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Abstract

This thesis describes and explains the use of agueous polyoxometalates
(POMSs), as molecular building blocks in the fabrication of tunable-solid
state materialsuch as thin films. Microwave irradiation in the synthesis

of Nbio, Nbs and Ta is a rapid and efficient alternative to conventional
hydrothermal methods, while offering equalf not greater yields of
product. Through microwave irradiation, the cortagfpan activation pH

of anhydrous N#Os, niobic and tantalic acids has been devised to explain
what products are accessible from each oxide and under what conditions.

The controlled deposition of metal oxide thin films is possioée an
iterative spin cating and annealing process of POMs. This approach
facilitates deposition of alkafree, metal oxide thin films with varying
crystallinity, thickness and roughness. The ability to deposit successive
layers of these polyoxometalate films was a new apprtoaateate thicker

and layered metal oxide films. This approach offers an efficient and
reproducible means of creating tunable metal oxide thin films or other
solid-state structures, which exemplifies the use of POMs as molecular
building blocks.

Transiton metal niobate thin films can be deposited onto silicon wafers
via the aqueous deposition of transition métekaniobate mixtures. This
facilitates assessment of the electrochemical properties of these materials,
without a need for coin cells or inerbrditions. This allows for
characterisation of the pseudocapacitive properties of these materials,
which abodes well for developing electrochemical energy storage devices.

The viability of using aqueous polyoxoniobatiali nitrate mixtures was
leveragedas a means of depositing alkali niobate (LINp®aNbQ,
KNbQs) thin films, plus Rb and Cs doped X films and powders.
Synthesising soligtate niobates that can incorporate all the alkali cations,
entirely from aqueous polyoxoniobate solutions, conthes ability to
develop leadree piezoelectric, ferroelectric and antiferroelectric
materials without the use of expensive or energy intensive methods
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ANOz i alkali nitrate

ANDbOz i alkali niobate

CV1 cyclic voltammetry

EDSI1 energy dispersive Xay spectroscopy
MPB T morphotropic phase boundary
Nbioi decaniobate

Nb2o 1 icosoniobate

Nb2Os i niobium pentoxide

Nb20s-nH2O T hydrous niobium pentoxide (niobic acid)
Nbs T hexaniobate

Nb7 i heptaniobate

NbOs i niobium octahedra

NHE T normal hydrogen electrode

OCPT open circuit potential

POMT polyoxometalate

POMoi polyoxomolybdate

PONDbi polyoxoniobate



POTail polyoxotantalate

POV polyoxovanadate

POW!1 polyoxotungstate

PXRD'1 powder Xxray diffraction

SEMT scanning electron microscopy
Tawo i decatantalate

TaOs 1 tantalum pentoxide

TaOs:nH20 1 hydrous tantalum pentoxide (tantalic acid)
Tas 1 hexatantalate

TBAOH i tetrabutylammonium hydroxide
TiNbe i monotitanoniobate

TioNbg 1 dititanoniobate

TMA i tetramehylammonium

TMAOH i tetramethylammonium hydroxide

Vi



Enkel sammanfattning pa svenska

Denna avhandling beskriver och forklarar anvandningen av polyoxometalater
(POM), som kan utgdra molekylara byggstenar vid tillverkning av olika material
medvaldefinieradech justerbara fysikaliska egenskaper i sitt fasta tillstand, med
relevans for exempel tunna filmer. Syntes med mikrovagsstralning ayvNii

och Ta ar ett snabbt och effektivt alternativ till konventionella hydrotermiska
metoder, samtidigt som metodeijeder likai om inte storré produktutbyten
jamfort med mer traditionella syntesmetoder. Genom mikrovagsstralning har
konceptet med ett aktiveringgd av vattenfri NBOs, niobsyra och tantalsyra,
utvecklats for att férutsaga vilka produkter som arditigliga fran varje oxid och
under vilka forhallanden.

Kontrollerad deposition av tunna filmer med metalloxider visar sig ar mijig

en iterativ spinnbeldggning och glédgningsprocess av POM. Detta
tillvagagangssatt underlattar depositionen av afkili tunna metalloxidfilmer

med varierande kristallinitet, tjocklek ochrmrhet. Méjligheten att deponera
successiva skikt av dessa polyoxometalatfilmer &r ett nytt tillvagagangssatt for att
skapa tjockare och skiktade metalloxidfilmer. Detta tillvagagaaty erbjuder
darfor ett effektivt och reproducerbart satt for att skraddarsy tunna filmer av
metalloxider eller andra fasta material och strukturer, och exemplifierar darfor
elegant anvandningen av POM som molekylara byggstenar.

Tunna filmer av Gvergangsetallen niobat kan avsattas pa kiselytor via
vattendeposition av dvergangsmetaikaniobatblandningar. Detta underlattar
undersokningen av olika elektrokemiska egenskaperna hos dessa material, utan
behov av myntceller eller inerta forhallanden. Dettaliggjr darfor lattare
karakterisering av de pseudokapacitiva egenskaperna, vilket torde framja
utveckling av dessa material i elektrokemiska energilagringsapplikationer.

Mojligheten av att kunna anvénda vattenhaltiga polyoxoniathaii-
nitratblandningahar utnyttjats som ett satt att deponera alkaliniobater (LENbO
NaNbQ, KNbQOs) tunna filmer, samt Rboch Csdopade NBEOs-filmer och
pulver. Resultaten visar att syntetisering av niobater i fast tillstind som kan
inkorporera alla alkalikatjoner fran vatteaserade polyoxoniobatlésningar,
vilket mojliggodr utvecking av blyfria piezoelektriska, ferroelektriska och
antiferroelektriska material utan anvandning av dyra eller energikravande
metoder

vii
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Chapter 1

1.1 Introduction

Niobium (Nb) and tantalum (Ta) are refractory metals and inherently
exhibit excellent resistance to heating, abrasion and corrosion. These
properties are desirable for applications in surface coatings, mining and
metal fabrication. Notably the corrosiorsigtance exhibited by niobium

and tantalum is attributable to the presence of a thin layer of oxide at the
surfacd i.e.Nb>Os and TaOs, respectively. NEOs and TaOs alsoexhibit
dielectric propertiesand this correlates to their use as capacitors in
electronic components. Furthermore, the inertness of niobium and
tantalummakes them corrosion resistant, and is one of the properties that
makes thenbiocompatiblé!! Applications where niobium, tantalum and
Nb/Tatitanium oxide films are used include (bate not limited to)
orthopaedic/orthodontic devicEs, waveguide8! and electromagnetic
interference shieldin§! The ubiquity of niobium and tantalum in society

is undeniable and considerable progiesss nce t heibhasbeeny 20
made in furthe elucidaing the aqueous solution chemistries of niobium
and tantalum oxidg e.g.the synthesis gbolyoxoanions Understanding

the solution chemistry of niobium and tantalum ogideimperative in
expanding the applicability of these materials, as wasllimproving
recycling efforts to foster sustainable manufacturing.

1.2 Scope and objectives of thesis

In this PhD project, the polyoxometalate ions of niobium and tantalum are
envisaged atunablebuilding blocksin materials synthesiga a bottom

up gproach. InPaper I, microwave synthesis an efficient and rapid
alternative to previous hydrothermal methoidsis used as a high
throughput process for synthesising discrete decaniobate (@S
Nbio), hexaniobate ([NéD1g]® Nbes) and hexatantalatéTasO19]® Tas)
polyoxometalate clusters in bulk and with high purifyg(re 11).The
6acti vat i @mndil&lswas dlso iNvestigated iPaper | and



its relevance in determining the polyoxoniobates andntalates
attainable/precludedia onepot synthesis is explained.

Molten Salts Hydrothermal Microwave
ﬂr.)*
'w% | | =
e ——
360 °C 120 °C 180 °C
1hr 18 hr 15 min
1900's 2009 2019

[MsO1o]* [Nb1902]%

M=Ta', Nb’

Figure 11. Overview of different approaches of preparing niobium and tantalum
polyoxometalate ions and when they were reported. Adapted from Rambar@n et al

The aqueousdeposition of NbOs and TaOs through use of
polyoxoniobates and polyoxotantalates, respectivedye beerstudied
previousy!® i howeverthese investigations were limited in their scope of
successively stacking layers of metal oxide (with the exaeutid-astet
al®@), tuning film crystallinity, thickness and roughnesy changing
starting material, concentratioor temperature. The expansion of this
limited scopeinter alia, areaddressed iRPaper Il and set the precedence
for preparing thetranstion metal doped films and alkali niobate films
reportedn chapter 4 andchapter 5, respectively. As discussedRaper

II', the viability of microwave synthesis along with the aqueous solubility
of the polyoxometalate ions was leveraged to fabricate fitms with
tunable properties such as thickness, crystallinity and roughness.
Furthermore, this approach utilises the polyoxometalate ions as molecular

2



buildingblocksor 6 mo | e ¢ ul aigurd.12)docenshré layeréds 6
metal oxide thin films can be deposited through an iterative cspating

and annealing process. This approaatproves reproducibility and
tunability, while providing benign starting materialsy comparison to
other methods thatse insoluble niobium and tantalum oxides.

.’.

ortho-Nb,Og

[ ] [ ]
2800 °C
[TiNbgO,g]™ TiNb,09
[ ] [
4 9 Ly [] [ [ 'Y
%’ — m
[Ti,NbgO,g]®- TiNb,O,

Figure 12. The niobium pentoxides and titanium niobium oxides attainable from the
isostructural [NkoOzg] &, [TiNbsO2g] ~ and [TizNbsO2g] & polyoxometalate ions, relative
to temperatwe. Adapted from Rambaran etal

The polyoxometalate ions usedRaper Il include the monotitanoniobate
([TiNbgO2g] ) and dititanoniobate ([FNbsOg®) heteropolyoxoniobate
ions, both of which form the titanium niobium oxides T¥@k and
TioNb120O29, respectively, in the solidtate. The formation of these
titaniumniobium oxides was a consequence of the inclusion of

heterometal ions in the decametalate framework. These titanium niobium

oxides are excellent candidates for anode materials for develbiging
performancdithium-ion batteries. Therefore, ahapter 4the inclusion of

(



redox active heterometaisvia doping with Cr, Mn, Fe Co, Ni and Zn
(Figure 13) i is investigated to determine the electrochemical effects of
doping. The novelty of thiapproach taoping involveghe use of aqueous
solutions, which facilitates both simplicity and tunability in fabricating
transition metal doped niobium oxides.

e o
WL, N0 0" Tit%, Cr%%, Mn®, Fest, Co?*, Ni2*
—
polyoxometalate . .
(POM) ions —- heteroatom inclusion ~ ===  spin coating
POM solution
(M5Ol building blocks
M = Nb¥ or Ta"
addition of tati " di
POM solution - rotation promotes spreading
SHRGITE) &1 AT RAL of droplet to form film
g > .,
formation of metal SV QTR l
oxide thin film __.- leaving solidified region -.__
Pt 'S

Figure 13. Overview of the doping of agous polyoxometalate solutions

In chapter 5the aqueous doping of the polyoxometalates stufthe use

of alkali metal ios (Li*, Na', K*, Rb" and CS) to fabricate alkali niobates.

This was done to mitigate the use of energy intensive methods and
moisture sensitive precursors in the synthesis of alkali niobates, which are
promising as leaedfree piezoelectric materials. This study not only
demonstrated the effectiveness of using polyoxometalates as molecular
building blocks, but it also reiterated thatypxoniobates are the simplest
agueous precursors necessary for making solid state materialsQsfthib
meet a wide array of applications.



1.3 Background

1.3.1 Coltan the Oblood minerald
Niobium, tantalum and their respective aesdare commaodities that are
crucial to satisfying the developmesftconsumer electronic devices, and
the technological advancement of our society. From instrumentation as
large as MRI machines, to smaller ones such as mobile phones or smart
watches, theyrely on either niobium pentoxide (MBs) or tantalum
pentoxide (Ta0s).Bl Both niobium and tantalum are considered refractory
metals, because they exhibit exceptional corrosion resistance and high
resistance to heat. These properties are intrinsic tblbb®s and TaOs
residing on the surfaces of metallic niobium and tantalum, respectively,
which form spontaneously through oxidation in ambient air. Due to the
extensive use of these metal oxides,amgportantly,a lack ofsuitable
alternatives, niobium ahtantalum are classified as technologically critical
elementg?!

Coltan isa mineral ore from which both niobium and tantalum are
extracted from the earth, afitdis considered a conflict minerdf! The

t er m A c o n fhiadbeen comeaesaiba &ny material extracted
under problematic conditions in war zones. Hence, the niobium and
tantalum carrying mineral coltan is one such min€hadugh mining of
coltan in the Democratic Republic of Congo (DRC) accounts for <15% of
global niobium and taatum production, the artisanal mining has had
deleterious effects on the society. Note that artisanal mining refers to the
use of bare hands, or simple tools, with little or no protective equipment
for the mining of ores/minerals from the earth. The delmts effects of
artisanal mining have been both direct and indirect in the BRThe
indirect effects of artisanal mining are those which affected the flora and
fauna of the DRC, while the direct effects correspond to mining activities
financing warlods and arms trafficking.

Artisanal mining activities for coltan has shown to promote societal ills,
such as: violent conflict, underdevelopment, the proliferation of poverty,
child labour, extortion, unacceptable labour conditions and enslavement in

o f



the DRC*Y There is also further environmental degradation associated
with the artisanal mining of coltanbeyond the impact of mining itself

which includes the slaughtering of thousands of elephants and gorillas for
bushmeat to support mining campé! Therefore, theaepercussionsf
artisanal coltan mining have made
mi ner al 0.

The need for reform within the mining sector, to mitigate the negative
connotation of minerals, I|ikelcolt e
has continually gained the attention of researchers, policy makers and
other stakeholders. These reforms do not only focus on implementing
policies for transparency in mineral supply chatAsbut also on
improving a lack of education. Women are eatluded from artisanal
mining, however, they are often not made aware of new laws/regulations
implemented to curb artisanal minifé¢! Hence, they are somewhat
disadvantaged in interacting with officials within the artisanal mining
sectorj.e.they maynot know their rights. Other reforms include measures
to prevent abuse along supply chains and provision of social services
(basic) to communities within the vicinity of mining aréd8. 12
Certification schemes and other legislative measures are smp
governmental measures for artisanal mining refétth.

1.3.2 Solidstate applications of niobium and tantalum pentoxide

There are numerous applications of28band TaOs, which span a wide
range of sectors, from optical applications, waveguidésmddical,
electronic and energy storage devices. Most, if not all, biological
applications benefit from the refractory and biocompatibility properties of
Nb20Os and TaOs. The high dielectric constant of 2@ has cemented its
use in the manufacturing odpacitors for electronic applicatigrend it is
found in the mobile phones and computers that we use [tiljhe
pseudocapacitive behaviour of X3, however, has garnered significant
interest since it allows for the development dib,0Os based
supercpacitors and anode materials f@hium-ion batteries!# this is
discussed further ichapter 4.



As a refractory metal oxide, a wide optical bandgap is another intrinsic
property of NROs that has been leveraged in the development of dye
sensitised sofacells*® Nanochannels and films based on.®bhave

been used as photoanodes for improving the photoconversion efficiency of
dye-sensitised solar cell§>1¢l

Tantalum pentoxide has been used as a semiconductor material for
photocatalytic reactiongwing to its wide band gagg 3.9 eV)'"l The

large band gap of B&®s, however, makes it predominantly absorb-UV
light and the use of dopants have been explored to expand its response to
visible light. For example NiO, F, Fe, In and CdS have been igagst

as dopants to enhance the photocatalytic activity gDJa°!

Towards the development of orthopaedic devicesOdlbas been used to
coat implant material such as TeAl4V substrates to enhance their
biocompatibility for use as dental and oglaedic implant§® The innate
corrosion resistance of NOs supports biocompatibility through NOs

films facilitating the growth of a hydroxyapatiyer?! The latter effect

is conducive to the ingrowth of bone tissue, between bone and the implant
material, i.e. osseointegratioR®?!! A biocomposite of NEOs and
polyetheretherketone (PEEK) which exhibited better hydrophilicity and
osteogenic differentiation than unaltered PEEK, is another example of
Nb.Os enhancing biocompatibiliti?®!

The biocomatibility of tantalum metal implants is similarly dependent on
afilm of Ta&Os 1 residing on the metal surfatdostering osseointegration
between the implant material and b&¥e?? Previous studies showed that
porous tantalum trabecular metal impg(®TTM)?! 22land TaOs coated
metal implantg® 18 24lexhibits superior biocompatibility when compared
to titanium based or uncoated metal implants. Similar results have been
attained with NBOs reinforced titanium metal compositéd. The
antibaderial and cytocompatibility properties of 2 coatings further
accentuates the biocompatibility of this material for use in impl&hihe

low modulus of elasticity of porous tantalum materials is commensurate
with the optimal mechanical propertiedf cortical bone and this



contributes to the excellent biocompatibility of tantalbased
implantstt?: 271

The inertness of NKDs has been utilised in the coating of steel to fortify
its corrosion resistan@® and TaOs has been applied as a coatimg t
enhance the wear/corrosion resistance efAlEV.?°! Both cases yielded
results consistent with N®s and TaOs coatings protecting the specified
components to operate under harsh (corrosive) conditions. Aside from
biocompatibility, the electromagnetiaterference (EMI) shielding and
corrosion resistant properties of X3, have been used in tandem to
develop multifunctional waveguidé€$Niobium pentoxide has even found
use as a decorative material. This arises from the colour changes exhibited
by different thicknesses of a Mbs film, relative to the incident angle of a
light source®® The thickness of the NBs film can be controlled through

an applied voltage in thenodisationprocess, whereby film thickness is
directly proportional to applied Wtage!*” As a supportive film on a silica
substrate, Nis has demonstrated catalytic activity in #eetalisatiorof
glycerol with acetoneto produce solketat! a precursor in the synthesis

of mona, di- and triglycerides.

The pseudocapacitive bakiour of NBOs, due to the ability for Li
intercalation, has been utilised in creating electrochromic thin films that
exhibit neafinfrared colouration and fast switching kineti$%.Doping
Nb2Os with zirconium, tin, titanium and molybdenum has alserbased

to investigate the electrochromic properties of@®#films. The type of
dopant added and the crystallinity of the-®bfilm was determined to
influence the electrochemical behaviour. By no means is this an exhaustive
description of the applations of NbOs and TaOs; however, it is evident

that there is great versatility e rangeof applicationsof these metal
oxides.



1.3.3 Progress in polyoxoniobate and polyoxotantalate chemistry in the
last decade: 201P 2022

1.3.3.1 Defining polyoxontedates (POMS)

Polyoxanetalatesiredefined as thdiscrete metal aanion clusters of the
group Vand VImetals in their highest oxidation staf&! They include
the polyoxovanadates (POV), polyoxoniobates (PONb) and
polyoxotantalates (POTaas well aspolyoxomolybdates (POMo) and
polyoxotungstates (POW)

1.3.3.2 Brief comparison of the polyoxometalates (POMs)

Historically there has been relative ease in synthesising POV, POMo and
POWi compared to the polyoxoniobates dridntalates. This is largely
influenced by aqueous solubility (acidic conditions) and commercial
availability of the precursors for synthesising POV, POMo and P8w.
For example, decavanadate t@made through acidifying stock solutions

of ammonium metavanaddf&. Phosphomolybdiacid (F[Mo12PQuq]), a
heteropolyacid of molybdenum, can be made fribva dissolution of
ammonium heptamolybdate or molybdenum trioxide in phosphoric acid,
with heating, followed by acidification with HE! Similarly,
phosphotungstic acid @iV 12PQug)) is made by heating sodium tungstate
dihydrate and disodium hydrogen phosphate in water, followed by
acidification with HCI®8 Both phosphomolbydic and phosphotungstic
acids require acidic conditions for the polyoxometalates to remain intact.
This is unike the case for theONbandPOTa as they actually precipitate

as hydrous NiDs and TaOs, respectively under acidic conditions.

The relative ease of using aqueous synthetic methods to make the POVs,
POMos and POWSs from very early on is largely respéasibr the
expansion of the fields related to these POMs. Conversely, there has been
no such ease in the synthesis of PONb or POTa. There is no ammonium
salt of niobium(V) or tantalum(V), or watsoluble metal oxide that
facilitates aqueous synthesis dDRbs and POTas, respectively. While
NbCls and Nb(OGHs)s are metal organic reagents, they hydrolyse to form
hydrous NBOs which is insoluble in acidic medium. There is ammonium
niobium oxalate, but this also yields hydrous@®upon acidification. A
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similar result occur i.e. formation of hydrous T#s 1 for the analogous
tantalum(V) chloride, ethoxide and oxalate. With the current-statiee-

art, synthesis of water soluble PONb and POTa is achieved through
dissolution of hydrous/anhydrous p% and hylrous TaOs, respectively,

in basic mediumRaper I).

It turns out that the decaniobate ion (fdDzg®, Figure 14) can be
synthesised from hydrous s (Paper I) and is stable near neutral pH,
while the hexaniobate ion ([N®19]®, Figure 15) predominates at pH
>9 5 3% The hexaniobate species is accessible from both hydrozB@sNb
and anhydrous NKs, via a onepot synthesis which commences at pH
>13 (Paper ). The pH stability range exhibited byesePONb(7 > pH >

14) is a distinctive feature, as neither of the group VI POMs (POMos or
POWSs) are typically stable in this pH range. Likewise, formation of the
hexatantalate species gJavhich is isostructuraltoNb r equi res p
to prompt dissoltion of hydrous T#Os to yield this speciesPaper I).
Hence, the group V POMsPONb and POTa are the only species that
remain intact under basic conditions (p8). Aside from the base stability

of the PONb and POTa, their agueous solubility is alBoeanced by the
counter ions present, especially in the case of alkali cdfi®rikijs is
discussed in more detail amapter 5. Furthermore, there is a lack of redox
chemistry for the PONb and POTa, whereas the POMo and POW are
active in this regartf*

The POV on the other handre soluble under basic conditiphswever,
depending on pH and ionic strength, there is speciation between different
oligomeric POV species. These include the monomeric {%Cat high

pH), dimeric ([\.07]*), tetrameric([V4012]*), pentameric ([¥O1s]*)
vanadates in aqueous vanadium (V) solutléié! The decavanadate ion
([V1002¢]%, Vi0) is another species consisting of ten ¢gV@ctahedra
connected to form a decametalate structure like decanidbigted 14),

but Vio predominates at pH 3B0F% At pH O5. 8,0 howe
dissociates to form other oligomeric species.

10



Figure 14. An example of the decametalate ion, decaniobate{{D¢g &, Nb1g) with

each structurally ugQ;quB®; CEXyGEEIG: | aBhe©l | e d.
28 whitespheres represent oxygen atige tendark-grey spheres can be vanadium,
niobium or tantalum atoms.

Figure 15. The Lindqvist (hexametalate) ion. White spheres represent oxygen and grey
spheres can beiwbium or tantalum oxygens. The labels a, b and ¢, correspond te-the pu
O,)kO and d=0O oxygen groups, respectively.
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1.3.3.3 Synthesis of polyoxoniobates aadtalates before niobic and
tantalic acid

As early as 1866 there are studies reporting on thegi@o chemistry of
niobium and tantalutf? These studies are largely devoted to dissolution
of the mineral ores columbite or tantalite (coltan) in Hig fractional
crystallisation of potassium heptafluorotantalateT@t) and potassium
heptafluoronibate (KNbF7).*243 This process pioneered by Jean Charles
Galissard de Marignat apt | y n aMaegdac précess i fiwas
initially used for the industrial separation of tantalum and niobium. At the
time, it was also the route of choice to obtain traewsoluble [Nbf?

and [TaR]? ions, because these species were needed for the synthesis
Nb2Os and TaOs, respectively. The latter was achiewad addition of
ammonia toKoNbF; and KzTaF solutions to induce precipitation of
Nb2Os and TaOs, respectiely.*?*3 TheNb,Os and TaOs are afterwards
reduced at high temperatures, typically in the presence of aluminium and
under vacuum to yield their respective metals.

Due to the environmental hazards and unfavourable working conditions
associated with theuse of HF, the Marignac process of fractional
crystallisation has been abandoned. Current industrial syntheses of
metallic niobium and tantalum, however, are still reliant on leaching
K2oNbF andK2TaF from the mineral ores. To circumvent the Marignac
process for separating KIbF, and K>TaF7, solvent extraction (methyl
isobutyl ketone) is used followed by precipitation with ammonia just the
saméd#3a Beyond the use HF for the extraction of [NJFFand [TaR]?

ions from mineral ores, but prior to synttesif polyoxoniobates and
tantalates, very little is known regarding the solution chemistry of
niobium(V) and tantalum(V).Recognisingthis is quintessential to
understanding the impact studies related to polyoxoniobatematalates
havein unearthinghe solution chemistry of niobium(V) and tantalum(V).

One of the earlier methods, from 1941, to synthesise polyoxoniobates and
T tantalates relied on the use of molten alkali carbonate or hydroxide salts
to dissolve anhydrous NOs and TaOs.*¥ This methoctanonly yield the
Lindqvist type hexametalate ion (B@19*, M = Nb or Ta); which is

12



named after Ingvar Lindqvist as homage to his work won in ¥95Bhe

Lindqvist ion is the POM species obtainable from niobium and tantalum

in aqueous solution at pkd. The structure of the Lindqvist iofigure

1.5) consists of 6 edgeharing MQ octahedra connected to form 1204

M bridges, called pO groups. Each metal centre of the Mi@tahedra is

bonded to a central oxygen atoms-(), and each M@octahedra is also
capped with a ter meaal oMalO gt o6 pd £«

In 1977, the other isopolyoxoniobatedecaniobate ([N{pO2g]®, Nb1o) i

was synthesisethrough the slowhydrolysis of niobium pentaethoxide
(Nb(OGHs)s) in the presence of tetramethylammonium hydroxide
(TMAOH ).181 This reaction was essentially dependent on the dissolution
of NI»Os in TMAOH, as the moisture sensitivity of niobium pentaethoxide
inevitably results in the formation of NBs. The use of thpoorly soluble
Nb.Os was never circumvented, however, hydrolysis of niobium
pentaethoxide renders the formation of hydrous§b(niobic acid
Nb20OsnH20). Notably, there are several forms of A, which include
crystalline (orthorhombic and monocliniend amorphous (niobic acid)
phases. Neither of these forms of 2R are readily soluble in water.
However, the dissolution of niobic/tantalic acid in basic medium, which is
discussed in detail iPaper |, is crucialto the development ofuture
polyoxoniokate and -tantalate syntheses. Notwithstanding this, the
moisture sensitivity of theNb(OCGHs)s in this reaction gave poor
reproducibility overall in this method and the initial dbynthesisva s n 6 t
reproduced in the literaturetil nineteen years latér1996!471

The decaniobate iorF{gure 14) mentioned earlier consists t&n NbOs
octahedra connected in such a way that there are seven types of structurally
unique oxygens. There are three setseDpgroups (D is a set aivo, E

is a set ofour and C a set otighf), two sets ofourd = O gr oups ( C
F), two 15-O groups, and one set folur oxygen atoms connectedttree

metal centres @O, site B). Due to thexO, 1s-O, d = Q-Oalhbding®
structurally distinct sites in the POM structure, they can be distinguished
through thai NMR signals, after isotopic substitution witf© nuclei, in

0 NMR spectroscopgvide infrg).l3 48]
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1.3.3.4 Synthesis of polyoxoniobates with niobic acid

The crucial change in polyoxoniobate synthesis occurred ini260&nty

six years after 197Y when niobic acid was used as the precursor and
reacted with aqueous NaOH under hydrothermal conditions, in the
synthesis of the titanoniobate isopolyanion2iisOzg)® (Ti2Nbg).[47!

Next came the ongot, alkali-free synthesis of N, through use of
TMAOH as a base, to yield the tetramethyl ammonidiA ) salt of
decaniobate Nbio) i [N(CHz)a]e[Nb10O2g.P% Thereafter came
progressive expansion in the field of polyoxoniobate &tmhtalate
chemistry. This included the synthesis of other titanoniobap@iganions

and heterometal substituted polyoxoniobates and polyoxotantétates.
distinctive featuré rather an advantageof the TMA-polyoxoniobate and
TMA -polyoxotantalate salts compared to their alkali counterparts, is the
remarkable solubility exhited by the TMA salts. They are highly soluble

in water €a 1 gramper millilitre); also soluble in methanol, ethanol and
glycerol but not acetone, isopropanol nor acetonitrile.

With the newfound capability to synthesise polyoxoniobates niobic

acid 1 with high reproducibility came the studies of the solution chemistry
of niobium(V), which were previously lacking/O NMR spectroscopic
studies were an invaluable asset to elucidating niobium(V) solution
chemistry. Notably, the polyoxotunsgstates gmalyoxovanadates are
easily detectable due to the natural abundance and sensitivity‘§Mhe
and >V NMR nuclei, respectively. This was beneficial especially to
elucidating the speciation and structure of the polyoxotunsgsthtesi
polyoxovanadateé! However, an NMR active nuclei of Nb or Ta that is
present in high abundance and sensitivity to facilitate NMR experiments
is unavailable. Th&Nb and®'Ta nuclei are quadrupolar which make
them less sensitive, while exhibiting broad NMR signalsdbaér a large
portion of the spectra windolr?”!

The oxygerexchange between thHéO and!®O nuclei, of H’O and
H.10, respectivelyin wateroccurs on timescales that are sufficiently long
enough for detailed’O NMR studieg?? 48 53lHence, thiseffectively
mitigated the lack of an NMR active nucleus for probing thesitin
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solution chemistry of both niobium(V) and tantalum(V). Furthermore, the

fact that the polyoxoniobate art@ntalate clusters all possess structurally
distinct oxygens group$if-O, 18-O, O and d=) all ows tl
of their respectivé’O NMR signals for structure elucidation.

The in-situ monitoring of the polyoxoniobate aridantalate solution
chemistry is pertinent to improving the synthesis of these POMs, since they
are conventionally reliant on hydrothermal methods that predhidigu
monitoring of the reaction. Furthermore, understanding the dissolution of
these oxides on the molecular scale, fosters a better understanding of
geochemical processes related to tiesalution of these oxides on the
macro scal® Techniques such @80 NMR spectroscopy and Raman
spectroscopy, which take advantage
metatoxo groups, is also useful in expanding our knowledge of the
solution chemistryf niobium(V) and tantalum(\: %€l

Raman spectroscopy in particular is useful, because it islesinuctive,
quick and provides a wealth of structural information about the POMs.
More so, the polyoxoniobates aithntalates are colourless in aqueous
solution and their relevant metakygen Raman shifts do not coincide
with that of water, which makes them excellent candidates for agireous
situ Raman studies. This was advantageous in determining the activation
pH of anhydrous Ni©s, niobic and tantaliacid inPaper |.

1.3.3.5 Investigations of the solution chemistry of niobium(V) via the
polyoxoniobates

Notable examples of investigations usti@ NMR spectroscopy to probe
the solution chemistry of polyoxoniobates includes determining the
isotopeexctange dynamics of the TM#ecaniobate (Nk),5
monotitanoniobate (TiNPI*®d and dititanoniobate (INbsg)*®¢! ions.
Studies of the formation and reactivity of peroxopolyoxoniobate species
from the peroxidation of Nlp and Nig i was also possible thugh 'O
NMR spectroscop¥® Considering HO; is a byproduct associated with
photocatalysi8® and the sequestration of radionuclides from w&8tef
which niobium oxides are us&d® it is relevant to understand the
reactivity of polyoxoniobatesnd HO.. Furthermore, there are similar
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studies of the Lindqvist hexaniobate gNand hexatantalate (d)aons that
are reliant ort’O NMR spectroscopy, however these were in the presence
of alkali cationg?#8 5359

The decaniobate cluster is stabtepH57 , whi |l e at pH O7.
to the hexaniobate cluster commené&sMoreover, this base enhanced
dissociation becomes rapid at pH >9.3, through the formation of the
heptaniobate ([NiD22]*, Nb7) intermediate and this was confirmed
through monitoring the isotopic oxygeexchangevia 'O NMR 3 48l

The sitespecific substitution of a single central Nb(V) atom with a Ti(IV)
atom in the TiNbcluster extends the stability range of the decametalate to
pH 6.512 18 Sypstitution of anotherentral Nb(V) atom with a Ti(IV)
atom, to form the BNbg ion offers enhanced stability to base dissociation,
as the cluster remains intacteaen apH 12.51*8¢I The in-situ monitoring

of the solution chemistry of the titanoniobate clusters was similarly
possible through studying the isotopic oxygehangevia 1’0 NMR
spectroscopy. It was also possible to determine that borate significantly
enhances the oxygexchange of polyoxoniobates (§lbNbio and
Ti2NDbg), a significant finding since borate is aftased a pH buffer due to

its low cost and the assumption that it is iffé.

Understanding the dissolutiaf Nb2Os is dependent on knowing which
polyoxoniobate species is/are dominant at a particular pH and their
stability, as this is relevant to ge@rhical processes and the formation of
niobate minerals in the environméftit. For example, the minerals
Peterandresanité’) hansesmarkit®¥ and melcherité! all contain the
Lindgvist hexaniobate ion. Since these minerals were formed at low
temperattes ©350 AC), it suggests the he
medium for aqueous niobium in the environment, which contradicts the
previous assumption of it being immobft&. The significance of this

comes fulicircle when the activation pH of niobic acid H 06 . 9) a
anhydrousNgOs( pH O012) is considered, al o
decaniobate ion. Dissolution of niobic a¢ido yield both Nlg and Nho

i and anhydrous N¥Ds (only Nbs formed) has occurred at 180 °C during
hydrothermal syntheseBdper 1). Though the temperatures used in these

16



syntheses area 50% lower than 350 °C, dissolution commenced at pH

>13 and continued with an accompanying decrease in pH. More so, the pH
decreased down to the respective activation pH, with no further
diminution. The formation of the hexaniobate ion from these syntheses
was detectable with Ram®aperd)pElst r os
therefore consistent with the hexaniobate ion only being found in minerals
from alkaline rock$3"

For the decaniobateom, which is normally stable at neutral pH, as it
rapidly dissociates to the hexanio
fragment that forms higher oligomers like the heptaniobateFigu(e 16
andFigure 17).B2% The heptaniobate ion has been determined to assemble
into the larger [NBO72]?* cluster in the presence of alkali catidits,
which is consistent with it being a building block for the assembly of larger
polyoxoniobate&®! Hence, preious studies have independently shown
that there is both a pH dependence and an influence of alkali counter ions
on the formation of the heptaniobate species, formedissociation of
decaniobate to hexaniobat& 5% On the molecular scale, the sificaince

of these findings are relevant to elucidating the processes involved in the
assembly of large polyoxoniobate clusters, such as the i@,
[H10Nb31093(CO5)1%, [Nb24072]%* and [NI320e]3* clusterde-671 while

on the scale of geochemigarocesses, this means that there is a duality,
relative to pH dependence and the presence of alkali counter ratiser

than a mere juxtaposition in the formation of hexaniobate containing
minerals that are only found in alkaline rocks.
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Figure 16. The heptaniobate ion ([NB®.7 ™, Nby) which forms as an intermediate in the
dissociation of Nlyto Nks. Red spheres and lightue octahedra are oxygen and niobium
atoms, respectively.
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Figure 17. The suggested mechanisms for the fgasenoted dissociation of Nb10. One
pathway involves dissociation of the,[#b1002g¢ 7 %) b n  astoxotsite,aeleasing a

tetrameric fragmenf® Subsequent reaction of the tetrameric fragment yields a
heptaniobate ionRed spheres and liglgreen octahedra are oxygen and niobium atoms,
respectivelyAdapted fronVilla et a9
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1.3.3.6 Thin film deposition from aqueous polyoxoniobate solutions

The ability to fabricate solidtate NbOs and TaOs thin films or
functional surfaces through aqueous deposition of polyoxometalate
solutions is a milestone achievement, creditable to tharmdwnents in
polyoxoniobate and tantalate synthesis. For example, deposition of
agueous decaniobate solutions resulted in the formation of electrochromic
Nb.Os films that can function as optical switches for windd%¥&. These
Nb2Os films can modulate adar radiation transmittance and selectively
block neatinfrared and visible light through an applied electrochemical
voltagel® Prior methods for the deposition of 0% and TaOs films are
reliant on solgel, sputtering or laser ablation methods, whieduire the

use of harmful precursors, lack reproducibility and are expeHsive.
Similarly, sodium and potassium niobate thin films were deposited from
sodium and potassium hexaniobate solutions, respectively, to obviate the
need for harmful precursorsmventionally used in the synthesis of these
films.[6a

1.3.3.7 Thin film deposition from agueous hexatantalate solutions
Fabrication of alkaliree TaOs thin films was possible through deposition
of aqueous hexatantalate (fQad®, Tas) and Nig solutions!®® ©1 These
studies determined that films deposited from aqueosisdlations would
always yield atomically smooth 7@s films, whereas the isostructural Nb
would not form smooth Ni®s films. The synthesis of sahowever, in
these studies was lited by use of the moisture sensitive Ta@$ the
TaOs sourcé®! i similarly to the initial Nko synthesis by Graeber and
Morosin!*®l The alkalifree synthesis of Favas improved later ovia the

use of hydrous T#s (tantalic acid) and microwave idation, to
circumvent the use of Taghs a TaOs source Paper 1). Prior to the
development of the microwave synthesis of, Tanly the synthesis of the
novel titaniumsubstituted polyoxotantalates had used tantalic acid to
replace use of TagP!d Tartalum pentachloride, nonetheless, has proven
useful as a T#s source for the synthesis of alkéilee Ta, used in the
electrochemical deposition of electrochromie@sathin films [9!
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1.3.3.8 Noraqueous synthesis of polyoxotantalates and polyoxomsbat
Along with the synthesis of Fén nonaqueous mediurf® other synthetic
advancements in tantalum(v) chemistry include syntheses of the
decatantalate ion ([TéD2g)%, Tai) and a hexatantalate tetrar@ The

use of tetrabutylammonium hydroxid@BAOH) facilitated the non
agueous synthesis in these methods. However, an aqueoysotone
synthesiof the Taop ion is yet to be achievéddespite separate attempts
using tantalum pentaethoxitfé! and tantalic aci®®! The inability to make

the Tao ion directly via a onepot synthesis was determined to be a
consequence of (Rapeel). Dha activationgoH diciates p H 6
that the molecules accessible from a specific metal oxide, is limited to
species stable at/above the activation pH of the omid@nepot synthesis
(Paper 1).5! Non-aqueous synthesis of isopolyoxoniobdteshievedvia
acidification of Nho T resulted in the formation of the icosaniobate
([Nb20Os4]®, Nb2o) ion, which was also formed througlimerisationof

two Nbio species’ Similarly, an aqueous ormt synthesis of Nia from
niobic acid has not been achieved, which is a limitation attributable to the
activation pH of niobic acidRaper ).

1.3.3.9 Investigations into the applications of polyoxoniobates

Along with the impoved synthetic procedures for polyoxoniobatesiand
tantalates came concomitant investigations in the application of these
POMSs. For example, the [ND1g]® (Nbe) i on, which i s st
was determined to be viable as a potential base catalyst detradation

of the nerve agent diisopropyl fluorophosphéate. A polyoxoniobate
polyoxovanadate cluster ([PM®Dao(VVO)-(VV4012)]%) has also
demonstrated the capacity to catalyse the hydrolysis of the nerve agent
diethyl cyanophosphaté&! The inluence of the decaniobate cluster on
calcium homeostasis was determined to be stronger than monomeric
vanadate, molybdate and tungst&teThis highlights the possibility of
using polyoxoniobates in biological models for probing cellular processes.

The isostructural decametalates, @b and monotitanoniobate
([TiNbgO2g]~, TiNbg), have also been used as models to inhibit amyloid
aggregation that is consistent with certain neurodegenerative di€&ases.
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A study of this nature was possible after prior &sdn determining the
aqueous stability of Nb and TiNk.[% 484 which was a result of
establishing reproducible polyoxoniobate synthé&$€%. The initial
introduction of the G ion into the polyoxoniobate structure
([Cra(OH)aNb10O3q)®) ushered ri a strategy for extending the visible
absorbance of polyoxoniobates, to provide possible photochemical
properties®®l This correlated to the subsequent inclusion of th& Cr
(CrNhg), Mn?* (MnNbg), Fe* (FeNb9), Cé" (CoNky) and Nf* (NiNbo)
ions into tke decaniobate framewoikvia site specific substitution of a
Nb(V) atomi similarly to the TiNk ion in previous studig8!" 51 Al
these transitioometal substituted decaniobatspecies possessed
photocatalytic properties due to them promotingtblution in methanal
water mixture$>*".5%! |n addition, Pimodified films with hexaniobate
scrolls in methanelvater mixtures exhibited photocatalytic actiwig H>
evolutionl’®

Similarly, photocatalytic properties were exhibited by the tellufium
substituted polyoxoniobate ion plleNksO10]>."" Fabrication of niobium
phosphate patterned thin films is also possible from aqueous
peroxophosphoniobate  solutions  of  [HRE014(02)4]>  and
[H7NbsP2O24(02)6]>, which abodes well for the development of
seniconductor filmg’8 Another niobiuraphosphate cluster [NBsO41]*
reacts with HO, and shows potential for industrial applicatiéii§.

1.3.3.10 The future of polyoxotantalates

Outside of synthetic advancements, such as the synthesis of the cobalt
hexdantalate tetramer (B€0sTa402¢)*%)"? and the titanotantalat€dd

or the fabrication of solidtate TaOs thin films from aqueous
hexatantalate solutiorfé,” the expansion of the polyoxotantalate field has
remained limited compared to the potgmiobates. This is partially due to

the lack of commercially available tantalic acid as a precursor in
polyoxotantalate synthesis, to prevent use of moisture sensitive reagents,
and the inability to synthesise the decatantalate ion in aqueous medium.
The absence of investigations into the solution chemistry of the
decatantalate ion has essentially restricted the solution chemistry of
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tant al um( Vie.the bexgantalateliod. ; Therefore, information
regarding the pH stability of decatantalate, orethler it dissociates to
hexatantalatevia an intermediate, remains unknown until the aqueous
synthesis is established. The studies into the solution chemistry of
decaniobate provided a wealth of information on niobium(V) solution
chemistry and this has cwibuted to a better understanding of niobium
oxide in the solid state. Hence with a similar understanding of tantalum(V)
solution chemistry, one could expect the application of tantalum oxide in
the solidstate to improve.

1.4 Materials and Methods

Niobic acid (Nb2Os-nH20; 40% HO w/w) and tantalic acid (%&s-nH20)

were obtained as gifts from Prof. William H. Casey at UC Davis and
TANIOBIS GmbH (formerly H.C. Starck Tantalum and Niobium GmbH),
respectively. Prior to use, the tantalic acid (100 g) wasxedl in water

(250 mL) for 8 hours under standard atmospheric conditions and recovered
by filtration and dried at 90 °C to remove excess ammonia. The water
content of the hydrous oxides was determined through thermogravimetric
analysis. Anhydrous niobiumeptoxide (99.99% trace metal basis, mixed
polymorphs) was obtained from Sigma Aldrich. Titanium
tetraisopropoxide (TTIP) 97%,2804 97% and HO2 30% were obtained

from Sigma Aldrich. Tetramethylammonium hydroxide pentahydrate
(TMAOH) 98% ([N(CHs)4]OH-5H.0) was obained from Acros Organics.
Silicon wafers (50.8 £0.3 mm circular disks, 279 £25 urdpped, 1620

q c¢cm) were obtained from Siegert W
useddeionisedwater from the Elga Purelab Chorus water purification
system (185°Q. Mg c¢m,

A Biotage Initiatof microwave synthesizer (400 W) was used for
microwave irradiation synthesis. The general procedure for synthesis of
decaniobate and hexaniobate was as follows: suspensions@- O

in aqueous solutions of TMAOH being mievave irradiated at 180 °C in
10-20 mL sealed glass vials for 15 minutes, yielding autogenic pressures
of 12-14 bars. After cooling the suspensions were filtered, the liquors kept
and the products precipitated with isopropanol/acetonitrile or acetone. The
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synthesis of titanoniobates proceeded with microwave irradiation at 170
180 °C for 30 minutes, yielding similar autogenic pressures. After-work
up and precipitation, the titanoniobates were extracted in methanol and the
extract filtered through a 0.20 um PHE syringe filter to remove
precipitated TiQ.

1.4.1 Microwave irradiation syntheses

1.4.1.1 Decaniobate [N(C#k] 6[Nb10O2g]

Nb20Os-nH20 (1.00 g, 2.26 mmol; 40% water w/w) was mixed with a
solution of [N(CH)4OH-5H,0] (0.60 g, 3.31 mmol, 2 mL). The
suspasion was irradiated for 15 minutes, resulting in a white suspension,
which was filtered through a 0.22 um nitrocellulose filter to remove any
unreacted niobic acid. Acetone (10 mL) was added to precipitate the
product and the supernatant was removed. Whss repeated three times

to precipitate a white powder which was filtered under suction, collected
and ovenrdried at 90 °C to yield 0.66 g (80%) of [N(Gkls[Nb10O2g].
Y"O-NMR ([Nb10O2g]®", H20, 25 °C): 65.60 ppm O; A), 306.88 ppm
(us-O; B), 465.32 pm (1p-O; D), 471.30 ppm (1O; C), 552.86 ppm

Oo; E), 703.30 ppm (d=0; 6Gyureddfa 7 2
the positions of the oxygen groups corresponding to the assigh&iMR
peakgFigure SI.1).

1.4.1.2 Hexaniobate [N(C#k] s[NbsO1g

Nb2Os-nH20 (1.00g, 2.26mmol; 40% water w/w) was mixed with an
aqueous solution of [N(CH]OH-5H20 (1.30g, 7.17mmol, 2mL). The
suspension was irradiated for 15 minutes, resulting in a clear solution
which was filtered through a 0.28n nitrocellulose filter to remove any
unreacted niobic acid. Isopropanol (b)) was added to precipitate the
product and the supernatant was removed. This was repeated 4 times to
precipitate a white powder and acetatet(40 mL) was added to remove
any remaining water from the product. The white powder was filtered
under suction, collected and ovdned at 90°C to yield 0.87g (80%) of
[N(CH3)4]s[NbgO1g]. Y'O-NMR ([NbeO14]®, H20, 25°C): 366.70ppm
(u2-O; b) and 63.69p p m ( d = OFigure 15 for tH paositions of the
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oxygen groups corresponding to the assigh@ NMR peaks(Figure
S.1.3).

[N(CH3)4]g[NbsO1g] was alsasynthesisedrom anhydrous NiDs (0.6 mg,
2.26mmol) suspended in a solution of [N(ekOH-5H.O (1.5¢,
8.30mmol, 2mL). The suspension was irradiated for 1 hour, resulting in

a white suspension, which was filtered through a Qra2nitrocellulose

filter to remove any unreacted anhydrous®Isopropanol (10nL) was

added to precipitate the product and the supernatant was removed. This
was repeated 4 times to precipitate a white powder and acetonitrile
(40mL) was added to remove any remaining water from the product. The
white powder was filtexd under suction, collected and oxdnred at 90°C

to yield 0.43g (39%) of [N(CH)4]s[NbsO1g].

1.4.1.3 Hexatantalate [N(C#k] s[TasO14]

TapOs:nH20 (2.00g, 2.72mmol; 40% water w/w) was mixed with a
solution of [N(CH)sOH-5HO (1.60g, 8.84mmol, 2.0mL). The
suspension was irradiated for 15 minutes, resulting in a clear solution,
which was filtered through a 0.28n nitrocellulose filter to remove any
unreacted tantalic acid. Isopropanol (@Q) was added to precipitate the
product and the supernatardswemoved. This was repeated five times to
precipitate a white powder and acetonitrile (B0D) was subsequently
added to dry the product. The white powder was recovered by filtration
and overdried at 9C°C to yield 1.55y (86%) of [N(CH)4]s[TasO1g]. 1’O-

NMR ([TasO19®, H20, 25°C): 316.76ppm (-O; b) and 511.3bpm
(d=0; cF)gure 1S doe the positions of the oxygen groups
corresponding to the assign€® NMR peakgFigure SI.4).

1.4.1.4 Monotitanoniobate [N(CH] 7/[TiNbgOzg]

Nb2Os-nH20 (3.00g, 9.25 mmol; 82% w/w) and TTIP 97% (0.54 mL, 1.77
mmol) were mixed with a solution of [N(GH]JOH-5H.0 (2.5¢g, 13.8
mmol, 10 mL) and microwave irradiated at 180 °C for 30 minutes,
resulting in a clear solution which was filtered through a 0.22 pm
nitrocdlulose filter to remove unreacted MB-NH>O and TiQ.
Isopropanol (20 mL) was added to precipitate the product and the
supernatant was removed. This was repeated five times with 10 mL
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aliquots of isopropanol to precipitate a white powder and acetori@flle

ml) was added to remove any remaining water from the product. The
acetonitrile was decanted and the product was extracted in methanol (10
mL). The synthesis was repeated three times and all the extracts were
combined and filtered through a 0.20 um ET8&yringe filter, prior to
being dried iavacuo to yield a white powder, 9.56 g (61%) of
[N(CH3)4]7[TiNbgOz2g]-3H20. Y’O-NMR ([TiNbgO2g] "~ H20, 25 °C): 299.8

ppm (}6-O; Bnb), 340.2 ppm (p+O; Bri), 452.5 ppm (gO; D), 458.3 ppm
(u2-O; Cri), 462.2 ppm (pO; Cnb), 545.9 ppm (p+O; Ew), 592.6 ppm
(LO;Er) , 670. 2 PHpmb6(7TR=G; i 6904 ppd; G
(d=0; FFigure 18 doe the positions of the oxygen groups
corresponding to the assign€® NMR peakgFigure SI.1).
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Figure 18. Side view of the [TiNJD2g] "~ ion with each symmetry unique oxygen labelled

A: Us-O; Bnpand Bri: ts-O; Cnpand Gi: 12-O; D: p-O; Evpand Ei: p2-O;  F: g =0; G
and Gi: d=0. Red, grey and | i gh tiumbahdinmbiummp her e
atoms respectivelywdapted from Rambaran et

1.4.1.5 Dititanoniobate [N(CkJ4] s[Ti2NbsO2g]

Nb20Os-nH20 (3.00 g, 9.25 mmol; 82% w/w) and TTIP 97% (2.25 mL, 7.37
mmol) were mixed with a solution of [N(GH]OH-5H20 (4.73g, 26.0
mmol, 10 mL) and microwave irradiated at 170 °C for 30 minutes,
resulting in a clear solution which was filtered through a 0.22 pm
nitrocellulose filter to remove unreacted -nHO and TiQ.
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Isopropanol (20 mL) was added to precipitate the product and the
supenatant was removed. This was repeated four times with 10 mL
aliquots of isopropanol to precipitate a white powder and acetonitrile (80
ml) was added to remove any remaining water from the product. The
acetonitrile was decanted and the product was extractetthanol (30

mL). The synthesis was repeated five times and all the extracts were
combined and filtered through a 0.20 um PTFE syringe filter, prior to
being dried iavacuo to yield a white powder, 15.69 g (57%) of
[N(CH3)4]s[Ti2NbsOzg]-6H20. YYO-NMR ([Ti2NbsO2g)® H20, 25 °C):
433.3 ppm (gO; D), 449.8 ppm (O; C), 579.9 ppm (10O; E), 644.1
ppm (d=0; G) and Sedriguredl9 for phenpositns O ; F
of the oxygen groups corresponding to the assigi@dNMR peaks
(Figure SI.1).

Figure 19. The [TNbsOzg] ® ion with each symmetry unique oxygen labelled £AOp

B: us-O; C-E: Y2-0O; F-G: d=0. Red, grey and | ight b1l
titanium and niobium atoms respectiveRed, grey and light blue spheres represent
oxygen, titanim and niobium atoms respectiveydapted from Rambaran etal

1.4.2 Transition metal substituted polyoxoniobates

Attempts were made to synthesise Co(ll) and Ni(ll) substituted
decaniobate clusters, according to published proceétires™ These
syrtheses, however, proved inconclusive from the broadening o&tf@ H
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water signal int’O NMR spectroscopy, which indicate the presence of
6freed Co(Il 1) anTheattenmpts arg inciuded here or s o |
future reference. Se%ppendix I:1’O NMR Spectroscopfor more details.

1.4.2.1 Cobalt (Il) noaniobate

Nb20s-nH20 (5.00 g, 15.05 mmol; 80% w/w) was mixed with a solution

of [N(CH3)OH]4OH-5H.O (5.6 g, 30.4 mmol,1.0 mL) containing
CoCb-6H20 (0.81 g, 3.4 mmol) in a 20 mL PTFE lined autoclave, and
heated in an oven at 150 °C for 96 hours under standard conditions. The
synthesisvasrepeated twice and the products were combined prior to the
workup. A darkviolet suspension was formed, whiafas filtered under
suction through a 0.22 nitrocellulose filter to yield a violet solution.
Isopropanol (10 mL) was added to precipitate the product and the
supernatant was removed. This was repeated seven times until a sticky
violet paste was formed. Ammitrile (80 mL) was added to precipitate a
violet powder and the addition of acetonitrile (80 mL) was repeated to
remove any remaining water from the product. The product was filtered
under suction and ovetried at 90 °C overnight, under standard
condtions, to yield 12.94 g (62%) of [N(GH]o[Co"NbyO2g] -4H:0.

1.4.2.2 Nickel (Il) noaniobate

Nb2Os-nH20 (5.00 g, 15.05 mmol; 80% w/w) was mixed with a solution

of [N(CH3)OH]4sOH-5H.O0 (6.2 g, 33.1 mmol,1.0 mL) containing
NiCl2-6H20 (0.81 g, 3.4 mmol) in @0 mL PTFE lined autoclave, and
heated in an oven at 150 °C for 96 hours under standard conditions. The
synthesisvasrepeated twice and the products were combined prior to the
workup. A green suspension was formed, which was filtered under suction
through a 0.22 nitrocellulose filter to yield a light green solution.
Isopropanol (10 mL) was added to precipitate the product and the
supernatant was removed. This was repeated seven times until a sticky
light green paste was formed. Acetonitrile (80 mL) was edddo
precipitate a light green powder and the addition of acetonitrile (80 mL)
was repeated to remove any remaining water from the product. The
product was filtered under suction and owlied at 90 °C overnight,
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under standard conditions, to vyield 12.9g (60%) of
[N(CH3)4]o[Ni"NbgOzsg] - 7H20.

1.4.3 Thin film deposition

1.4.3.1 Substrate preparation, spin coating and annealing

Silicon wafers were cleaved inta 2.5 cm circular quadrants and soaked

in HoSQw (97%) and HO2 (30%) mixed in a 3:1 ratid herceforth referred

to as piranha solutiofi with stirring overnight, followed by liberal
washing with water, then dried on a hotplate at 200 °@ddr5 minutes.
Thereafter the substrates were treated with air plasma for 15 minutes inside
a Diener ZeptaV6 plasma cleaner (85% power and pressure of 0.6 mbar).

A SPS spin coater (SPS Europe) was used for spin coatingreBted
substrates were mounted and held under vacuum onto the spin coater
substrate holder, followed by addition of the POM solution (10Gqthe

centre of the substrate. The substrate was then rotated at 2000 rpm for 4
minutes. The coated substrate, was then annealed under standard
atmospheric conditions at selected temperatures: 200 °C, 400 °C, 800 °C
and 1000 °C using a Nabertherm LT/ furnace (Nabertherm GmbH).
Therampratewas 5.0°Crifih or t emper atures 0400
lat 0800 AC and the final temperatu
to annealing. The TMA salts of the POMs were annealed under the same
conditions.

1.4.4 Characterisation techniques

1.4.4.1 Raman spectroscopy

Raman spectroscopy is a vibrational spectroscopy technique reliant on the
polarisability of the electron density associated with a molecule, inducing
inelastic scattering of photons of light. Tteehnique is named in honour

of C.V. Raman, who discovered this phenomenon on £92Buring a
Raman spectroscopy measurement, incident light of a known frequency is
scattered so that a portion of this incident light is scattered without causing
a chang in frequency this is known as Rayleigh scattering. Furthermore,
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a component of this scattered incident light also exhibits a change in
frequency, which corresponds to transitions between rotational or
vibrational energy levels in a molecule. The appeee of the lines in a
spectrum, associated with these rotational/vibrational energy chasges,
known as Raman scattering.

These lines attributable to Raman scattering, appear at frequencies that are
shifted relative to the frequency of the incident ljddmtown as the Raman

bands. The Raman bands occurring at frequencies less than that of the

i ncident | i gStokes lmase wal Il ed timose o]
frequencies exceediamitokedlieas i nThe eant
Stokes Raman bands inaly tend to be weaker than their Stokes
counterparts. Furthermore, the frequency shift of the Stokes and anti
Stokes lines are due to normal modes of molecular vibrations and are more
commonly used for determining the Raman shift reported in Raman
spectra

Experimental measurements

For solid Raman spectroscopy of the synthesised and annealed POMs (
0.4 g), Raman spectra (6 scansadaded for good signdb-noise ratios)

were collected at 50 mW with the 532 nm laser and automatically
background correctedith the AntonPaar software (Cora 500 V2.0.4.5).
Solution Raman spectroscopy used the same procedure but with 0.5 mL of
the POM solution.

Raman microspectroscopy (mapping) was performed on a Renishaw
Qontor Raman spectrometer equipped 405 nm at 10886 peower and

0.2 sirradiation time set in the software (WIRE, v.5.3; Renishaw), in static
mode, centred at 520 ¢cinFor mapping, a 100x némmersive lens was
used with 1 em step sizes (in both
modes recording imagewith a minimum of 2500 spectra. Raman shifts
were calibrated using the buitt Si standard of the instrument. Cosmic
rays were removed and data noise filtered using the chemometrics package
of WIRE. Spectra were exported as .txt files andgroeessedising the
opensource MCRALS script (run in MATLAB v.21b, MathWorks, CA,
USA), as provided by the Vibrational Spectroscopy Core Facility
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(https://www.umu.se/en/research/infrastructure/visp/downloads/). Spectra
were cut to the 100 1100 cm' region to rerove noise filtering artefacts,

and thereafter baseline corrected, smoothed and point max normalised
(520 cm?).

1.4.4.2*’0 Nuclear magnetic resonance (NMR) spectroscopy

A Bruker Avance lll 40(0MHz spectrometer (Bruker GmbH, Germany)
equipped with a Bm liquid Triple resonance Broadband *¥C
Decoupling, InverséH (TBI) probe and H’O ('O, 20%, Cambridge
Isotope Laboratories, Inc., USA) was used-f@ NMR spectroscopy. The
synthesisegbolyoxoniobates aneantalate ¢a 10 mg) were dissolved in
0.5mL of Hz’O in a 5mm NMR tube for at least 24 hours and up to 42
days prior to measurements. TH® NMR spectra were acquired when a
presaturation pulse atkHz field strength was applied to the water signal
during the recovery delay of I1fis. The excitatin was achieved using a
90° pulse of 19.2 us followed by an acquisition ofi28 over 4000 scans.
Spectral width was set to 160Pm to cover the region of interest with the
water signal centered atppm.

1.4.4.3 Powder Xay diffraction (PXRD)

The powdes and annealed films of theORIs were identified by
randomlyoriented powder Xay diffraction (XRD) measurements using

a PANalytical Xo6peUtBadi &fraoct ambt
powdered samples were loaded onto a 1.5 cm circular cavity holder and
run using a flat stage i the following parameters: ®0U 2d, 0. 03"
size, 1 s collecting time, 45 kV, 40 mA, 0.04 rad Soller slits, 1/16° incident
divergence slit, 5 mm anrsicattering receiving slit, and 10 mm mask. The
divergence slit and mask were chosen so that thglsaoccupied the

whole X-ray irradiated area. Diffractograms were baseline corrected using
X6pert highscore and Rietvelld refir

1.4.4.4 Spectroscopic ellipsometry (SE)

Spectroscopic ellipsometry measurements were dong asi AlphaSE
Ellipsometer (J.A. Woollam Co. Inc.) with single scans at 70.078° in long
acquisition mode. The ellipsometric data was acquired and modelled with
the CompleteEase v.5.23 software. Film thickness was calculated using a
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B-spline curve derivelr om t he AGI obal Fito fu
ASi with Abs omobdel useg toFitithie efllipsoroedrio data.

1.4.4.5 Scanning electron microscopy (SEM) and Energy dispersive X
Ray spectroscopy (EDS)

The powdered and thifim samples were atthed onto carbon tape
mounted on aluminium stub. The surface morphology was examined by
field-emission scanning electron microscopy (FESEM; Carl Zeiss Merlin)
using inlens secondary electron detector at accelerating voltage of 5 kV
and probe current of T2pA. The elemental composition analysis was
performed using an energy dispersivaay spectrometer (EDS; Oxford
Instruments XMax 80 mm2) at accelerating voltage of 10 kV, probe
current of 300 pA and acquisition time of 150 s (map analysis) and 30 s
(area analysis). A duabeam focused ion beastanning electron
microscopy (FIBSEM; ThermoFisher Scientific Scios) is employed to
expose the crossection of the thifilm samples using gallium ion voltage

of 30 kV and current in the range 0f-300 pA.

1.4.46 Atomic force microscopy (AFM)

AFM imaging was performed by using a BioScope Catalyst AFM
(Bruker), operating in peak force mode in air. The scan rate was 0.1 Hz
and resolution was 512 x 512 pixels over a 10 um x 10 ym scan area. A
Bruker SLN cantilevewas used in all measurements. Roughness was
calculated over a 5 um x 5 um scan area using the Bruker Nansoscope
analysis v.1.9 software.

1.4.4.7 Electrochemical measurements

All electrochemical measurements were conducted using a Gamry
Interface 1010E pentiostat (Gamry Instruments, PA, U.S.A) operated by
the Gamry Framework software (V. 7.8.6 build 8759). The potentiostat
was connected in a thretectrode setup, in a 50 mL luggin type
electrochemical cell (Ossila BV, Leiden, Netherlands) placed within a
Faraday cage. The solvent and electrolyte was acetonitrile andsl((CIO

M), respectively. The reference electrode was a silver wire (0.5 mm
diameter, 99.9%, Thermo Scientific), the counter electrode was a platinum
mesh and the working electrode wasfilme of interest.
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The silver wire, which acted as a pseudoreference electrode, was calibrated
in a threeelectrode setup, however the counter and working electrode was
a platinum mesh and platinum disk (0.2 mm diameter, Ossila BV, Leiden,
Netherlands), @spectively. Ferrocene (10 mM) was used as the internal
standard for the calibration of the silver (Ag) wire and the solvent and
electrolyte remained as acetonitrile and Li€l0.1 M), respectively.
From Figure 110, the half wae potential (k2) was determined for the
ferrocene/ferrocenium (Fc/Pcredox couple and udeto convert the
potentials measured experimentally to the normal hydrogen electrode
(NHE) scale. For an electrochemically reversible prd&éss

: c o

Oy — ©O 7

eq. 1.1

Where Eis thestandarcpotential, Baand Baare the anodic and cathodic
peak potentials, respectively. The potential measured at the
pseudoreference electrode (E) can beveaed to the (Fc/F§ redox
couple scale throug!

0o 4 O ™ @
eq. 1.2

The scale for the (Fc/Fcredox couple can be converted to thedE
through®?l

O o TRX X
eq.1.3

By combiningeq. 1.2 andeq. 1.3, it can be seen that tlwenversion of
the potential measured with the pseudoreference electrode (Ag wire) can
be converted to the NH&cale by

(0 O p8tad
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Figure 110. Cyclic voltammogram of the ferrocene/ferrocenium (FtJFedox couple
(10 mM) in 0.1 M LiClQdissolved in acetonitrile.

1.4.4.7.1 Cyclic voltammetry (CV)
Cyclic voltammetry (CV) is categorised as a potential sweep method,
wherebyi like linear sweep voltammetry (LSW) the electrochemical

current response is monitored upon scanning between two potential limits
xed rate ( sthiepmtential mrnge covesel .

at

a

fi

by the potential limits during the measurement, is referred to as the
potential window. In the case of LSV, the potential is ramped from one

end of the potential window to the next, at a designated sweep rate. In CV,

the scamproceeds similarly to LSV, however, the potential window is then
swept in the opposite direction to return to the initial starting point. It is
typical for the potential window to be swept bakdforth continuously,

for multiple times, to monitor the a@nt response. Measurements of this
nature provide information on the stability of the system or electroactive

species present. In the case battery research, it gives an idea of the stability

of a material to store charge (capacitarmer multiple chargecycles.
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Prior to commencing cyclic voltammetry experiments, the cell was
conditioned at 3.0 V (WsNHE) for 3 minutes. Afterwards the cathodic
sweep commenced at 0.1 V 8om 3.0 V down to 0.0 V (Ws NHE),
followed by the anodic sweep from 0.0 V t@ & (V vsNHE). The same
procedure, including the cell conditioning, was repeated for successively
higher scan rates of 0i21.0 V s through the sequence wizard in the
Gamry Framework software.

1.4.4.7.2 Potentiostatic charging/selischarge and openrcuit

potential (OCP) measurements

Potentiostatic charging/sdlfischarge and OCP measurements were
executed similarly througthe sequence wizard (Gamry Framework) after
the CV experiments. Hence, the same twleetrode setup and OM
LiClO4in acetotitrile was used as the electrolyte and solvent, respectively.
The potentiostatic charging parameters were for a maximum charging
voltage of 4.0 V (Ws NHE), with a maximum applied currenf 5 pA

over a period of 15 minutes. Measurement of the open tipoténtial
(OCP) proceeded with the application of no current, immediately
following the end of potentiostatic charging process, over a period of 15
minutes.
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Chapter 2

2. Activation pH and the synthesis of polyoxoniobates andantalates

In this section, the concept of an activation pH and its relevance to the
synthesis of target ateculesi polyoxoniobates and polyoxotantalaies
from metal oxides is discusse@ihe impact of the crystallinity on the
solubility of Nb2Os is also investigated, and the significance of this in
relation to theestablished activation pid explained

While the polyoxoanion chemistries of vanadium, molybdenum and
tungsten have been explored in quite some detail, and have a history
stretching back to the 1820s, progress in the polyoxoniobat¢aantdlate

fields has been much slower. The reason for thegiite prosaid there

has been a lack of suitable starting materials. Whereas monomerie water
soluble salts of V, Mo and W are readily available, there are no equivalent
salts of Nb and Ta, which has forced scientists in the field to take a
different appoach when carrying out synthesis.

There are three established main methods for synthesising
polyoxoniobates anidtantalates. The firgsinerequirescarefuldissolution

of the anhydrous oxides 4@s (M = Nb or Ta) in molten alkali carbonate
or hydroxide sa#t!*! The second method relies controllednydrolysis of

the moisturesensitive pentachlorides M&ir the ethoxides (M(O£Es)s),
which often leads to low/poor yields and reproducibility owing to the
inherent instability of these precursareder ambientonditions For
example, the decaniobate cluster {ds]® (Nbio) was first prepared
using Nb(OGHs)s2 and it would take almost 20 years until the synthesis
was successfully reproducgt.

The third route uses direct hydrothermal activation of hyslroxides
(M20s:nH20) T niobic or tantalic acid$ in conjunction with agueous
solutions of tetramethylammonium hydroxide (TMAOH) or NaOH. This
method was initially used for the synthesis of ttHitanoniobate
isopolyanion [TiNbsO2g]®."l Since then, futher developments in
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polyoxoniobate and polyoxotantalate synthesis have naturally occurred,
including heteroatom substitution in the respective polyoxometalate
frameworkd® The hydrothermal method uses an autoclave as the reaction
vessel, and this faciliat es aqueous synthesis at
°C) and pressures. Due to the ability to support heating over prolonged
periods, this technique is commonly used for growing single crystals. This
ability to facilitate controlled and prolonged heatindyigh temperatures,

has also proven useful in the dissolution of metal oxXfles.

The main disadvantage, however, with the hydrothermal synthesis of
polyoxoniobates is the extensive heating tim&hich range from18
hourd®! up to several day§! i requied. This is also compounded by the
poor commercial availability of niobic/tantalic acids. Furthermore, the
onepot nature of the hydrothermal methods makes it challenging to
monitor or screen the reaction conditions. A method/protocol that
circumvents thelong heating time, while allowing for monitoring or
screening reactions conditions, can lead to further synthetic adviance
polyoxoniobate and polyoxotantalate chemistry.

Despite the challenge in sourcing niobic and tantalic acids, the use of these
hydrous oxides as precursors has been greatly beneficial to polyoxoniobate
and i tantalate synthesis. Noting that the first reproducible synthesis of
Nbio was reliant on use of niobic acfd,intuitively, the thought of an
analogous synthesis for the decatkéscluster [TaoO2g)® (Tazo) should

arise. However, an aqueous synthesis af iBayet to be achieved, as there

is only a nomaqueous synthesis reported thus#arhe [NipoOs4]® (Nb2o)

is also known to exist, but similarly there are famueous roes reported

in the literaturé®? The method of Matsumotet al®® also involves
acidification of the tertrabutylammonium (TBA) salt of iNbto cause
dimerisation which leads to formation of Nbin Paper I, there was an
intention to synthesise both bdland Tao. However, after failed attempts,

it was determined that it was not possible to make eithes dtbTaio,
directly from niobic and tantalic acid, respectively. This inability to
synthesis¢he Nboand Taoc | ust er s was a actvations e qu e
pH6 of the hydrous oxi des.
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The activation pH describes the reactivity of a specific metal oxide, as
being limited to dissolution that yields target molecules that are stable at
or above the activation pH of that oxidehen attempting a ongot
syrthesis’® Hence, some polyoxoniobate and polyoxotantalate species are
attainable onlyia multi-step processedhis is due to their formation
requiring pH conditions not achievable in a @u synthesis. For
example, when Nlgwas previously made throbdhe dimerisation of two
Nbio clusters subsequent to acidification with HREI. The latter is
indicative of Nho forming at pH <7. Furthermore, the dimerisation is
reversible as the Nbbreaks apart to reform Noupon the addition of
base®! Hence, n a theoretical onpot reaction, after all the base
necessary for dissolution of iDs to form Nhois consumed, an excess of
acid is needed within the vessel to further decrease the pH to facilitate
formation of Nho. The latter is, however, not feasille the onepot
hydrothermal synthesis of polyoxoniobates. Multiple steps are therefore
required for the synthesis of Mb

Hydrothermal synthesis is dependent on convection currents and the
thermal conductivity of the materials/ substances that havepertstrated
during the heating process to heat a reaction med®iifhis causes the
heating process to be rather slow and inefficiehience the prolonged
heating times attributable to hydrothermal syntheses. Notably, microwave
irradiation offers effiaént internal heating as it increases the temperature
of the whole reaction medium simultaneously and unifofffllyThis
obviates the need to heat the reaction vessel to stimulate heating of the
reaction medium.

To circumvent the extensive heating timel dhe inability to monitor the
reaction conditions of hydrothermal syntheses, microwave irradiation was
used as an alternative means of heating. Through use of microwave
irradiation, it was also possible to monitor the reaction conditions
favouring the fomation of polyoxoniobates andantalates from their
respective hydrous/anhydrous oxides. For example, the temperature at
which dissolution of the metal oxide begins could be observed directly, as
microwave irradiation facilitated the use of glass vialsroligh tlese
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means, the activation pHof anhydrous NfOs/Ta205 and hydrous
Nb2Os/TaOs were determined Raper 1). Furthermore, along with
recognisingthe polyoxoniobates anedantalates accessible from these
reactants, it was possible to discern whichcgseare unattainable and
why, in a onepot synthesis.

The synthesesf polyoxoniobates anetantalateshat used narowave
irradiation offered significantly shorter reaction times (as low as 5
minutes) and were determined to provide comparable, if nbehigields

than theanalogous hydrothermal syntheses at the same temperature.
Microwave irradiatiorthusfacilitates the screening of reaction conditions

T in this casdeading to the determination of activation pH&nd can
thereby support the discoveoy new molecules to elucidate the aqueous
solution chemistry of niobium and tantalum.

2.1 Synthesis of alkakfree hexaniobate (Nl), decaniobate (Nhy), and
hexatantalate (Ta)

A comparison between the hydrothermal and microwave irradiation
syntheses fohexaniobate (N§), decaniobate (Nl and hexatantalate
(Tas) is tabulated inTable 21. In a typical hydrothermal synthesis, a
suspension consisting of the metal oxglprepared in 2 mL aci TMAOH
solution This suspension teen sealed within a teflon vessel that is placed

in an autoclave for heating. For the microwave irradiation synthesis, the
metal oxide suspension is prepared in a similar manner and the sealed in a
glass vial with a PTFE septum cap, prior to heatingerAfteating and
cooling is completed, the contents of the vessels are collected, then filtered
through a 0.22 pm nitrocellulose filter under suction, followed by
collection of the filtrate. The products are then precipitated with
isopropanol/acetonitrile aacetone, filtered under suction and then even
dried at 90 °CRaper ).

The hydrothermal syntheses gives yield$1% at 18C°C, but requires
extensive heatingch 18 hours) and so is typically carried out overnight.
The yields from microwave irradiation are as high as, or higher than, what
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was obtained in the hydrothermal syntheses while offering substantially
shorer reaction time$ 15 minutes.

Table 21 Comparison between hydrothermal and microwave irradiation syntheses of
Nbs, Nbio and Ta at 180 °C. Adapted from Rambaran éflal

Metal Oxide Reaction timeProduc® Isolated

Method yield
[o6]®
Hydrothermal NbOs-H20°! 18 hours Nbs 51
Nb20s-H20 18 hours Nb1o 53
TaOs-H20 18 hours  Tas 73
NbOsl®! 18 hours  Nbs 41
Microwave  Nb2Os-H2O 15 minutes Nbe 80
Nb20s-H20 15 minutes Nbao 80
TaOs-H20 15 minutes Tae 86
Nb2Os 1 hour Nbs 39

[a] See Experimental Section of Rambaran Et &r stoichiometries and other details.
[b] Expressed with respect to the metal. [c] Niobic acid. [d] Tantalic acid. [e] Anhydrous
niobium pentoxide.

Considering that the hydrothermal method permitly a single ongot
batch per vessel a day, whereas four batches peahtheg same scatee
possible using microwave irradiation; it is notable then that it would take
three days to conduct an equivalent number of reactions using
hydrothermal methodsThis makes microwave irradiation synthesis a
high-throughput method despite the small scale on which it is normally
done in the laboratory.
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With microwave irradiation, commercially available anhydrous®dlzan

be used as a precursor in the syntheslisbef circumventing the need for
niobic acid. However, Niagcould not be made using anhydrous,Gbas

the starting material and likewise eT&om anhydrous T#s. This is
explained in detail in the subsequent section. The dissolution of anhydrous
Nb2Os in molten alkali hydroxide or carbonate is the only other known
method of synthesising polyoxoniobates from anhydrougObB! This
method, however, only yields alkali salts of the niobium Lindqvist ion,
[NbsO1g]® and is therefore limited to reagents thae axceedingly
thermally robust. The use of microwave irradiation is advantageous
because it allows use of a small organic counter ibn
tetramethylammonium[N(CHz)4]*, TMA™) i which can be removed
through thermal decomposition. This can be leveragelearfabrication

of solid-state materials.qg.thin films, from polyoxoniobate ioris!

2.2 Activation pH

The pH is important in controlling the product formed in the synthesis of
polyoxometalates. The syntheses ob@%]® and [MioO25]® (M = Nb or

Ta) have been described as egp&t syntheses under hydrothermal
conditions and differ only in the amount of base needed, in accordance
with eq. 2.1 andeq. 2.2.

(Ratio of M:OH 1.67)

J

v0 O @ U0 w 00 o000
eq. 2.1
(Ratio of M:OH 0.75)
GO0  WwO'O wwy OO 100
eg. 2.2

The predominance of a species is directly correlated to the amount of base
in solution. For the polyoxoniobates, Nis stable around neutral pH and
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dissociates to Njmbove pHca 7.51? Nbs does not form other species a
elevated pH, however a third species, /B4 (Nb), forms on
dimerisation Nix.®3 Formation of Nbowould require an Nb:OHatio of

2.5 and is yet to be made directly from niobic acid. Notwithstanding this,
Nb2o has been made through reactiomafl precipitated Ngre-dissolved

in organic solvent and heat®d,or by acidification of aqueous solutions
of Nb1o.®®! The decatantalate cluster [5@2g]® (Tauo) is also known but
similarly has not been prepared from tantalic acid,ibahalogouly to
Nbxo i is made by redissolving acjarecipitated Tain organic solvenf]
More so, the Tacluster does not form other species at elevated pH,
similarly to Nk, however it begins to dissociate below pH%D.

Prior to commencing the activation gAperiments, however, the optimal
irradiation time had to be determined. This was done by ensuring the
amount of niobic/tantalic acid, anhydrousJ®bpand TMAOH were kept
constant, such that the metal:hydroxide (M!QFatio = 1.67, while the
irradiation tme was varied from 5120 minutes. The M:OHatio of 1.67

was chosen because basedegn2. 2, this is the point at which the least
amount of hydroxide is necessary for dissolution to form a decametalate
species. Raman spedompy was done to monitor the change in pH with
irradiation time, as the characteristic Raman signals for the formation of
Nbio, Nbs and Ta@ can be assigned based on literattffesnown samples

and computationTable 22).

Table 22 Comparison of computed Raman frequencies in wavenumbé) @fimthe
terminal M=O stretching modat different leved of density functionatheory. Adapted
from Rambaran et Bl Computational details are available Paperl.

Polyoxometalate PBE OPBE PBED Experimental
Nb1o 957 936 957 930
Nbe 854 833 856 888
Tas 828 810 832 877
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Figure 21a shows how the pH decreases with increased irradiation time at
a fixed M:OH ratio for niobic and tantaliacid, and anhydrous NOs;

while Figure 21.b 7 d shows the corresponding Raman spectra for the
same conditions. IrfFigure 21, the Nho is identifiable by the strong
symmetric stretching of the four NB=groups at 930 ci*? and is
already visible after 5 minutes of microwave irradiation. After 15 minutes,
the signal increased in intensity with a concomitant decrease in pH,
however on further heating the signal intensity plateaus and the pH
stabilises

For the anhydrous NB®s (Figure 21), the Nig stretching of six Nb=0O
groups occurs at 886 c¢i*! and is similarly visible after 5 minutes of
irradiation with pH >13. There is a consistent decrease in pH down to pH
12.43, wih a corresponding increase in the intensity of the Nb=0O
stretching at 886 cty after irradiating for 60 minutes. A longer heating
time did not promote any substantial difference in the pH or formation of
Nbs. Tas formation was apparent from the stretchofgsix Ta=0O at 863
cmt, 141 analogously to Nb, and was apparent after 5 minutes of
irradiation of tantalic acidHigure 21) with pH decreasing to 12.6 from
pH >13. There was a small decrease in pH to 12.46 after 15 mirfutes o
irradiation, with the intensity of Ta=O stretching remaining constant
thereafter, followed by minor changes in pH with prolonged heating.
Hence it was concluded that the optimal heating times for niobic and
tantalic acids was 15 minutes, while 60 minutgas required for
anhydrous N§Os.
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Figure 21. Change in pH with irradiation time of niobic acid, anhydrous,G#and
tantalic acid at M:OH ratio = 1.67 a), Raman spectra of Nib), Nk c) and Ta d) from
varied microwaverradiation times of niobic acid, anhydrous X3 and tantalic acid,
respectively, at M:OH= 1.67. Spectra are normalised against the TMA signal at 750
cntt,

To determine why it was only possiblesynthesisel) Nbioand NIz from
niobic acid, but only Nofrom anhydrous NiDs and 2) only Tafrom
tantalic acid and not g the final pH of the syntheses as a function of the
M:OH' ratio was investigated. In doing so, the activation pH of niobic
acid, anhydrous NKs and tantalic acid was determined. Noyabl
microwave irradiation of anhydrous 2, metallic niobium and tantalum
did not yield any product and thus do not possess an activation pH.

The experiments to determine the activation pH relied on varying the
amount of niobic/tantalic acid and anhydsdulrOs added to the reaction
vessel, while the amount of TMAOH reacting during microwave
irradiation was kept constant. The rationale for these experiments, based
oneg. 2.1 andeqg. 2.2, is that a de@ase in the pH of the system should
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accompany the dissolution of metal oxide due to the consumption of
hydroxide. Raman spectroscopy proved to be a convenient method for
quickly determining the major species in solution from the syntheses. The
solutions fom the activation pH determination experiments were therefore
investigated to provide a correlation between pH and species found.

2.3 In-situ Raman spectroscopy of polyoxoniobates and polyoxotantalates

In Figure 22a, the pH for iobic acid decreased from >13 to a minimum
of ca 6.9 when a Nb:OHratio of 1.67 was used i.ea 100% of the
stoichiometric amount of niobic acid in the synthesis ofoNé&g. 2. 2).
Adding additional niobic acid did not furthEwer the pH. With tantalic
acid, the pH decreased from >13d@12.3 when the Ta:OHratio was
2.0. In this case, tantalic acid is in excess of the stoichiometric requirement
for synthesis of Ta (eq. 2.2). Adding additional dntalic acid similarly
did not further lower the pH. For anhydrous;Nk the pH decreased from
>13 toca 12.2 when the Nb:OHratio was 2.67 and did not exhibit a
decrease in pH with additional anhydrous,®$ This was indicative of
an Aact i vrihedifferent opides, astbelow the stipulated pH they
will not dissolve to form the requisite polyoxoniobate/polyoxotantalate.

The complementary Raman spectra for the activation pH of niobic acid
(Figure 22b), shows the formain of Nbs and Nho from varying the
Nb:OH' ratio during microwave irradiation. At a Nb:Olatio of 1.67,
where pH is 6.9, the Nbis identified by the stretching of the Nb=0 groups
at 930 cmt. As the Nb:OH ratio decreases to 1.00, the pH subsequently
increases to 9.93 and both and Niz (898 cm') are present in solution,
albeit Nho is present with a lower intensity relative to TMA. The peak at
898 cm! corresponds to the symmetric stretching mode of Nb=0 groups
in Nbs. With further increase in pkb 12.55i.e. at Nb:OH =0.67, the
Nb=0 stretching of Nbshifts to 888 crit due to deprotonation of Nl

a trend which is reproducible with DFT calculatié¥t8. Further increase

in pH to >13 at Nb:OH= 0.33 similarly elicits a shifting of the Nb=0
stretching to 885 crh.
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For anhydrous Nis in Figure 22c, based on the peak at 887 5monly

Nbe formed with each incremental addition of metal oxide down to the
lowest pH of 12.17, which was attained at Nb!G+R.67. This reiteates

the previous finding that anhydrous A8 will not dissolve below pH 12

and will therefore only yield the polyoxoniobate species that predominates
within this pH regionj.e. Nbe.

Likewise,Figure 22d shows that with tantialacid, only the characteristic
Ta=0 stretching of the Faluster (863 cm) was observed up to a Ta:OH
ratio of 1.67 and pH of 12.43. This confirm#uht the Ta is the only
polyoxotantalate attainablda onepot synthesis of tantalic acid, due it
beng stabl & at pH O012.
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P : > » 0.33 Nb:OH", pH 13.19—
1 " . Niobicacid ll = ¢ Ol 0.67 Nb:OH", pH 12.55
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12 ..““‘ Nb2Os @ <§’: 3 1.33 Nb:OH", pH 7.20 —
1.67 Nb:OH", pH 6.89 —
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Figure 22. Change in pH at different M:OHratios (M = Nb or Ta) of niobic acid,
anhydrous NEOs and tantalic acida), Raman spectra of Nand NIz b), Nl c)and Ta
d) formed at varied M:OHratios of niobic acid, anhydrous N@®s and tantalic acid,
respectively. At M:OHof 0.75 and 1.67 should yieldsNnd My, respectively. Spectra
are normalised against the TMA signal at 750'cm

51



These findingshow howactivation pHcan be usedand how itdictates

that target moleculesaccessible from a particular oxidee restricted to
species that are stable at or above the activation pH of that oxide in a one
pot synthesis. Hence, some compoundsuch as Ni and Tao i are
therefore only attainable throlmgmulti-step synthesesas seen in the
literaturel”-8l

Both Nky and Nho obtained from niobic acid are stable above the
activation pH of 7. The Nhis not, and hence its preclusion to form in the
onepot synthesis. This is why the syntheses shown iditdrature is a
multiple-step processéd.Furthermore, due to anhydrous 20 having

an activation pH ofca 12 and considering that Apis completely
dissociated to Nbby pH 12.522 it corroborates why Npis the only
accessible isopolyoxoniobate mnoanhydrous NiDs. In the case of
tantalic acid, presumably only dia stable above the activation pHaaf

12. Due to the similarity of pi§ between Taand Nlg,** *® the stability
range of Tapis inferred to be similatio that of Nho. Although thestability
range of Tais not explicitly known, the similarity it shares with Nlcan

be corroborated with observations made by Klempeteal'®! As a
consequence, Tacannot be made directly from tantalic acid.

2.4 Crystallinity and solubility of niobium pentoxide

Presently, syntheses of polyoxoniobates are reliant on niobic acid as the
reactive material for formation of isopolyoxoniobates (decaniobate and
hexaniobate) and heteropolyoxoniobates. The afkedi, hydrothermal
synthesis of decaniobatelied on prolonged heating of niobic acid and
TMAOH) at elevated temperatur€s.This was crucial in identifying
niobic acid as a viable precursor for the synthesis of polyoxoniobates.
Though it might seem fortuitous, the reactivity of niobic acid has
contributed to expanding niobium solution chemistry, and it is directly
because of the presumed inertness of anhydroe®sNlle. commercially
available niobium pentoxide. It was in the initial alkiaée, hydrothermal
synthesis that anhydrous P yielded no product when reacted with
TMAOH and was therefore deemed unreacfiVelowever,in Paper I, it

was determined through microwave irradiation that anhydrougOdNb
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actually has an activation pH (>12) and can be reacted to exclusively form
the Lindqvist on [NbsO10] 8.1

With the establishment of an activation pH for anhydrousslbit was
hypothesised that the crystallinity of niobium pentoxidenown to be
polymorphic1 influences the solubility of this oxidegseologist have
considered niobium to kB immobile element and so, in principle, is ideal
for use in monitoring the storage of nuclear waste, for exaliiple.
Intuitively this may be true, but it is on the premise that only a highly
insoluble form of NBOs is present within the ore (coltan) rechfrom the
earth.

Nb2Os can exists as an amorphous oxide, or in an orthorhombic {ortho
Nb2Os) or monoclinic (moneNb2Os) crystal system, depending on the
temperature of heat treatment used to initiate a phase chang. Wi
exist in an amorphous phaat temperatr e s 0% Ogon h&ading to
5007 600 °C, the pseudohexagonal-Nb,Os phase is formed® More

so, at 600 800 °C another phase change occurs to yield the orthorhombic
Nb2Os (ortho-NbzOs or T-Nb2Os).**! The ortho-Nb2Os and TT-Nb.Os are
somewhatisnilar, but the main difference is that the-Nb.Os is actually

a poorly crystallised form of the odiNb.Os, hence it is actually
considered a metastable form ofJ96.[*°¥ At 8501 950 °C further phase
transformation ensues resulting in tetragonaNMOs phase, while at
0950 AC, t h eOsmombdmds)iisrekcusivélyoformed?
Considering that a fairly narrow temperature range separates ke Q4
phase from the morNb2Os, it is no surprise tha¥l-Nb2Os is actually a
poorly crystallised formof monoNb2Os, and is thus a metastable form of
Nb2Os as welll*®! Notably, the polymorphism of NBs is discussed in
more detail irchapter 3.3.

To determine how the solubility of N®s changes with crystallinity, the
final pH of the syntheses as a fupat of annealing temperature was
investigated. A series of suspensions of two different types of niobic acids
I CBMM and TANIOBISi annealed at 400 1200 °C, were prepared in
TMAOH at a fixed Nb:OHratio of 1.67. They were microwave irradiated
for 15 mirutes, centrifuged subsequent to cooling, followed by collection
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of the supernatants. The pH of the supernatants were determined
afterwards. Similarly, to activation pH experiments, the expectation here
was that after microwave irradiation, dissolutiontd etal oxide ensues
and it should be accompanied by a decrease in the pH.

In Figure 23, there was relatively no dissolution of My annealed at
100071 1200 °C due to the pH of the supernatants remaining H3.9. A

slight decrease in pH, however, occurred froail3.9 down taca 13, for

both niobic acid sample types as the annealing temperature decreased from
1000 °C to 600 °C. For both CBMM and TANIOBIS annealed 4D@he

pH decreased toa 10 and was accompanied by comia dissolution of
Nb2Os. From the activation pH study Paper I, dissolution of niobic acid
ensues as the base is consumed at pH®»4a84d is similarly accompanied

by a decrease in pH. This reactivity is therefore consistent with the
established activen pH of niobic acid

14 B [ |
135 e ] . cevv B

13 f TANIOBIS @
12.5

12
I11.5
e 1

10.5

10 |§

9.5

400 600 800 1000 1200
Temperature (° C)

Figure 23. Change in pH relative to the annealing temperature of the supernatant
recovered after microwave irradiation of niobic acid suspensions. The Nbr&did =
1.67.

Analysis of the supernatantwith Raman spectroscopy indicated the
formation NIz and Nho for both CBMM (Figure 24) and TANIOBIS

54



samplegFigure 25) annealed at 400 °C (pth 10), while only NIz was
present for NgOs annealed athigher temperatures. Decaniobate is stable
at neutral pH, however it dissociates togNlt pH >7.5, and rapidly
dissociates at pH >9'%! The Raman signal at 930 ¢ris consistent with
Nb=0 symmetric stretching of N& while the Nb=0O symmetric stretcty

of Nbs occurs at 898 crh!® For niobic acid samples annealed at 6800

AC (pH O013), the Nb=0 gshftnmddweri ¢ s
frequencies (890875 cm?) with an increase in pH. The shifting of Raman
signals to lower frequenciésrelative to increased pHis charaatristic

of deprotonation of the Nb=0 groups in % Notably, Nb=0 symmetric
stretching of Nl does not shift with pH, as its Nb=O groups are not
protonated'? Therefore, it can be inferred that the rate of deprotonation
of Nbs is increased for niobiacids annealed at higher temperatures.

As the annealing temperature increased fromi4@00 °C, there was also

a concomitant decrease in the intensity of Nb=0 stretching gfiich
corresponds to a similar decrease in the formation gf Ab1000 an

1200 °C, the relative intensity of the Nb=O stretching is significantly
diminished in comparison to lower temperatures and agrees with the
plateau in the measured pHcat13.9 for this temperaturenge,i.e. very

little base has been consumed to prarfotmation of Nb.
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Figure 24. Raman spectra of NpandNbs formed in the supernatant of CBMM annealed
at 4001 1200 °C, when the Nb:OHatio = 1.67.
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Figure 25. Raman spectra of Npand Nk formed in the supernatant of TANIOBIS
annealed at 400 1200 °C, when the Nb:OHtatio = 1.67.
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The powders of the annealed niobic acid samples and their residues were
also probed with Raman spectroscopy, to monitor the changes in phase
purity relative to anealing temperaturd=ijgure 26). The broad Raman
peak at 660 crhin both niobic acid types annealed at 400 °C is attributable
to Nb-O stretching in Nb@octahedrat! while the weaker and broad peak

at 915 cnt is likely due b small concentrations of Nb=0 surface sites
formed after thermal treatmét! For theCBMM, the broad peak ata

688 cm' is characteristic of Ni® stretching in Nb@octahedra and is
associated with orthbdlb,Os, formed at 600 800 °C Figure 26a)* At

900 °C, ortheNb2Os was still present but on reaching 1000 °C and 1200
°C a phase change occurred and the mébgDs was formed. This was
confirmed by the presence of a sharp p&#92 cm! which corresponds

to Nb=0 stretcimg of moneNb,Os.[*!]

The TANIOBIS samplesimilarly crystallised with increased temperatures
and formed orthdNb>Os at 6007 800 °C, owing to the presence of the
symptomatic broad signal at 688 ¢nand the absence of Nb=0 groups
(Figure 26b). There was, however, an indication that the rbgOs
phase had formed at 9001200 °C, due to the presence of the Nb=O
stretch at 992 crh The phase purity of the CBMM and TANIOB$&mple
residues (600 1200 °C) remaining after remadvaf the supernatant was
also determined to be identical to their unreacted powder counterparts
(Figure 26¢ andFigure 26d).
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Figure 26. Raman spectra of powdered CBMM) @nd TANIOBIS (b) niobic acids
annealed at 400 1200 °C and the respective residues of CBMM (c) and TANIOBIS (d)
remaining after microwave irradiation at M:OHlatio = 1.67. Spectra were normalised
relative to the Nb=0 stretch occurring at 992-¢m

Theannealed powders of CBMM and TANIOBIS were also analysed with
PXRD, to corroborate the phase changes deduced from Raman
spectroscopy. The diffraction patterns of annealed powders of CBMM and
TANIOBIS are given inFigure 27 andFigure 28, respectively. For both
niobic acid sample types, the powders annealed at 400 °C remained
amorphous. Between 600900 °C for the annealed CBMM powders, the
diffraction patterns were consistent with formation of the @Nib.Os
phase and this was confirmed with Rietveld refinementAppendix I
PXRD). With annealing at 1000 1200 °C, the diffractograms obtained
are consistent with the moib>Os phase and this too was confirmed with
Rietveldrefinement (seéppendix 1l: PXRD.
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In the case of the TANIOBIS powdefBSigure 28), they exhibited PXRD
patterns characteristic of the orthib,Os phase at 600G 800 °C; as
determined from Rtveld refinement (se&ppendix II: PXRD. However,

based on Rietveld refinemgiigure Sll. 15), at 900 °C there was a mixed
phase of mondNb.Os (82% wt.) and the orthéNb>Os phase (18%wt.),

but at 1000 and 1200 °C the meNb.Os had exclusively formed (see
Appendix Il: PXRD. The PXRD patterns of the CBMM and TANIOBIS
residues were in agreement with their respective annealed samples, and
this was also confirmeda Rietveld refinement (se&ppendix Il: PXRD.

CBMM

____“_MM 1000 °C

L AL ;Mo 900 °C

L
1 JL N Ibarrr~ 800 °C

A X A A Ao M. 600 °C
et DA el A 200 -

10 15 20 25 30 35 40 45 50 55 60
26 (°)

Figure 27. PXRD patterns of powdered CBMM niobic acid annealed ati4D200 °C.
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Figure 28. PXRD patterns of gvdered TANIOBIS niobic acid annealed at 400200
°C.

The morphology of the annealed CBMM and TANIOBIS was also
characterisedvia SEM to determine the change in crystallinity after
heating. With annealing up 600 °Eigure 29a), the powder remains
amorphous. However, at 700 °C, the particles appear visibly fused
subsequent to heatingigure 29b) 1 thereby increasing in sizeand this
continued with each successive increase in temperature up to 900 °C
(Figure 29c andFigure 29d). Though a phase change occurs at 800 °C,
the NOs particles remain spherical at 60M00 °C. At 1000 °C, after
conversion to mondb,Os, the particles have grown into largrystalline

rods Figure 29e). The crystallinity of mondNb2Os is enhanced at 1200

°C as the rods grow largdfigure 29f). Likewise, the increase in particle
size relative to annealing temperaturecwos in the niobic acid from
TANIOBIS (Figure2.10).
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Figure 29. SEM images of CBMM niobic ac&hmpleannealed at 600 °C (a), 700 °C
(b), 800 °C (c), 900 °C (d), 1000 °C (e) and 1200 °C (f).
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Figure 2.10. SEM images of TANIOBIS niobic acgdmpleannealed at 600 °C (a), 700
°C (b), 800 °C (c), 900 °C (d), 1000 °C (e) and 1200 °C (f).

The increased patrticle size of the annealed niobic acid powders, relative to
increasing anealing temperature, was determined using dynamic light
scattering Figure 211). It was observed that there was a gradual increase
in particle size at 600 900 °C, with a significant increase in particle size

at 10007 1200 °C; much like what is seen in the particle growth
morphology.
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Figure 211 Average patrticle size of NOs particles relative to annealing temperature.

Conclusion

Microwave irradiation in the synthesis of l§bNbs and Ta has proen to

be a rapid and efficient alternative to conventional hydrothermal methods,
while offering equali if not greater yield§ of product. Furthermore,
through microwave irradiation, the concept of an activation pH of
anhydrous NfOs, niobic and tantali@acids has been devised to explain
what products are accessible from each oxide and under what conditions.
The solubility of NbOs is dependent on the previously established
activation pH as well as the crystallinity of M. Amorphous NBOs
(niobic acid)has the lower activation pH (6.9) and so the decaniobate ion
is attainablevia a onepot synthesis of this precursor, unlike ortlamd
monaNb2Os which both possess the same activation pH (>12). Only the
hexaniobate ion is attainabléa a onepot syntheis of orthe and mone
Nb2Os. Despite the shared activation pH, the formation of the hexaniobate
ion decreases in mofdb,Os, when compared to ortigb,Os. This
demonstrates that the dissolution ot08bis dependent on the crystallinity

of NbOs, whereby he solubility of NbOs decreases in the order:
amorphous N#Ds >> orthaNb20s > monoNb2Os.
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Chapter 3

3.1 Tunable surfaces from polyoxoniobate and polyoxotantalate ions

In this section the use of polyoxoniobates and polyoxotantalates as
molecular building blocks in the synthesis of sdtdte metal oxides is
described. Owing to the disceatature of these polyoxometalgfeOM)

ions and their simple speciation chemistrytheir structues and
composition can be known with confidence. Targeted synthetic
modifications can therefore be used to tune their structures and
compositions similar#! This is of relevance towards the preparation of
extended materials, such as thin films. At aimum, this means that the
elemental composition of the film can be controlled to a high degree, with
the added possibility of the polyoxometalate structure being wholly or
partially retained in the solid film, so that the relative locations of
individual atoms can be controlled.

There are many advantages of using thesevotatile POMs in a bottom

up approach to make thin metal oxide films. Their discrete nature means
that the structure can be known with confidence in contrast with the case
for an extende bulk material, and much work has gone into learning how
to make targeted modifications in POMs, for example replacing individual
sites in the clusters with heterometdlsThe polyoxoniobates and
polyoxotantalates have traditionally begynthesisedvith hydrothermal
methodd?® 2% 20 Slhowever the process requires heating for extensive
periods (sometimes overnight or more) at elevated temperatures. With
microwave synthesis, the POMs can be made much quiclexr 15
minutesi and in gram quantitiesyhile offering a higher yield when
compared to hydrothermal methdtls. Tetramethylammonium,
[N(CH3)4" (TMA), salts d the nontoxic polyoxoniobates and
polyoxotantalatekave very high solubilities in watéra gram or more per
millilitre of solventi and moderate solubility in methanol and ethanol.

The organic nature of the counter ion also means that it can be removed
from a metal oxide film with heating, through decomposition. However,
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the most exciting prospect is that of manufactured films retaittieg
structure of the deposited POM. If this is the case then, by design of the
POM precursor, not only the elemental composition of the film can be
controlled, but also the microscopic arrangement of atbrmluding

atom distancet may be possible toontrol.

Despite there being a variety of methods for making metal oxide films,
there are innate limitations. Sputter deposittbrsolgel method$! or
laser ablation methotdsmay suffer from issues of reproducibility and/or
costll The use of polyosmetalates overcomes these limitations, and
facilitates the deposition of heteroatom doped metal oxide frimsvet
chemical methods. Film preparation through smmating of benign, nen
volatile, aqueous precursors that can easily be made in bulk psrare

all qualities that merit this approach.

It was conceptualisedthat polyoxometalate ion$ through aqueous
depositiori can mimic the rudimentary stacking of LEGO bricks, to build
solid-state thin films in a similar manneWhereby, depending on &h
desired physical properties (crystallinity, roughness and thickness),
solution depositioii through spin coating of polyoxometalate precursors
enables an easily controllable and reproducible method of depositing metal
oxide surfaces. Subsequent to fitleposition, the annealing temperature
necessary for film densification can be manipulated to elicit the formation
of amorphous or crystalline films to effect changes in the crystal system of
the films. Thus, similarly to a toddler usingeGO bricks to buid an
object, POMs can be envisioned as 0
solid-state surfaces and thin films.

The polyoxometalate ions do offer an efficient and reproducible means of
creating metal oxide thin films with varying thickness, roughness a
crystallinity; relative to annealing temperatures and the polyoxometalate
ion used. Simply put, the protocol of using these polyoxometalates for the
deposition of metal oxide thin films alludes tofiap ol y ox omet a
t o o | foralaveloping tunable suidas; since the polyoxometalate ions
function as distinct molecular building block&igure 31 gives a
schematic depiction of the steps involved in the deposition of
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polyoxometalate thin films, inclusive of substrate preparatsanféce
activation), deposition (spin coating) and film formation (densification).
These processes were repeated in sequential order to facilitate the
deposition of successive layers of films.

Polyoxometalates as molecular building blocks

Surface activation ﬂe m Spin coating

) . 15 —_—
conc. H,80, + 30% H,0 Didh, NP0zl )
Ratit ?:2‘1 P'4 h luti ; ’ il
(Ratio 3:1, Piranha solution ,m POM 1000 °CH coating/
and s solution = & & s
OH OH OH OHOHOHOH polyoxometalate il
Air plasma (POM) o i mono-Nb,Og .~
D e ortho-Nb,O; e
— addition e
Before plasma treatment Surface hydroxylation after plasma treatment or of POM s R ATIE mtal'od"_ prorfnotes] .
or piranha etch piranha etch solution spinning at 2000 spreading of droplef
@y, RP to form film
VA T / > s
Hydrophilic: 8 < ?U ’ superhydrophilic: 8 = 0 formation of solvent evaporates
: : metal oxide  leaving solidified
! thin film @y TEgion i
e == =

step 2 / Annealing for

/ film adhesion

step 3

Repeat to add\‘

successive layers

Densification

Figure 31. Schematic represerttan of the iterative deposition of aqueous
polyoxometalate thin films.

3.2 Thin films derived from polyoxoniobate and polyoxotantalates

There have been previous studies on the use of polyoxoni6bates
polyoxotantalatdd for the solution depositiorof NbOs and TaOs
surfaces, respectively. These previous studies have however been limited
to temperatures O800 AC in their
changes occurring in NB®s and TaOs, along with other physical changes
occurring at temperatues O800 AC were not st
amorphous and/or orthorhombic #03 and TaOs thin films were formed.
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For example, the decaniobatébio; [Nb1gO2g%) ion has beemsedfor

aqueous deposition of MBs and NbOs-ITO thin films on glass to
investicate electrochromic and electrochemical propel{f€Bue to glass
being thermally stable at temperat
that aspect for the annealing process. Therefore only amorphae@ Nb

would form. The chemical condensation of2Bbthrough use of Nfg in

the presence of formic acid was also investigated at room temperature and
this similarly promoted formation of amorphous /%!

Thin films of NOs and TaOs have previously been deposited onto
silicon wafers using aqueoustramethylammoniunmhexaniobate Nbs;
[NbsO19]%) and hexatantalatd &s; [TasO19]%) solutions respectively?®

It was found that Taalways yields smooth F@s films, regardless of
annealing temperature. On the contrary, this was unlike th®Nibms
obtained fromNbg i especially at 600 and 800 °C; despitesidhd Ta
both possessing the Lindqvist structure.

The use of aqueous dsolutions to deposit orthorhombic 0 thin films

onto silicon wafer has also been studied. Mansetghf®® determined

film thickness would increase accordingly with higher concentrations of
Tas, whereas a decrease in thickness would accompany annealing at higher
temperatures. The process of counter ion decomposition and water loss are
promoted as temperature increasesl #mese work synergistically to
facilitate film densification. Grain growth was determined to cause a
decrease in the refractive index, which was also enhanced after annealing
the TaOs films at temperatures above 6001€ Although multiple layers

of TaOs thin films were deposited in this study, there was no discernible
separation of layers to indicate the formation of different layers in this
film. %]

As an expansion to the formation of amorphous:@bfilms via
condensation in formic acid, the aaidtalysed condensation of Nand

Tae has also been explored; however, by using electrochemical methods.
Saez Cabezag al°! deposited N§Os and TaOs thin films, fromNbe and

Tas, respectively,by water oxidation. The NiDs and TaOs films
exhibited anincrease in thickness relative to the applied potential.
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Furthermore, there was a time dependence for the growth of these films as
there was a rapid onset in the growth of the films in the first two minutes
of the electrochemical deposition process. Beytmd, however, the
growth and increase of the film thickness plateaus.

Owing to the significance of piezoelectric materials, deposition of
potassium sodium niobate (KNN) has naturally been of intesest

chapter 5for a more in depth description of KNNBy using potassium

and sodium hexaniobate solutidH$ multiple layers of KNN thin films

have been spincoated to yield homogeneous thin films. Due to
hexani obate beiHgseofthisorhethod avith algai O 9 |
precursors are therefore limited to species/dopants chemically compatible
under these conditions.

3.3 Polymorphism of NBOs and TaxOs

3.31 NkOs

The formation of crystalline Ns is interesting due to the temperature
dependent polymorphism displayed by this oxiBgire 32). Though
orthorhombic (ortheéNb>Os or T-Nb2Os, Figure 33) and monoclinic
(monoNb2Os or H-Nb2Os, Figure 34) crystal systems are of particular
interest to this work, there are other polymorphs such as the
pseudohexagonal (FWb0s) and tetragonal (MNbOs) phase$i?
Heating of the amorphesuNkOs (niobic acid) within specific temperature
ranges renders the spontaneous formation of the differenOsNb
polymorphs. Namely, T-Nb.Os forms between 500 600 °C; orthe
Nb2Os at 600 °Ci 800 °C; MNb2Os at 850 °Ci 950 °C and mondb,Os

at >950 °d?a 12c1The TT-Nb,Os phase, though similar in structure to
ortho-Nb20Os, has been determined to be a lower crystallinity form of ertho
Nb2Os.

Ko and Weissmdt® determined that T-Nb,Os possesses: 1) some
oxygen atoms being replaced by monovalent gse¢OH or CI) or
crystallographic vacancies (previously considered impurities) and 2) Nb
atoms positioned in two crystallographically similar sites. This is unlike
ortho-Nb2,Os, where Nb atoms can occupy either one or the other of
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equivalent crystallogrdpcally similar sites. The latter difference in Nb
atoms occupancy between -Nb0s and ortheNb2Os is exhibited
through a broadening of peaks- for
Nb2Os, while there is a splitting of peaks for the corresponding reflections

in orthoNb20s.123 The M-Nb;Os is also a poorly crystallised form of
monoNb2Os, therefore bdt the TFNb2Os and MNb2Os are considered

as metastable forms of the X3 phase!?

Amorphous Nb,O5— Amorphous Nb,O 5=

Amorphous
Nb,O4

' 200 AC

10 1520 25 30 35 40 45 50 55 60 500 600 700 800 900 1000
20 (°) Raman shift (cm™")
Orthorhombic Nb,Og— Orthorhombic NbyOg—
800 AC
Orthorhombic
Nb,Ox
10 1520 25 30 35 40 45 50 55 60 500 600 700 800 900 1000
20 (°) Raman shift (cm™")
Monoclinic Nb,Og— Monoclinic Nb,O5—
1000 AC
Monoclinic
Nb,O;
10 1520 25 30 35 40 45 50 55 60 500 600 700 800 900 1000
20 (°) Raman shift (cm™")

Figure 32. Temperature dependent polymorphism of®éb
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a) ortho-Nb205

b) packing of ortho-Nb,O;

Figure 33. Arrangement of Nbgbctahedra in ortheNb,Os (a) and packing in the ortho
NbOs crystal lattice (b). Red spheres and light blue polyhedra represent oxygen and
niobium atoms, respectively.

a) mono-Nb,0O;

b) packing of mono-Nb,0O;

Figure 34. Arrangement of Nbgbctahedra in mondNb,Os (a) and packing in thenonoe
Nb,Os crystal lattice (b). Red spheres and light blue polyhedra represent oxygen and
niobium atoms, respectively.
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3.3.2Ta0s

Anhydrous TaOs also exhibits polymorphism. It exists in an orthorhombic
(orthoTapOs) crystal systemHKigure 35) below 1360 °C. |[thowever
reversibly converts to the high temperature formaT@Os phase) above
1360 °Ct% Like the ortheNb.Os, there are also Ta@olyhedra present
in orthoTaOs and this is a distinctive feature because thesepgrawe
absent in the monblb,Os. Other TaOs polymorphs are accessible, but
require high pressures to promote their formafitinThere are also
metastable polymorphs of ¥, such as the hexagonal -TEOs or
orthorhombic FTa0s.[*%

b) packing of ortho-Ta,O;

Figure 35. Arrangement of Tagand TaQ polyhedra in orthela0s (a) and packing in
the ortha TaxOs crystal lattice (b). Red spheres and dark blue polyhedra represent oxygen
and tantalum atoms, respectively.

In addition to anhydrous niobiunmd tantalum pentoxides, hydrousidia
(niobic acid) and T#Ds (tantalic acid) also exist and they are the hydrated
amorphous forms of these metal oxides. Their reactivity is much higher
than that of their anhydrous counterp&ttsThis enables them to be
excellent precursors in polyoxoniobate dtahtalate synthesig® 3l
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3.4 Titanium-niobium oxides

There are also niobium oxides, which contain titanium as a heteroatom
within the lattice to form titaniuamiobium oxides. These also may possess
orthorhomiec and monoclinic crystallinity, or may even be dimorphic. The
titanium-niobium oxides which are relevant to this work argNbi2O29

and TiNRO7. Ti2Nb12O29 is dimorphic because it exists in both the
orthorhombic and monoclinic crystal systenfég(re 36),1¢1 while the
TiNb2O7 exhibits the monoclinic crystallinity Fjgure 37).171 These
titanium-niobium oxides have traditionally been mada solid-state
synthesis, using direct calcination of niobiedagnd TiQ at temperatures
0100 G58A C.

Otherwise, there are sgkel methods utilising moistwgensitive reagents
such as niobium citrate and titanium isopropoxXiéle,or niobium
pentachloride and titanium isopropoxid®.These act as precursons

niobic acid and Ti@Q respectively, and will yield the desired titanium
niobium oxide (when combined in the required quantities) after extensive
heat treatment. These methods are, however, limited to the extensive
heating time and temperature requitefbrm the titaniurmiobium oxides

from solid NkROs and TiQ. The titaniumniobium oxides are relevant to

the development of energy storage devices, as they are considered suitable
anode materials for lithiufion batteries. This would facilitate replacame

of graphite or LiTisO12 anodes currently usétt!
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b) packing of orthorhombic  c) packing of monclinic

Figure 36. Arrangement of Ti@and NbQ polyhedra in TiNb1:029 (a), packing in the
orthorhombic (b) and monoclinic (c) 2Nbi2O29 crystal lattice. Red spheres, grey and
light blue polyhedra represent oxygen, titanium and niobium atoms, respectively.

b) packing of monoclinic
TiNb,O,

Figure 37. Arrangement of Ti@and NbQ polyhedra in TiNBO; (a) and packing in the
monoclinic TiNbBO; crystal lattice (b). Red spheres, grewdalight blue polyhedra
represent oxygen, titanium and niobium atoms, respectively
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3.5 Surface activation

Silicon wafers are excellent substrates for sppating and annealing
experiments at temperatures 01200
brittle. The high smoothness and chemical inertness of the wafers further
accentuates their suitability for the agueous deposition and annealing
experiments. However, although the surface of the silicon wafer is
hydrophilic i i.e. contact angle 0° < < 90° 71 the wetability was
insufficient to facilitate the deposition of smooth films with good adhesion.

To enhance the wettability of the substrate, its surface free energy has to
be increased to facilitate spreadi
approaches 0°. Theel ati onship between the m
and surface free energy can be given as

eq. 3.1

whereb is a constant representing the ratio of surface free energies of the
solid-gas ad liquid-gas interfacesy andas are the surface free energy of

water and the substrate, respectively. This equation is a simplification of
Youngos equation for t he relatior
interfacial energy. Nonetheless, fram. 3.1 the surface free energy of the

solid is inversely proportional to the contact angle.

The surface free energy of the liquid is assumed to contribute to the
cohesive forces of the liquid at the seliguid interface, while the surta

free energy of the solid simultaneously contributes to the adhesive forces
at the solidiquid interface. The cohesive forces of the liquid are those
which render the droplet to attain the uniform spherical shagenduced

by the surface tension. Adbion of the droplet to the surface, wetting,

is correlated to the surface free energy of the solid at the-lgplid
interface. Hence, when the surface free energy of the solid exceeds the
surface free energy (surface tension) of the liquid, adhexithe droplet
predominates and wetting ensligke surface is hydrophilic.

76



Therefore, after sufficiently increasing the surface free energy of the
substrate; approaches zero to facilitate complete wetting of the surface;
hence, the surface is now super hydrophilic. This was the aim of activating
the surface of the silicon wafers, to increase the surface energy, so that it
may become completely wettable as ideggl in Figure 38. Silicon
substrates were chemically etched in piranha solttiar8:1 solution of
concentrated sulphuric acid and 30% hydrogen perdxidefore being
treated with atmospheric pressure plasma in a plasma ehambis
plasma treatment was used in tandem with the piranha etch to provide a
pristine surface for the aqueous deposition of polyoxometalate films.

conc. H,S0O, + 30% H,0,
(Ratio 3:1, Piranha solution)

and
OH OIH OH OH OH OH OH

Before plasma treatment Surface hydroxylation agter plasma treatment or
or piranha etch piranha etch

Hydrophilic: d < 90 A superhydrophilic: d& 0

Figure 38. Surface activation of the silicon wafers, through plasma treatimepiranha
solution, to enhance wettability.

In an effort to initiate layered deposition of the desired metal oxide film on
the substrate, the plasma treatment, spin coating and annealing procedures
were sequentially repeated after the first layerlof fvas annealed. This
6cycl ebd was repeated three times
successive layers of metal oxide films. Plasma treatment activates the
surface of the silicon wafer to enhance the hydrophilic propétieghe
piranha solution,like the plasma treatment, was used to enhance
hydrophilic propertiesi via surface hydroxylationi of the silicon
substrate.

77



Piranha solution has been used by 8eal®® to increase the silanol (Si

OH) groups on a glass (silica) substrate to reitd@ore hydrophilic. It

was inferred the same change would occur on the silicon substrate, since a
silica layer is innately present on the surface of the silicon subSftate.
Notably, it was not possible for Setiaf?®! to quantitatively determine the
change in the hydrophilicity of the glass substrates, as they were too
hydrophilic and that precluded contastgle measurements. A similar
outcome was present in the current study, because the silicon substrates
were practically super hydrophilic after rface hydroxylation.
Furthermore, the piranha solution was used only for surface hydroxylation
prior to the deposition of the first layer of film. Use of piranha solution on
annealed titaniurmiobium oxide films would lead to chemical etching of

the surfae. The plasma treatment was therefore used in lieu of this to
promote surface activation of the annealed polyoxometalate films, prior to
depositing another layer of film.

3.51 Film adhesion

The formation of SIO-Nb bonds on the surface of the silicon stdistis
responsible for adhesion of the s film to the substrate, similarly to the
fabrication of NbOs on a silica surface for catalytic applicatidf$.
Annealingofadii con wafer at temperatures
the viscosity of the silica layer present on the silicon surface, which in turn
promotes an increased contact area and the formation of additional
siloxane (SiO-Si) groupd?? The deposited NiDs film resides at the
boundary of this silica layer, whereby adhesion of theQ§lilm to the
silicon wafer is possible through the formation ofG8Nb bonds at the
silica-Nb2Os interface. The films annealed at temperatures 800 °C and
1000 °C concomitantlyormed said SO-Nb bonds after the first film
deposition. The formation of N®-Nb bonds, however, at the surface of
the previously deposited MNDs films are necessary for the adhesion of
another deposited layer of B film. Nb-O-Nb bonds are inherently
formed when the [NfaO2g]® cluster breaks apairtwith heatingi to form
Nb2Os. However, initiating this type of bonding between two separate
Nb2Os films in thesolid-state is a challenge.
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The Nb=0O groups present at the 20b surface limits (if not prdade)
hydroxylation of niobiurroxygens bonds.e. there is no formation of Nb

OH groups. Hence, despite theApfilms being hydrophilid®! the latter
occurrence concomitantly hinders the wettability ob®#ofilms. This is
unlike the hydrophilicity exibited by a silica surface, due to the presence
of silanol groups, which readily facilitates wettig.For this reason, the
plasma treatment process was utilised to promote the hydrophilic
properties of the Ni©Ds. This in turn enhances wetting and fostéhe
adhesion of successively depositeGfilms.

3.6 Deposition of polyoxometalate films

361 Polyoxometal ate ions or oOmol ec
The tetramethyl ammoniunTMA) salts of the polyoxoniobat®lbe, Nbio,

TiNbo, Ti2Nbs) and polyoxotantalte clusters Tas) were used for the
agueous deposition of metal oxide filfisgure 39). The structures and
solution chemistry these POMS are well known and have been studied in
detaill?® 2% and on this premise they were sédecfor depositing thin
films. Specifically, the sitspecific substitution of a single Ti atom within

the decaniobate structure confers noticeable changes in the solution
behaviour of this polyoxoniobate. For example, it extends this stability
range of Nl beyond pH 7.%° to pH 6.512.0 inTiNbo.?*d When there

is further substitution with two Ti to yield INbs, the pH stability of the
decametalate structure remains higlmo dissociation or speciation is
present at pH 12.5 in Flbs.2%¢! Knowing tis, it was anticipated that
heteroatom substitution in the decaniobate structure might confer
structural changes in the formation of sedidte niobium oxides. Since
microwave irradiation facilitates synthesis of these clusters within 30
minutes, scalingip this method abodes well for the production of large
guantities of compound for industrial thin film fabrication

79



..S = b.. ..5 =~ S.. ..b o® b..
< | | (¥
%Y o’.&".'.. B A L2522 RS SN LR N
[ S lgetget *tg-etge’
® Ps L] © ® @
a [Nb(O5]* b [TiNbgO]™ ¢ [Ti,NbgO]®
[ ®
® .\. ° Y .‘. °
o L v ‘ ° [ M“ e o
Y S ‘oo
d ® e ®
[NbgO16]* [TagOqel*

Figure 39. The(a) [Nblo()zs]GT (b), [TiNbgOzs]7T (c), [Ti2NbgOog 8 (d), [Nbsolg]8T and

(e) [TasO1]® polyoxometalate ions. Red, light blue, grey and dark blue spheres
represent oxygen, niobium, titanium and tantalum atoms, respectively. Adapted from
Rambaran et &°!

3.6.1.1 Exsitu Raman spectroscopy of polyoxometalate clusters

The vibrational frequencies the terminal niobiuroxygen bond (Nb=0),
shifts to lower frequencies as the overall charge of the polyoxometalate
(POM) cluster increases for the isostructural decametalate clusters:
[Nb10O2g]%, [TiNbeO2g] -, [Ti2NbsO2g]® (Figure 310). In Figure 311a, the
Nb=0 of [NioO2¢% in solution (930 cril) shifted to lower frequencies,
relative to the [TiNbBO2g” cluster in the solution phase (917 €m
Similarly, there wasconsistent diminution of the Nb=O vibrational
frequency of the [BENbsO2g)® cluster in the solution phase (905 €m
phase. The prevalence of this shifting in the Raman signals in the solution
phase of the POMs, interestingly, accompanies a concomitagase in
Nb=0 bond length relative to the increased negative charge of the POMs
(Table 31). Notably, the same trend is present for thelagrus solid
phase Raman signals of the POMgy(re 311b).

The [NkO1g® and [TaO19® clustersi though similar in charge to
[Ti2NbsO2g]® 1 possesses the Lindqvist structure and therefore exhibit a
different Raman spectrum altogether from the decametalate structures. The
M=0 stretches (M = Nb or Ta) in [ND1g]® and [TaO.q® are 869 crit

and 877 crt, respectively, in solution phasgigure 311c). However, in
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the solid phase the M=0 stretches resideas874 cm* with significant
overlap Figure 311d).

[T| Nb, ozs]
b charge
9 increases
decreases

[T|Nb 40,8]7

[N b10028]

Figure 310. Change in Nb=0O bond length relative to charge of theNBiNk, and
TioNbs decametalatesTable 31provides details regarding this change.
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Figure 311 Raman spectra of N§ TiNby and TbNbs in solution (a) and powdered (b)
form, NIz and Ta in solution (c) and powdered (d) form. Spectra were normalised
relative to the TMA signal at 750 dmAdapted from Rabaran et af®!
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Table 31. Comparison oRaman shifts and bond length for the isostructural,j®bg] &
) [TiNbgOzg] I [TiszgOzg] % POM clusters.

Polyoxometalate Raman shift (cm) of terminal  Nb=0 bond

anion M=0 (Nb=0) mode length @)
Calculate® Experimental

[Nb10O2¢]* 957 930 1.731

[TiNboOog] ™ 940 917 1.7469

[Ti2NbsO2g]® 921 905 1.765%

@ PBEO functional?5¢-2%¢. 2616) CSD 12607169 Ohlin et alf!, ) Nyman et &

3.6.2 Polyoxometalate concentrian and annealing temperature

For a fixed concentration of the POM solution, an increase annealing
temperature was expected to cause reduction in film thickness. Indeed this
was the case, as there was a consistent decrease in film thickness relative
to temperature up to 800 °C, based on spectroscopic ellipsometry data
(Figure 312). At 20071 400 °C, there is a significant decrease in film
thickness, which is a consequence of hydration loss and thermal
decomposition of the TMA couettion. Likewise, there was a concomitant
increase in film thickness relative to increased polyoxometalate
concentrations, for the Npand Ta films. At high polyoxometalate
concentrations (0.5 M), however, the films are prone to spontaneous
crystallisaton after spincoating (prior to annealing), leading to the
formation of a transparent crystalline layer on the surface of the film. This
crystallisation is apparent after annealing, due to the presence of grain
boundaries. At higher temperatures in patéicuthe presence of grain
boundaries promote film coarseness and total internal reflection of incident
light. This is a hindrance in making reproducible thickness measurements
with spectroscopic ellipsometry. A POM concentration of 0.2 M was
therefore demed suitable for depositing sufficiently thick films that could
still be probedria this technique.
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and Ta, respectively, and determined &ipsometry Adapted from Rambaran et

3.6.3 Polyoxometalates as molecular building blocks

3.6.3.1 Nhofilms

The Raman spectra of the Nbilms annealed at 800 °C and 1000 °C
yielded the ortheNb,Os and moneNb,Os films (Figure 313a),
respectively and is consistent with the Raman spectra of-@midlomone
Nb2Os powders obtained after annealing the solid TMA salt ofoldbthe
same temperaturegigure 313b). The Raman spectrum of the meno
Nb20Os film exhibits the characteristic symmetric and asymmetric Nb=O
Raman stretches at 993 ¢mand 900 cri, respectively. Raman peaks
occurring at higher frequencies (82000 cm?), are due to the presence
of highly distorted Nb® octahedra and are charadgc of Nb=0O
bonds?” A distinctive feature of the morNb,Os Raman spectrum is the
stretching of a collinear NB®-Nb bond at 840 crh due to corneshared
NbOs octahedr&” Raman peaks for NB-Nb bonds are expected
between 740 crhand 580 crit,?® however the presence of the collinear
Nb-O-Nb bond outside this region is symptomatic of the highly distorted
NbOs polyhedra native to the mosdh,Os structure?’!

83



The characteristic broad Raman peak of citeOs at 690 crit is due to
symmetric strething of slightly distorted niobia polyhedra (Ng@nd
NbOy), while the symmetric and asymmetric stretches of slightly distorted
NbOs octahedra in mondlb,Os occur at 675 crh and 634 cr,
respectively Figure 313a)?”) The NbO-Nb bond stretching in ortho
Nb2Os is not readily observable; however, it occurs at 557 owmmono
Nb2Os. Nb-O-Nb bending modes are present at 315225 cm‘ and 126
cmit in orthoNbzOs. The characteristic3O bond (GNbs) is observed at
472 cm' in monoNbxOs? The assignments were made on the
convention that the stretching of slightly distorted niobia polyhedra occurs
at 650690 cmt, stretches of Ni©-Nb bonds at 406800 cm! and the Nb
O-Nb bending modes at 2D0 cm'.[?7]

The crystallinityof Nb,Os films can therefore be altered by the choice of
annealing temperaturé&he lack of signals indicating the presence of the
TMA counter ion in both annealed powders and film, is indicative of
thermal decompositionThis is an additional benefit ofsing the TMA
salts of these POMs, as counter ion removal may not be posgsilite
use of alkali niobates.

Powder XRDi via Rietveld refinemen{Appendix Il: PXRD 1 further
confirmed the assigned crystallinity oftiNbo powders annealed at 800
and 1000 °CHKigure 313c). More so, through PXRD, it was possible to
show that amorphous NDs was formed after annealing Mtpowders at
200 and 400 °CHigure 313c). Thisis attributable to previous results that
indicate amorphous NOs transforms to crystalline NBs at temperatures
exceeding 400 °CFigure 32).2"1 Figure 313d depicts the difference in
packing of Nb@ octahedra within the NI®s crystal lattice of orthoand
monoNb2Os. Films of Nk behaved similarly as films of N§ yielding
ortho-Nb20Os and moneNb>Os at 800 °C and 1000 °C, respectivefygure
3.14). Notably, the broad Ramaigsal atca 920 cm?, is attributable to
the presence of surface Nb=O groups, which are known to exist in
amorphous NfDs below 400 °d?7]
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3.6.3.2 TiNB films

Based on established protocols for the preparation of titaniabium
oxides!!®2% jt was surmised that a titaniumobium oxide woul be
yielded from annealing said clusters. Wadsfey in effort to elucidate
the first crystal structures of 2Nb120291 determined that INb12029is a
dimorphic (orthorhombic and monoclinic) species. However, a subsequent
neutron diffraction study byon Dreele and Cheeth&fit only determined
the orthorhombic crystal system obNb12029 to have formed from solid
state synthesis. Wit al*®! alternatively determined the monoclinic
crystal system of PNbi12O29 to form exclusively after solidtate
synthesis. In this study, instead of a sdlidte synthesis, annealing of the
TMA salt of [TiNbsO2g]” (TiNbg) was exploited as a means of obtaining
the TeNb;12029 OXide.

The Raman spectra of the [Tip@rg " cluster annealed at 800 °C and 1000
°C both ehibited peaks at 997 and 890 ¢nwhich are characteristic of
the Nb=0 bonding grougF{gure 315). Denget al?°2 PhamConget al*’

and Louet al?®! have previously published solgtate Raman spectra of
TioNb12029 and thg are all in agreement with the Raman spectra of
Ti2Nb12029 obtained in this study. The crystal structures of miibgOs

and TbNb120O29 are similar due to both possessing N@tahedra, but
they differ by the presence of T¢@ctahedrd which substitutéor NbOs
octahedra within the crystal lattice of BNb12029 (Figure 315d). The
latter is a consequence of incorporating the Ti atom within the crystal
lattice of TpNb12020.11°

The Raman spectra of the TiNfims annealed at@ °C and 1000 °C
yielded the TiNb120O29 film (Figure 315a) and is symptomatic of the
Raman spectra of b12029 formed after annealing the powdered TMA
salt of TiNky at similar temperaturegigure 315b). The TbNbi2029 film
exhibited symmetric and asymmetric No=O Raman stretching at 997 cm
and 893 cri, respectively. Stretches of the Nb@tahedra occur at 650
cmt and 640 crit in the TeNb12020 films formed at 800 °C and 1000 °C,
respectively. The h8fting of the NbQ octahedra stretches to higher
frequencies is likely due to the presence of sTéGtahedra (which have

86



substituted some N®@ctahedra) within the INb;2029 crystal lattice®”
Stretching of the NIO-Nb or NBO-Ti groups are likely exbited at 546
cmit, in accordance with Raman stretches of®¢blb groups occurring at
400-800 cm'.?8! Furthermore, the Raman peaks at 347264 cm', 163
cmit and 128 cnt are likely due to the corresponding #bNb or Nb-O-
Ti bending modes (symmetrand antisymmetric).

The Raman spectra of films of Tiblannealed at 800 and 1000 °C looked
very similar to those obtained from NbConsidering the thin film spectra
agreed with the analogous TiNlpowders annealed at the same
temperatures, it set thegeedence to determine the composition of the film
using PXRD. Reitveld refinement determin@gppendix II: PXRD this

to beca 80% wt. 1:1 orthorhombic and monoclinicaNb12029 (Figure
3.15¢), as well as 20% wt. 1:1 orthorhombic and monoclinic® at
both 800 °C and 1000 °C, respectively. The source of theONis
attributable to the titanium:niobium (Ti:Nb) ratio in2Mb12029 being
higher than in the starting material. The effect of ihialso exacerbated
by the formation of Nban impurity in synthesis of TiNb(seeFigure
S.1.1).[25d
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Figure 315. (a) Raman spectra of [TiN®.g 7 ' films annealed at 800 °C aridd00 °C,

(b) Rama spectra and (c) PXRD patterns of powddiEtlbyO,¢ 7’ "annealed at selected
temperatures and (d) the monoclini@Nb;2O29 titaniumi niobium oxide. Red spheres
represent oxygeatoms, light blue and grey octahedra represent niobium and titanium
atoms, repectively Adapted from Rambaran et?]

3.6.3.3 TeNbs films

Previous studié¥ 3 attribute the Raman peaks occurring in the BDb
spectrum at frequencies >850 ¢ro stretches of M®(M = Nb or Ta)
octahedra. However, NO stretches from Nb§dctahedra do not normally
occur at such high frequencies. Instead it is the Nb=0O stretches that are
localised to the region of 851000 cm'; as a consequence of highly
distorted Nb@ octahedra in mondlb,0s."! It was also reported that the
Raman peak at4® cm® in TiNb2O7 is due to the presence of NbO
tetrahedral® This claim, however, neglects the fact T#db does not
possess NbQxetrahedra in its crystal latti¢€! Furthermore, the Raman
peak at 840 crhin moneNb;Os is due to a collinear NB-Nb bond
formed from corner shared NbOctahedr&” Due to similarity of mone
Nb2Os and TiNRO7 (also monoclinic), then it can be inferred that The
Raman peak at 840 chin TiNbO7 is due to a collinear N®-Nb bond

as well.
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The crystal structure of TiNB is similar to that of mondNb2Os, much

like the similarity between morNb.Os and TpNbi12O29. Both mone
Nb20Os and TiNRO7 possess Nbgbctahedra, while they differ due to Te#O
octahedra substituting for Nlegctahedra within the crystal lattice of
TiNb2O7. Furthermore, there is greater incorporation of the Ti atom within
the crystal lattice of TiNgD7 "]

Films of TkNbsg annealed at 800 °C and 1000 °C also exhibited Raman
spectra that were consistent with the spectra of annealed NbsTi
powders at e same temperaturefigure 316a-b). The presence of
Raman peaks at 1000 dnand 888 crt are characteristic of symmetric
and asymmetric Nb=0O stretching, respectively in BBt Raman peaks

at 646 cmt and 543 cnt are similary attributable to stretches of NbO
octahedra and NB-Nb bonds, respectively. The shifting of the NbO
octahedra stretching to higher frequencies is likewise consistent with the
presence of TiQoctahedra (substituting for Nlg@ctahedra) within the
TiNb2Oy crystal lattice Figure 316d). Raman peaks at 350 ¢n290 cm

1 268 cmt, 168 cm!, 134 cm' and 114 crit are attributable to the
corresponding NYO-Nb bending mode§7]

Rietveld refinemen(Appendix Il: PXRD showed that the diffractogram
of monoclinic TINBO- obtained after annealing at 800 °C contaicad
16% wt. 1:1 orthorhombic and monoclinic:Nbi12029, While ca 34% wit.
1:1 orthorhombic and monoclinic2Nb:2029 Were present aft@mnealing
at 1000 °C Figure 316c). Formation ofTioNb12029, is attributable to the
decomposition of BNbs to TiNbg at elevated temperatures as determined
by ’O-NMR spectroscopy (sdggure SI.2). Likewise,the Ti:Nb ratio of
TiNb20Oy is higher than in the starting materidlence, the decomposition
of TioNbg facilitates the formation oTi2Nb12029 to some extent, with
annealing at 800 °C or 1000 °C. On the contrary, 7dxkdid not form
whatsoever aftennealing TiNbat 800 °C or 1000 °C.
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Figure 316. (a) Raman spectra of [MlbgO2g 8 ' films annealed at 800 °C arid00 °C,

(b) Raman spectra and (c) PXRD patterns of powddfiéeNbsOg 8 ' annealed at
selected temperaturesnd (d) the monoclinicliNb;O; titaniumi niobium oxide. Red
spheres represent oxygen atotight blue and grey octahedra represent niobium and
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3.6.3.4 Ta films

Notably, when Tasolutions werepin coated to form a film and annealed
at 800 °C and 1000 °C (like the other POMs), the Raman peaks diagnostic
of orthoTaOs are significantly diminished in intensity, relative to the
characteristic peaks of the silicon. Hence, the Raman signals ohslie
exclusively observed=gure 317). The TMA salt of Tais isostructural

to Nbs, however it only forms an orthorhombic crystal system ofOFa
(orthoTaxOs) when annealed at 8001000 °C Figure 317b). The Raman
peaks of orthel'axOs are also attributableo stretches of tantalum oxide
polyhedra. This includes the broad peak at 89%,emhich is characteristic
of stretches arising from 1@ bonds with different bond strengths, due to
corner/edgeshaing in tantalum oxide polyhedf! Unlike ortheNb.Os,

the ortheTa.0s exhibits a Raman peak at 845 ¢that is characteristic of
Ta-O stretching due to Taolyhedra (pentahedrally coordinated groups,
Figure 317d).3%2 33 The Raman peaks at 620 ¢mand 700 crf are
characteristic of Taoctahedra, with the stretching at 700 tarising
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from TaO bonds with different bond strengths, due to corner/stigeng
polyhedrd??® 33 The TaO-Ta bending modes occur at 476895 cm
1,345 cmt and 246 cn.132¢: 33

Rietveld refinement of the PXRD patterns confirmed the formation of
orthoTaOsat temperatures O800 AC, and
diffractogram of commercially available anhydrous:(J=a (see Figure
S.1.12). The latter was similarly confirmed to be orthaOs via Rietveld
refinement Figure SII.12). The structure of crystalline orthiteeOs

(Figure 317d) depicts the differentd0s and TaQ polyhedra present in
ortho-TaOs.
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Figure 317. Raman spectra of [£@:4 8 films annealed at 800 °C and 1000 °C, (b)
Raman spectra and (c) PXRD patterns of powdered(Qi¢f ' annealed at selected
temperatures and (d) the ortfia:Os polymorph of TeDs. Red spheres represent oxygen

atoms and dark blue polyhedra represent thntaatoms Adapted from Rambaran et
a|[26]

The lack of a Raman signal from thesTilms was attributed to attenuation
specific to the tantalum oxide films. This was confirmed by depositing
films of solutions of 1:1 Nb&Tas, which yielded strongly atteniext
spectra relative to pure Mlwhereas powders of the same solution showed
no such attenuatior{gure 318).
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The inconsistency between the Raman spectra&iilires and powdered
Tas annealed at 800 1000 °C garnered further tarest, as the
characteristic orthd@a0Os peaks appear to be absent in the films. On
further probing, it was determined that there was a significant attenuation
of the ortheTaOs Raman signals for annealedsTéms, with respect to
the diagnostic silicorpeak. The extent of this attenuation in Raman
spectroscopy was testeda preparing an aqueous solution (0.4 M)
containing equal moles of 0.2 M hland 0.2 M Ta Spin coating a film
from this solution, followed by annealing at 1000 °C, also yielded aaRam
spectrum Figure 318) that showed significant attenuation of the
characteristic NiOs and TaOs peaks, relative to the silicon substrate
(black line).When the same mixeglquimolar solution of the Ntand Ta
was annealed at 00 °C, the residual powder obtained exhibited
broadened Raman peaks symptomatic of a mixture of -Gid0s and
ortho-Nb;Os (orange line). The broad Raman peaka$55 cm' i which

is attributable to stretching of Nle@nd NbQ polyhedrai is consistent
with the presence of ortHdb.Os; albeit it is shifted to a lower frequency
that the diagnostic peak @682 cm.

L Si mixed Nbg+Tag powder (1000 °C)

mixed Nbg+Tag film (1000 °C) s

~100 Nbg (1000 °C) s
e ) Nbg (800 °C) s
80 ) Tag (1000 °C) s

Intensity relative to Si (

200 300 400 500 600 700 800 900 1000
Raman shift (cm™)

Figure 318 Raman spectra of the film and powder obtained from a réxgdmolar
solution (0.2 M) of Nband Tas annealed at 1000 °C. Spectra are normalise relative to
the silicon peakAdapted from Rambaran et

The absence of Nb=0 stretchinga@91 cm?') corresponds to a lack of
highly distorted Nb® octahedra, which means the orNb.Os phase

92



formed depite annealing Nyt 1000 °C. This contradicts the established
premise of phase transformation to mawinOs at 1000 °C. The lack of
highly distorted Nb®@octahedra may be a consequence ofslaiahedra
disrupting the tendency to form, due to the corapkr atomic radii of Nb

and Ta; a consequence of the lanthanide contraction. More so, Ta does not
form highly distorted Ta®octahedra in the orthorhombic crystal system
which dominates at temperatures <1360'°C.

The lanthanide contraction is manifestiirough the comparable size of
the Ta and NI clusterd?>® 4 This make distinguishing between NGO
and TaQ@ octahedra a challenge but each metahhedra (M@ will
nonetheless exhibit inherent differences in their vibrational spectra. Note
that wthin the same family of the periodic table, the stretching frequencies
of MOe octahedra (M= Nb or Ta) is inversely proportional to the mass of
the central metal atof®! With Ta being the heavier congener of Nb, the
stretching frequencies of Ta@ctaheda should inherently be lower than
those of Nb@octahedra. For example, the solution Raman spectrasof Ta
and NIz exhibit terminal M=O (M = Nb or Ta) stretches at 863 camd

885 cm', respectively, at pH >19] This is also depicted in the solution
Raman spectra of Teand NIz mentioned earlierHigure 311).

The shifting of the broad Raman stretch attributable tod\imtahedra to
lower frequencies is symptomatic of a decrease in the overall stretching
frequency of the M@ octéhedra, likely due to the presence of FaO
octahedra. The latter trend exemplifies a decrease in the stretching
frequency of M@ octahedra, relative to an increase in the mass of the
metal atont®® Therefore, it is plausible that the presence of qraad

TaOr polyhedra contribute to the attenuation of Raman signals in annealed
Tas films and this trend persists even when there is mixing of isostructural
NbGs octahedra.

A mechanism to describe this attenuation of the Raman signal is currently
unknown. Furthemore, a postulation to classify this occurrence or to
propose a viable mechanism is beyond the scope of the present work. It is
envisaged, however, thd8tas can be used as a dopant to inhibit the

93



formation of moneNb2Os from Nbs and this inhibition is detctablevia
Raman spectroscopy.

3.6.4 Decompositiorof the TMA counterion

The removal of the TMA counter ianvia thermal decompositionin the
annealed films was determined through EDS measurentagtgd¢ 319,

Table SlllI. 2). In all cases, the elemental composition of C after annealing

at 400 °C decreases below 10%, and did not exceed 1% after annealing at
temperatures O800 AC. This is cons
the TMA counter ion at 200 400 °CI¢l At higher temperatures, there is
similarly decomposition of any carbon residues (char). Note also the
increase in the metal (Nb, Ti or Ta) composition of the annealed films at
2007 400 °C, which is in accordance with decomposition of TMiAg#

it | ater plateaus at 0800 AC.
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Figure 319. Atomic composition of annealed Ni@a), TiNk (b), TbNbs (c), and Ta (d)
films. The carbon content decreases with annealing temperature in all ¢atssted
from Rambaran eal(?°!

The composition of Ti in the annealedNbg films is higher than that of
annealed TiN§ which agrees with the higher Ti composition 0iNbs
films. EDS mapping is used to illustrate tkia the spatial distribution of
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Nb and Ti in TiNB and TbNbs films annealed at 1000 °Eigure 320).
This spatial distribution also illustrates the homogeneous distribution of
the elements in the films.

a) [TiNbgO,,]" film annealed at 1000 °C | b) [TiNbyO,g]" film annealed at 1000 °C | c) [TiNbsO,g]" film annealed at 1000 °C

Nb 25 pm ] 25 pm 0.5 um Nb il 25 um 0.5 pm
d) [Ti,NbgO,]* film annealed at 1000 °C e) [Ti,NbyO,¢]®- film annealed at 1000 °C | f) [Ti,NbzO,¢]* film annealed at 1000 °C

Figure 320. EDS map of the spatial distribution of K&, Ti (b) and Nb/Ti (c) in TiNb
and Nb (d), Ti (e) and Nb/Ti (f) in ;Nbg films annealed at 1000 °QAdapted from
Rambaran et &°!

3.6.5 Deposition of layered films

Herein the repeated deposition of layers of polyoxometalates will be
discussed imletail. Films of the different polyoxometalate solutions were
deposited onto silicon wafersghat were chemically etched and sulgeict

to plasma treatmeiit followed by annealing. For the hfilm annealed

at 800 °C, the orthéilm obtained after the fét deposition had a thickness

of 147+5 nm according to ellipsometry. To facilitate deposition of another
layer of film, it was treated with plasma again to increase the surface free
energy to enhance the wettability. Afterwards it was possible to spin coat
a new layer of Nfy onto the preceding layer.

Pretreatment of the film by plasma was necessary to ensure good adhesion
between the layersn the case of depositing successive layers ollb
films, the preceding layer of NOs film subsequently becomethe
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substrate.e. not the silicon wafer. The difficulty in forming NO-Nb

bonds in the solid state hinders film adhesion to the substrate and
consequentially limits densification. Therefore, subsequently deposited
layers of NBOs film will not bind as stongly to a NbOs substrate as the

first layeri which formed SiO-Nb bonds at the silieBlb2Os interfacei
deposited onto the silicon. This is a limitation of depositing successive
layers of NROs films. Nonetheless, this iterative process of repeatad spi
coating and plasma treatment was repeated to deposit four successive
layers of film of each polyoxometalate species.

After four layers of Nlp were successively deposited onto the silicon
wafer, a final thickness of 235t5 nm (determined by-BBM) was
obtained posainnealing at 800 °G~{gure 321a). Notably, the SEM image
showed that the film possessed voids with no discernible layering, while
the films were determined to be smooth (roughness of +24/iaAFM.

The formation 6 these voids is attributable to the incomplete sintering
during the annealing process, which limit film densification.

Alternatively, with successive deposition of Nfilms annealed at 1000

°C, a moneNb2Os film with a total thickness of 642+46 nm walstained
(Figure 321b). Furthermore, there were two discernible layers formed, the
lower and upper layer had thickness of 19946 nm and 442+44 nm,
respectively. The only apparent voids were in the upper layer of the film
and it hada roughness of +55 nm. The successive layering of the mono
Nb2Os was confirmed by the presence of the distinct first layer in the
monaNb2Os film. Although the lack of stacked layers in the ortiio,Os

films suggests there was no successive film depostheriarger thickness

of this film (2355 nm), compared to the first deposited layer of the-ortho
Nb2Os film (147+5 nm), can be substantiated from the coalescence of the
successively deposited layers of the otmOs film. Furthermore, the
increase inoughness of the moAYb2Os film (annealed at 1000 °C) is
attributable to enhanced grain growth accompanying the phase change that
occurs at 1000 °C.

Deposition of layered TiNband TpNbs films was also investigated
(Figure 321c-f) and the thicknesses and roughness are summarised in the
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appendicegTable Slll. 1). Spin coating four successive layers of T4Nb
and TpNbs followed by annealing at 800 °C, yielded theNh:12029 and
TiNb2Oy films, respectively There was no obvious layering in either of
these films, which was reminiscent of the orfli;Os film. On the
contrary, there was evidence of two layers forming in tARFbO29 and
TiNb2Oy7 films annealed at 1000 °C; much like the méimOs film. The
roughness of the titanitimiobium oxide films also increased, in moving
from 800 °C to 1000 °C, for IWb12029 (x35.3 nm) but not TiNiD-
(x13.8 nm). The lower layers of both:Mb:12029 and TiNBO7 films
annealed at 1000 °C were also homogeneous, with beitg apparent
only in the upper layer, much like the meNb2Os film.

a) ortho-Nb,O5 from [Nb,O,]5 | b) mono-Nb,O5 from [Nb;O,q]®
e~ (SIS AT NS AARZ |

—

Silicon substrate Silicon substrate
Jum JHm - 4000°C
c) Ti;Nb;,0p | d) TioNb;,05
Y

Silicon substrate

1um 1000 °C

Silicon substrate

1 um

e) TiNb,O, f) TiNb,O,

Silicon substrate -
Silicon substrate

il ik M 4000 °C

Figure 321. Crosssection images for annealing: Nt 800 °C (a) andLO00 °C (b);
TiNbg at 800 °C (c) and 1000 (d); MNbs at 800 °C (e) and 000 (f )films after multiple
depositions. Films annealed at 800 $@owed no layering, while the films annealed at
1000 °C exhibited twiayers above the silicon substrafalapted from Rambaran eff?4l
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After depositing four layers of Nland Ta films, followed by annealing

at 800 °C, the orthddb,Os and ortheTaOs films were obtained,
respectively. Neither of these films exhibited layering, which was
symptomatic of the preceding films annealed at the same temperature.
Similarly to the Nho film annealed at 8D °C, the ortheéNb2Os film
obtained after annealing Bllat the same temperature possessed voids
(Figure 322a). Conversely, the orthbaOs film formed at 800 °C was
homogeneousHjgure 322b). A layered mano-Nb.Os film was produced

by the NI film annealed at 1000 °C, similarly to the Nfilm, with the
exception being that both layers of film were homogeneous. The-ortho
TaOs film formed at 1000 °C also possessed layers that were free of voids
in both layers. This tendency to yield smooth, homogeneou®sms

from Tas is correlated to its tendency to gel, rather tbeystallisinglike

Nbs i a resulthat wasobserved in a previous study ofgTams.[%

a) ortho-Nb,Oj from [NbsO]* b) mono-Nb,O5 from [NbgO o]

Silicon substrate Silicon substrate

1um 800 °C 1¥m  1000°C

c) ortho-Ta,O5
P S

Silicon substrate

d) ortho-Ta,O4

Silicon substrate

1 um

Jum o g0 oc Jbm - q000°C

Figure 322. Crosssection images for annealing: dat 800 °C (a) and.000 °C (b); Ta
at 800 °C (c) and 1000 °C (d). The tantalate films aoticeably smoother and more
homogeneous than the niobate filladapted from Rambaran et]

In comparing only the lower lay®f the moneNb2Os film (Figure 321b)

to the ortheNb.Os film ((Figure 321a) as whole, there are more voids in
general. Due to the adhesion of the @b being dependent on the

formation of SiO-Nb bonds, the prevalence of these bonds are
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commensurate with homogenous films. Sinc®©S\b bond formation is
encouraged at the siliddb,Os interface at higher temperaturf@d it can

be inferred that more extensive-GiNb bonds formation is promoted
when annaling the NhOs film at 1000 °C, compared to 800 °C. Hence,
better film densification is facilitated at higher temperatures. The
prevalence of voids in the orthdb.Os film and in the upper layer of the
monaNbOs film, is likewise attributable to poor fit densification.
Furthermore, in the case of the upper layer of the AMIn®s film, it is
possible that the difficulty in promoting film adhesion between two
separate NIDs films also contributed to the formation of voids and a lack
of densification.

Likewise, it is plausible that the formation of a distinct first layer in
TioNb12O29 and TiNRO7 is similarly dependent on ®)-Nb bond
formation. The formation of SD-Ti bonds are presumed to contribute to
film adhesion as well, since complete incorpormatad Ti into the silica
network occurs at high temperatures (1000B&However, based on the
partial occupancy of Tvs Nb in titaniumniobium oxides, the iSO-Ti
bonds will innately be lower than that of theGNb bondd!¢17! Lastly,
substitutionof Ti atoms within the titaniurmiobium lattice would also
prompt formation of NHO-Ti bonds, which supports the adhesion of
subsequent layers of the titanitmobium oxides. Hence, film
densification is encouraged as well. The latter correlates to tlee laypers

of the TeNb12029 and TiNBOy films annealed at 1000 °C exhibiting fewer
voids than the analogous layer of mexb,Os film.

Conclusion

The controlled deposition of metal oxide thin films is possidée an
iterative spin coating and annealing @ees of POMs. This approach
facilitates deposition tunable metal oxide thin films, from aqueous, -alkali
free, POM solutions. The tunable deposition arises from the ability to alter
the physical properties such as the crystallinity, thickness and roughness,
while having the capacity to thermally decompose the counter ion. These
changes can occur by making simple changes in the annealing temperature
or the polyoxometalate species used for spin coating. The isostructural
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TMA salts of nbio, TiNbg and TpNbg allows the deposition of NBs
(ortho- and moneNbz0Os), Ti2Nb12029 and TiNBO7 (both titanium
niobium oxides), respectively, from aqueous solutions. Furthermore,
aqueous solutions of TMA Ta&an be used to deposit ortfiaOs films

that are always homogenoasd exhibit low roughness. Despite the
structural similarity of the decametalate clusters, the inclusion of a single
Ti atom ([TiNO2g]”) or two Ti atoms ([TiNbiO2g®) within the
decametalate structure allows the titanoniobates to be precursors for
titaniumniobium oxides surfaces. Notably, varying the annealing
temperature from 800 °C (orth#b.0s) to 1000 °C (mond\Nb2Os)
promotes a phase change in the depositegONBIm and this phase
change is discernableia Raman spectroscopy. In this study, the
deposition of titaniumiobium oxide thin films from aqueous
titanoniobates was a novel approach; as previous thin films were made
from insoluble precursors and did not facilitate controlled deposition.
Likewise, the ability to deposit successive laydrhese polyoxometalate
films was a new approach, though unconventional, to create thicker and
layered metal oxide films. It is envisaged that this approach to using
structurally distinct POMs and layered deposition, offers an efficient and
reproducible mans of creating tunable metal oxide thin films or other
solid-state structures. This exemplifies how POMs can be used as distinct
molecular building blocks.
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Chapter 4

4.1 Electrochemical properties of transition metaldoped niobium

pentoxide

In this section, a protocol for testing the electrochemical properties of
metal oxide filmsi specifically lithium-ion storagei in a laboratory
benchtop setting, is discussed. The aim was to develop a means of testing
transition metal doped niobium oxides to function as anode materials in
lithium-ion batteries, without having to prepare an actual battery or cell.

Studies of this nature often require the preparation of a metal oxide slurry,
that is sealed within a coin cell or button battery, for testing. Intuitively,
assembling these coin cells appears rather simple; however, there is an
unavoidable need for amert (Ar) atmosphere in the assembly process.
This is due to the coin cell typically containing a lithium metal anode and
lithium hexafluorophosphate (LiRF dissolved in a mixture of ethylene
carbonate and diethyl carbonate. The Lkil3fnoisture sensite and forms

HF upon hydrolysis, while the lithium metal is highly reactive in ambient
air, like most alkali metals. Hence, the use of an inert atmosphere is a
necessity and is normally achieved through use of a glovebox, where the
components of the coirelt are assembled.

Furthermore, other mechanical equipment are needed in the coin cell
assembly. This includes a plate rolling mill for preparing a sheet from the
metal oxide slurry, a die cutter for cutting electrode disks from the
prepared sheet and wdnaulic press/crimper for sealing the contents of the
coin cell. Therefore, developing a protocol that obviates this tedious
process of coin cell assembly and facilitates benchtop electrochemical
investigations, while allowing the use of fluorifree ele&trolyte, is an
attractive means of conducting battery research. This appeals especially to
newcomers in the field.
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4.2 Pseudocapacity antithium -ion (Li ) intercalation

The interest in developing new materials for energy storage is guided by
the statusquo of mitigating climate changi the biggest and most urgent
threat to humanity and the biosphere. To do this, improvement in the
manufacturing of solar/fuel cells and batteries is necessary to enhance their
electrochemical energy storage capabilities, hilev remaining
environmentally friendly. Research focused on developing
electrochemical energy storage devices or materials that exceeds the
current capabilities dithium-ion batteries is therefore crucial in achieving
this level of energy security. Psicapacitors are considered as suitable
candidates to rival, if not replacéithium-ion batteries in terms of
electrochemical energy storage.

In fact, the storage of electrochemical energy in pseudocapacitors or
Asupapacitor so i s nmeatallgbemign ane dfficient e n
alternative to secondary batteries (lithiiom batteries) used in modern
electronic deviceB! Pseudocapacity is the ability to reversibly store
electrochemical charge without the formation of an electrical double
layer!?! i.e.charge storage arises from charge transfer processes across the
electrodeelectrolyte interfac€! Electrochemical charge storage of
lithium-ions in pseudocapacitors occurs through the intercalation of
lithium (lithiation) within the host materiala solid diffusion or a redox
process Figure 41). The removal of lithium delithiation or discharge
proceeds through a similar process.
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Figure 41. Intercalation pseudocapacitance of linto a host material. Adapted from
Augustyn et &¥

Li*in electrolyte

Pseudocapacitors have the ability to provide electrochemical energy
storage with both high power and energy der8ityTherefore,
pseudocapacitive devices can contribute to supporting commercial
technological eeds that are reliant on other energy storage devices, such
as lithiumion batteries. The advantages of pseudocapacitors over
secondary batteries include higher charge/discharge rates, higher power
density, longer cycle life (>100,000 cycles), loxicity materialsawide
temperature range of operation and a low cost per Ejclése of
pseudocapacitors are not without disadvantages, however, inbiade

a higher seldischarge rate, lower energy density, lower cell voltage, poor
voltage regulation ankligh initial cost®

4.2.1 Disadvantage of lithiuiinon batteries

Electrochemical energy storage in a lithiwn battery occurs through
intercalation reactions of Lat the anode (graphite) and cathode (Li€oO
Both anode and cathode materials, whicté erystalline, influence the
charge/discharge properties in the lithion battery by their dependence
on the diffusion of Li within their respective host lattic&s This limits

the charge storage capabilities of lithiiom batteries and restrictssthotal
charge/discharge process to periods exceeding ten mifutes.
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Comparatively, pseudocapacitive materials exhibit much shorter cycling
times ofcaten seconds to ten minutés.

Attempts have been made to improve current lithiambatteries by usm

high capacitance anode materials, such as silicon, to makalled
lithium-silicon batteries. Silicon has a specific capacitance of 3608 ghA

1 which is approximately a tefiold increase compared to the theoretical
specific capacity of graphite (37@Ahg?) that is used as an anode
material inlithium-ion batteries”! The implementation of silicon based
anodes in lithiuion batteries has, however, been hampered by the
expansion of the lattice distance between silicon atoms as lithium ions
move inthe lattice (lithiation) during cycling. This expansion leads to
anisotropic stresses within the anode, which causes a decrease in the
capacity of the material after successive chaligeharge cycle$!
Volume changes of the electrode materials duetléation in charge
cycling is another problem limiting the cycle life of lithidion batteries?

4.2.2 Surfaceelectrolyte interface (SEI)

There is also some decomposition of the electrolyte occurring at the anode
surface to form a layer called the sedlectrolyte interface (SEI) during

the chargaischarge cycling. Due to the SEI containing lithium
compounds (the structure of which is not definitively known), it reduces
the charge capacity of the battery by consuming lithium that would be used
for staing charge (loss of lithium inventory). The permeability and
conductivity of the SEI is also deleterious to charge storage in the anode.
The SEI can form a barrier which inhibits lithiation at the anode, while a
more conductive SEI layer encourages reidacbf the electrolyte and
spurs further SEI formatiof”!

4.2.3 Sweep rate dependence of pseudocapacitance

In cyclic voltammetry, the measured current density at a given voltage
within the potential window of the experimei{l/) is related to the sweep
rate @) through the relationshig!



eq.4.1

Which can be rearranged to give:

O ¢
— QW' Q w

eq. 4.2

In eq. 4.1, ki(V)3  aksf\w)3'? represent the current contributions from
surface capacitive effegtsand the diffusiorintercalation process,
respectively!'®l For capacitive effects, the formation of an electrical
double layer is associated with tresulting capacitive current, which is
known to vary linearly with the sweep rate, in the absence of redox
processeB!? 2 The diffusionintercalation process, however, neglects
electrical double layer formation arttle resulting faradaic current is
dependent on surface redox processes in a -wsdimie electrolyte
domain, which is proportional to the square root of the sweep-tate!
Therefore, determination of the(V) andkx(V) allows for quantification

of the surfacecapacitive (adsorptiorgnd pseudocapacitive (intercalation)
current contributions for the electrode of interest. This is possible by
plotting i(V)/ 3%2 vs3'2 (eq. 4.2), to yield a straight line with slope and
interceptki(V) andkx(V), respectively

Another relationship between the sweep rate andent, i(V), is
established through a power law, whereby:

w Wl
eq. 4.3
Thisisthe sec al Ib@ed | e 0 an adandbiase,adjustdble r e
parameters, and the pl of alog(i) vslog( 3) p | o tb-value®l ds t
This analysis is used to determine the presence of surface capacitive or
semtinfinite diffusion kinetics at the electrode. For a surface capacitive

processj.e. whenthere is adsorption at the surfamiethe electrode and
formation of an electrical double layer, the measured current is directly
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proportional to the sweep rate and thevalue = 1. It follows the
relationshipin eq. 4.4:

w o6 »B®BO
eq.44

where G is the double layer capacitance per surface areadAasdhe
electrochemically active surface area.

When the process is seinfinite diffusion limited, the measured current
is proportional to the square root of the sweep ragecordance with the
RandlesGev | 2 k eqgdBpti on (

SN I - © S
Q ™ we QOow 30 TYO

eq. 45

where C* is the maximum concentration of the reduced species in the
structure and U is the transfer <co
the redox process, F i s Faradayodos
is temperature and D is the diffusion coefficient.

Under these conditions thievalue = 0.5 and the difsion coefficient of
the redox species in the electrolyte can be determuithe slope, from
a plot ofi(V) vss'2

At higher scan rates, the measured current will be predominated by surface
capacitive charging based on the significant linear dedence between

i( V) areqg 4.4 Conversely, however, charging a semiinfinite
diffusion limited process (intercalation) will take precedence at lower scan
rates based oeq. 4.5.

Forb-valuesbetween 0.5 and 1, a linear combination of surface capacitive
and semtinfinite diffusion limited processes is used to deconvolute the
respective contributions, as seen previouslgds 4.1. In selecting a
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pseudocapacitor for@ttrochemical energy storage, ideally-aalue = 1
is desired because it corresponds to a greater rate capability for the
pseudocapacitor at all potentials within the operating voltage wiHd@w.

Polarisation effects influence all faradaic electrochamprocesses. In
terms of batteries, this increases the rate of discharge while simultaneously
decreasing the cell voltage and renders an overall decrease in capacity.
Intercalation pseudocapacitance, like batteries, is also reliant on a faradaic
process ad is therefore susceptible to polarisation effects. Since
pseudocapacitors rely on a faradaic process accompanying the
electrosorption/desorption of an electrochemically active species,
polarisation of the pseudocapacitor surface affects the kineticsisof t
processt® Hence, the ideal reversibility observed in a pseudocapacitor
during a potential sweep)(is similarly impacted.

In cyclic voltammetry, the modulation of the adsorption/desorption
process through varying the sweep rate can cause anldeg kinetic
reversibility of a pseudocapacitor if the sweep rate is too high. Therefore,
there is a critical sweep rateg) below which the reversibility of the
pseudocapacitive process is maintaifédf during cyclic voltammetry
experiments the svep rate exceed®, the voltammograms will be nen
mirror images; however, reversibility can be regained by decreasing the
sweep rate beloway.

4.3 Electrochemical properties of niobium oxide films

In this section the use of niobium pentoxide as a chaogage device is
investigated, through characterising the electrochemical properties of
doped and undoped niobium pentoxide films. The pseudocapacitance of
Nb20Os is generally reliant on a single electron transfer process per Nb atom
(Nb®* to NI**) occurringwith simultaneous Liintercalation as shown in

eq. 4.6.

ow U oz Wd (o 0

eq. 4.6
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Based oreq. 4.6 and considering only faradaic processes involving the
Nb>*/Nb** redox couplét¥ the maximum capagitfor charge storage in
Nb2Os is x = 2. This simplifieseq. 4.6 to give:

000 c¢dQ ¢Q z DOV
eq. 4.7

Herein,eq. 4.7 succinctly describes moNbOs acts as both an electron
and ion conductdt! in this process classified as intercalation
pseudocapacitanée ! It contributes to the high theoretical capacitance
of NbOs® Notably, the solutiorsolid diffusion of LI across the
electrolyte/electrode interface during charge cycling in.®exhibits
high electrochemical reversibility and is independent of particle
size/dimension. This high electrochemical reversibility obOfas an
electrode, regardless of nanostructuring to increasepgheific surface
area, thus allows it to be classified as an intrinsic pseudocapacitor. Hence,
there is no diffusion limitation for Liin Nb,Os when film thickness or
particle size increasés.

The orthorhombic polymorph of N®s (ortho-Nb2Os or T-Nb2Os), is
considered an impressive anode material for use-iarLbatteries. This

is due to its innate charge storage capabilities; which include fast charging
rate, high capacity retention and charge density, high rate capability and
cycling stability® ' Furthermore, it functions well as an intercalation
pseudocapacitor (without surfaetectrolyte formation) within the
potential window of +1.0 to +2.0 V (WsLi*/Li reference)*® The orthe

Nb2Os exhibits intrinsic pseudocapacitance, which remakiesneed for a

high surface area during the charging pro€€s3he ortheNb.Os does

not undergo a phase transformation during charge cycling, nor does it
exhibit significant lattice expansion due to lithiation/delithiatfgh.

Moncclinic Nb2Os (monoNb2Os or H-Nb2Os) possesses crystallographic
shear planes and is classified as a WadReth structure. These
crystallographic shear planes form arrays with regular spacing within the
lattice of the metal oxide (seligure 414c)[*® that act as channels to
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facilitate lithiation/delithiatiori*® These shear planes allow for long
lifespan, high power density and cycling stability of md®Os. Hence,
monoNbOs has been considered a suitable anode material for the
development ofithium-ion batteries. Furthermore, the intercalation of Li

in monoNb2Os occurs above 1.0 W§Li*/Li) where formation of SEl is

not a concerf® 21 Due to it offering better rate capabilities and safety
performancé?t! the moneNb2Os i by extensionWadsleyRoth phase
Nb2Os oxidesi is therefore a promising candidate for replacement of
graphite anodes in hybrid electric vehidf@sThe moneNbOs similarly

does not undergo a phase transformation during charge cycling, and does
not exhibit significat lattice expansion during Lintercalationt> 2%

4.3.1 Uncoated silicon substrate

Prior to commencing electrochemical measurements on the deposited thin
films, CV measurements were conducted on the uncoated silicon
substrates and on the uncoatedcsili substrates annealed at 1000 °C
(Figure 42). This was to observe the electrochemical behaviour displayed
by the uncoated silicon wafer, to understand the changes occurring upon
coating. From theCVs of the uncoated silicon waif (Figure 42a), the
current response does not give a rectangular shape characteristic of the
charge adsorption associated with double layer capaciiamnee ideal
capacitor behaviour. Instead, the current response yields pea&d that

are symptomatic of intercalation pseudocapacit&h&® The increase in

the peak current relative to the sweep rate, without significant peak
separation, further embodies pseudocapacitive behaviour and is indicative
of high electrochemicakwversibility™ " The CVs of the uncoated silicon
wafer annealed at 1000 °C on the other hand show a linear current
response, of equal magnitude during the anodic and cathodic sweeps, at all
sweep ratesHigure 42b). This is #&ypical of a pseudocapacitor or a
capacitor and is more aligned to a material which facilitates current flow
into the surface;,e. a conductive material.

Figure 42c illustrates the capacitance of the uncoated silicon wafer
determined through dividing the current response by the sweep rate. The
CVs do not superimpose, which is characteristic of pseudocapacitive
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behaviour, due to the current response varying with the scan rate. Had it
been an ideal capacitor, tl&V/s (capacitancewould superimpose in
accordance witreq. 4.4.'2 The same convention in determining the
capacitance of the uncoated silicon wafer annealed at 1000 °C is included
in Figure 42d, merely for demonstrate purposes, to illustrate the
impracticality of it functioning as a capacitor.

Figure 42. Cyclic voltammetry of the uncoated silicon wafer (a), uncoated silicon wafer
annealed at 1000 °C (b), the capacitance of the uncasliedn wafer (c) and uncoated
silicon wafer annealed at 1000 °C (d), relative to sweep rate.

The charge and setfischarge behaviour of the uncoated silicon wafer was
studied similarly, as the coated substrates would undergo the same
measurements$-{gure 43). Note that solid and dashed lines correspond to
the measured voltage and applied current, respectively, during a cycle. The
first charging cycle proceeded for 900 s at 4.0 VVOWNHE) through
applyingca-0.4 pA over the samperiod. Immediately at open circuit, the
voltage had dropped tca 3.5 V (V vs NHE) and thereafter gradually
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