforng Nanocylinder 4nm x 5nm
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Fourier Transform AnalygjNanocylinder 4nm 6nm

Fourier Transforng Nanocylinder 4nm x 6nm
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Fourier Transform AnalygjNanocylinder 4nmx 7nm
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