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Abstract 

This thesis describes and explains the use of aqueous polyoxometalates 

(POMs), as molecular building blocks in the fabrication of tunable solid-

state materials, such as thin films.  Microwave irradiation in the synthesis 

of Nb10, Nb6 and Ta6 is a rapid and efficient alternative to conventional 

hydrothermal methods, while offering equal – if not greater yields – of 

product. Through microwave irradiation, the concept of an activation pH 

of anhydrous Nb2O5, 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 possible via an 

iterative spin coating and annealing process of POMs. This approach 

facilitates deposition of alkali-free, metal oxide thin films with varying 

crystallinity, thickness and roughness. The ability to deposit successive 

layers of these polyoxometalate films was a new approach to create 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.  

Transition metal niobate thin films can be deposited onto silicon wafers 

via the aqueous deposition of transition metal-hexaniobate mixtures. This 

facilitates assessment of the electrochemical properties of these materials, 

without a need for coin cells or inert conditions. 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 polyoxoniobate-alkali nitrate mixtures was 

leveraged as a means of depositing alkali niobate (LiNbO3, NaNbO3, 

KNbO3) thin films, plus Rb and Cs doped Nb2O5 films and powders. 

Synthesising solid-state niobates that can incorporate all the alkali cations, 

entirely from aqueous polyoxoniobate solutions, confers the ability to 

develop lead-free piezoelectric, ferroelectric and antiferroelectric 

materials without the use of expensive or energy intensive methods.  
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Enkel sammanfattning på svenska 

Denna avhandling beskriver och förklarar användningen av polyoxometalater 

(POM), som kan utgöra molekylära byggstenar vid tillverkning av olika material 

med väldefinierade och justerbara fysikaliska egenskaper i sitt fasta tillstånd, med 

relevans för exempel tunna filmer. Syntes med mikrovågsstrålning av Nb10, Nb6 

och Ta6 är ett snabbt och effektivt alternativ till konventionella hydrotermiska 

metoder, samtidigt som metoden erbjuder lika – om inte större – produktutbyten 

jämfört med mer traditionella syntesmetoder. Genom mikrovågsstrålning har 

konceptet med ett aktiverings-pH av vattenfri Nb2O5, niobsyra och tantalsyra, 

utvecklats för att förutsäga vilka produkter som är tillgängliga från varje oxid och 

under vilka förhållanden. 

Kontrollerad deposition av tunna filmer med metalloxider visar sig är möjligt via 

en iterativ spinnbeläggning- och glödgningsprocess av POM. Detta 

tillvägagångssätt underlättar depositionen av alkali-fria, tunna metalloxidfilmer 

med varierande kristallinitet, tjocklek och ytjämnhet. Möjligheten att deponera 

successiva skikt av dessa polyoxometalatfilmer är ett nytt tillvägagångssätt för att 

skapa tjockare och skiktade metalloxidfilmer. Detta tillvägagångssätt erbjuder 

därför ett effektivt och reproducerbart sätt för att skräddarsy tunna filmer av 

metalloxider eller andra fasta material och strukturer, och exemplifierar därför 

elegant användningen av POM som molekylära byggstenar. 

Tunna filmer av övergångsmetallen niobat kan avsättas på kiselytor via 

vattendeposition av övergångsmetall-hexaniobatblandningar. Detta underlättar 

undersökningen av olika elektrokemiska egenskaperna hos dessa material, utan 

behov av myntceller eller inerta förhållanden. Detta möjliggör därför lättare 

karakterisering av de pseudokapacitiva egenskaperna, vilket torde främja 

utveckling av dessa material i elektrokemiska energilagringsapplikationer. 

Möjligheten av att kunna använda vattenhaltiga polyoxoniobat-alkali-

nitratblandningar har utnyttjats som ett sätt att deponera alkaliniobater (LiNbO3, 

NaNbO3, KNbO3) tunna filmer, samt Rb- och Cs-dopade Nb2O5-filmer och 

pulver. Resultaten visar att syntetisering av niobater i fast tillstånd som kan 

inkorporera alla alkalikatjoner från vattenbaserade polyoxoniobatlösningar, 

vilket möjliggör utveckling av blyfria piezoelektriska, ferroelektriska och 

antiferroelektriska material utan användning av dyra eller energikrävande 

metoder. 
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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 corrosion resistance exhibited by niobium 

and tantalum is attributable to the presence of a thin layer of oxide at the 

surface – i.e. Nb2O5 and Ta2O5, respectively. Nb2O5 and Ta2O5 also exhibit 

dielectric properties and this correlates to their use as capacitors in 

electronic components. Furthermore, the inertness of niobium and 

tantalum makes them corrosion resistant, and is one of the properties that 

makes them biocompatible.[1] Applications where niobium, tantalum and 

Nb/Ta-titanium oxide films are used include (but are not limited to) 

orthopaedic/orthodontic devices,[2] waveguides[3] and electromagnetic 

interference shielding.[4] The ubiquity of niobium and tantalum in society 

is undeniable and considerable progress – since the early 2000’s – has been 

made in further elucidating the aqueous solution chemistries of niobium 

and tantalum oxides, e.g. the synthesis of polyoxoanions. Understanding 

the solution chemistry of niobium and tantalum oxides is imperative in 

expanding the applicability of these materials, as well as improving 

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 as tunable building blocks in materials synthesis via a bottom 

up approach. In Paper I, microwave synthesis – an efficient and rapid 

alternative to previous hydrothermal methods – is used as a high 

throughput process for synthesising discrete decaniobate ([Nb10O28]
6-

, 

Nb10), hexaniobate ([Nb6O19]
8-

, Nb6) and hexatantalate ([Ta6O19]
8-

, Ta6) 

polyoxometalate clusters in bulk and with high purity (Figure 1.1).The 

‘activation pH’ of Nb2O5 and Ta2O5 was also investigated in Paper I and 
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its relevance in determining the polyoxoniobates and –tantalates 

attainable/precluded via one-pot synthesis is explained.  

 

Figure 1.1. Overview of different approaches of preparing niobium and tantalum 

polyoxometalate ions and when they were reported. Adapted from Rambaran et al[5] 

The aqueous deposition of Nb2O5 and Ta2O5 through use of 

polyoxoniobates and polyoxotantalates, respectively, have been studied 

previously[6] – however, these investigations were limited in their scope of 

successively stacking layers of metal oxide (with the exception of Fast et 

al[6a]), tuning film crystallinity, thickness and roughness, by changing 

starting material, concentration or temperature. The expansion of this 

limited scope, inter alia, are addressed in Paper II and set the precedence 

for preparing the transition metal doped films and alkali niobate films 

reported in chapter 4 and chapter 5, respectively. As discussed in Paper 

II, the viability of microwave synthesis along with the aqueous solubility 

of the polyoxometalate ions was leveraged to fabricate thin films with 

tunable properties such as thickness, crystallinity and roughness. 

Furthermore, this approach utilises the polyoxometalate ions as molecular 
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building blocks, or ‘molecular Lego blocks’ (Figure 1.2), to ensure layered 

metal oxide thin films can be deposited through an iterative spin coating 

and annealing process. This approach improves reproducibility and 

tunability, while providing benign starting materials in comparison to 

other methods that use insoluble niobium and tantalum oxides. 

 

Figure 1.2. The niobium pentoxides and titanium niobium oxides attainable from the 

isostructural [Nb10O28]6-, [TiNb9O28]7- and [Ti2Nb8O28]8- polyoxometalate ions, relative 

to temperature. Adapted from Rambaran et al[7] 

The polyoxometalate ions used in Paper II include the monotitanoniobate 

([TiNb9O28]
7-) and dititanoniobate ([Ti2Nb8O28]

8-) heteropolyoxoniobate 

ions, both of which form the titanium niobium oxides TiNb2O7 and 

Ti2Nb12O29, respectively, in the solid-state. The formation of these 

titanium-niobium 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 developing high-

performance lithium-ion batteries. Therefore, in chapter 4 the inclusion of 
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redox active heterometals – via doping with Cr, Mn, Fe Co, Ni and Zn 

(Figure 1.3) – is investigated to determine the electrochemical effects of 

doping. The novelty of this approach to doping involves the use of aqueous 

solutions, which facilitates both simplicity and tunability in fabricating 

transition metal doped niobium oxides. 

 

Figure 1.3. Overview of the doping of aqueous polyoxometalate solutions. 

In chapter 5 the aqueous doping of the polyoxometalates shifts to the use 

of alkali metal ions (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 lead-free piezoelectric materials. This study not only 

demonstrated the effectiveness of using polyoxometalates as molecular 

building blocks, but it also reiterated that polyoxoniobates are the simplest 

aqueous precursors necessary for making solid state materials of Nb2O5 to 

meet a wide array of applications. 
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1.3 Background 

1.3.1 Coltan the ‘blood mineral’ of niobium and tantalum 

Niobium, tantalum and their respective oxides are commodities that are 

crucial to satisfying the development of consumer 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, they rely on either niobium pentoxide (Nb2O5) or tantalum 

pentoxide (Ta2O5).
[8] Both niobium and tantalum are considered refractory 

metals, because they exhibit exceptional corrosion resistance and high 

resistance to heat. These properties are intrinsic to the Nb2O5 and Ta2O5 

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 and, importantly, a lack of suitable 

alternatives, niobium and tantalum are classified as technologically critical 

elements.[9] 

 Coltan is a mineral ore from which both niobium and tantalum are 

extracted from the earth, and it is considered a conflict mineral.[10] The 

term “conflict mineral” has been coined to describe any material extracted 

under problematic conditions in war zones. Hence, the niobium and 

tantalum carrying mineral coltan is one such mineral.Though mining of 

coltan in the Democratic Republic of Congo (DRC) accounts for <15% of 

global niobium and tantalum 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 deleterious effects of 

artisanal mining have been both direct and indirect in the DRC.[11] The 

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 warlords 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 
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the DRC.[11] There is also further environmental degradation associated 

with the artisanal mining of coltan – beyond the impact of mining itself – 

which includes the slaughtering of thousands of elephants and gorillas for 

bushmeat to support mining camps.[11a] Therefore, the repercussions of 

artisanal coltan mining have made it synonymous with the term “blood 

mineral”. 

 The need for reform within the mining sector, to mitigate the negative 

connotation of minerals, like coltan, being a “conflict” or “blood mineral” 

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 chains,[12] but also on 

improving a lack of education. Women are not excluded from artisanal 

mining, however, they are often not made aware of new laws/regulations 

implemented to curb artisanal mining.[11c] Hence, they are somewhat 

disadvantaged in interacting with officials within the artisanal mining 

sector; i.e. they may not 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 areas.[11b, 12] 

Certification schemes and other legislative measures are examples of 

governmental measures for artisanal mining reform.[11b] 

1.3.2 Solid-state applications of niobium and tantalum pentoxide 

There are numerous applications of Nb2O5 and Ta2O5, which span a wide 

range of sectors, from optical applications, waveguides, biomedical, 

electronic and energy storage devices. Most, if not all, biological 

applications benefit from the refractory and biocompatibility properties of 

Nb2O5 and Ta2O5. The high dielectric constant of Ta2O5 has cemented its 

use in the manufacturing of capacitors for electronic applications, and it is 

found in the mobile phones and computers that we use daily.[13] The 

pseudocapacitive behaviour of Nb2O5, however, has garnered significant 

interest, since it allows for the development of Nb2O5 based 

supercapacitors and anode materials for lithium-ion batteries;[14] this is 

discussed further in chapter 4. 



 

7 

 

As a refractory metal oxide, a wide optical bandgap is another intrinsic 

property of Nb2O5 that has been leveraged in the development of dye 

sensitised solar cells.[15] Nanochannels  and films based on Nb2O5 have 

been used as photoanodes for improving the photoconversion efficiency of 

dye-sensitised solar cells.[15-16]  

Tantalum pentoxide has been used as a semiconductor material for 

photocatalytic reactions, owing to its wide band gap (ca 3.9 eV).[17] The 

large band gap of Ta2O5, 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 investigated 

as dopants to enhance the photocatalytic activity of Ta2O5.
[18] 

Towards the development of orthopaedic devices, Nb2O5 has been used to 

coat implant material – such as Ti6Al4V substrates – to enhance their 

biocompatibility for use as dental and orthopaedic implants.[19] The innate 

corrosion resistance of Nb2O5 supports biocompatibility through Nb2O5 

films facilitating the growth of a hydroxyapatite layer.[20] The latter effect 

is conducive to the ingrowth of bone tissue, between bone and the implant 

material, i.e. osseointegration.[20-21] A biocomposite of Nb2O5 and 

polyetheretherketone (PEEK) which exhibited better hydrophilicity and 

osteogenic differentiation than unaltered PEEK, is another example of 

Nb2O5 enhancing biocompatibility.[2b] 

The biocompatibility of tantalum metal implants is similarly dependent on 

a film of Ta2O5 – residing on the metal surface – fostering osseointegration 

between the implant material and bone.[1b, 22] Previous studies showed that 

porous tantalum trabecular metal implants (PTTM)[21, 23] and Ta2O5 coated 

metal implants[2b, 18d, 24] exhibits superior biocompatibility when compared 

to titanium based or uncoated metal implants. Similar results have been 

attained with Nb2O5 reinforced titanium metal composites.[25] The 

antibacterial and cytocompatibility properties of Ta2O5 coatings further 

accentuates the biocompatibility of this material for use in implants.[26] The 

low modulus of elasticity of porous tantalum materials is commensurate 

with the optimal mechanical properties of cortical bone, and this 
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contributes to the excellent biocompatibility of tantalum-based 

implants.[21b, 27] 

The inertness of Nb2O5 has been utilised in the coating of steel to fortify 

its corrosion resistance[28] and Ta2O5 has been applied as a coating to 

enhance the wear/corrosion resistance of Ti6Al4V.[29] Both cases yielded 

results consistent with Nb2O5 and Ta2O5 coatings protecting the specified 

components to operate under harsh (corrosive) conditions. Aside from 

biocompatibility, the electromagnetic interference (EMI) shielding and 

corrosion resistant properties of Nb2O5, have been used in tandem to 

develop multifunctional waveguides.[4] Niobium pentoxide has even found 

use as a decorative material. This arises from the colour changes exhibited 

by different thicknesses of a Nb2O5 film, relative to the incident angle of a 

light source.[30] The thickness of the Nb2O5 film can be controlled through 

an applied voltage in the anodisation process, whereby film thickness is 

directly proportional to applied voltage.[30] As a supportive film on a silica 

substrate, Nb2O5 has demonstrated catalytic activity in the acetalisation of 

glycerol with acetone, to produce solketal;[31] a precursor in the synthesis 

of mono-, di- and triglycerides.  

The pseudocapacitive behaviour of Nb2O5, due to the ability for Li+ 

intercalation, has been utilised in creating electrochromic thin films that 

exhibit near-infrared colouration and fast switching kinetics.[32] Doping 

Nb2O5 with zirconium, tin, titanium and molybdenum has also been used 

to investigate the electrochromic properties of Nb2O5 films.[33] The type of 

dopant added and the crystallinity of the Nb2O5 film was determined to 

influence the electrochemical behaviour. By no means is this an exhaustive 

description of the applications of Nb2O5 and Ta2O5; however, it is evident 

that there is great versatility in the range of applications of these metal 

oxides. 
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1.3.3 Progress in polyoxoniobate and polyoxotantalate chemistry in the 

last decade: 2012 – 2022 

1.3.3.1 Defining polyoxometalates (POMs) 

Polyoxometalates are defined as the discrete metal oxoanion clusters of the 

group V and VI metals in their highest oxidation states.[34] They include 

the polyoxovanadates (POV), polyoxoniobates (PONb) and 

polyoxotantalates (POTa), as well as polyoxomolybdates (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 

POW – compared to the polyoxoniobates and –tantalates. This is largely 

influenced by aqueous solubility (acidic conditions) and commercial 

availability of the precursors for synthesising POV, POMo and POW.[35] 

For example, decavanadate can be made through acidifying stock solutions 

of ammonium metavanadate.[36] Phosphomolybdic acid (H3[Mo12PO40]), a 

heteropolyacid of molybdenum, can be made from the dissolution of 

ammonium heptamolybdate or molybdenum trioxide in phosphoric acid, 

with heating, followed by acidification with HCl.[37] Similarly, 

phosphotungstic acid (H3[W12PO40]) is made by heating sodium tungstate 

dihydrate and disodium hydrogen phosphate in water, followed by 

acidification with HCl.[38] Both phosphomolbydic and phosphotungstic 

acids require acidic conditions for the polyoxometalates to remain intact. 

This is unlike the case for the PONb and POTa, as they actually precipitate 

as hydrous Nb2O5 and Ta2O5, respectively under acidic conditions. 

The relative ease of using aqueous synthetic methods to make the POVs, 

POMos and POWs from very early on is largely responsible for 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 water-soluble metal oxide that 

facilitates aqueous synthesis of PONbs and POTas, respectively. While 

NbCl5 and Nb(OC2H5)5 are metal organic reagents, they hydrolyse to form 

hydrous Nb2O5 which is insoluble in acidic medium. There is ammonium 

niobium oxalate, but this also yields hydrous Nb2O5 upon acidification. A 
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similar result occurs – i.e. formation of hydrous Ta2O5 – for the analogous 

tantalum(V) chloride, ethoxide and oxalate. With the current state-of-the-

art, synthesis of water soluble PONb and POTa is achieved through 

dissolution of hydrous/anhydrous Nb2O5 and hydrous Ta2O5, respectively, 

in basic medium (Paper I). 

It turns out that the decaniobate ion ([Nb10O28]
6-, Figure 1.4) can be 

synthesised from hydrous Nb2O5 (Paper I) and is stable near neutral pH, 

while the hexaniobate ion ([Nb6O19]
8-, Figure 1.5) predominates at pH 

>9.[5, 39] The hexaniobate species is accessible from both hydrous Nb2O5 

and anhydrous Nb2O5, via a one-pot synthesis which commences at pH 

>13 (Paper I). The pH stability range exhibited by these PONb (7 > pH > 

14) is a distinctive feature, as neither of the group VI POMs (POMos or 

POWs) are typically stable in this pH range. Likewise, formation of the 

hexatantalate species (Ta6), which is isostructural to Nb6, requires pH ≥12 

to prompt dissolution of hydrous Ta2O5 to yield this species (Paper I). 

Hence, the group V POMs – PONb and POTa – are the only species that 

remain intact under basic conditions (pH >9). Aside from the base stability 

of the PONb and POTa, their aqueous solubility is also influenced by the 

counter ions present, especially in the case of alkali cations;[40] this is 

discussed in more detail in chapter 5. Furthermore, there is a lack of redox 

chemistry for the PONb and POTa, whereas the POMo and POW are 

active in this regard.[34a] 

The POV, on the other hand, are soluble under basic conditions; however, 

depending on pH and ionic strength, there is speciation between different 

oligomeric POV species. These include the monomeric ([VO4]
3-, at high 

pH), dimeric ([V2O7]
4-), tetrameric ([V4O12]

4-), pentameric ([V5O15]
5-) 

vanadates in aqueous vanadium (V) solutions.[36, 41] The decavanadate ion 

([V10O28]
6-, V10) is another species consisting of ten VO6 octahedra 

connected to form a decametalate structure like decaniobate (Figure 1.4), 

but V10 predominates at pH 3.0-5.0.[36] At pH ≥5.8, however, V10 

dissociates to form other oligomeric species. 
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Figure 1.4. An example of the decametalate ion, decaniobate ([Nb10O28]6-, Nb10) with 

each structurally unique oxygen labelled. A: μ6-O; B: μ3-O; C-E: μ2-O; F-G: η=O. The 

28 white spheres represent oxygen and the ten dark-grey spheres can be vanadium, 

niobium or tantalum atoms. 

 

Figure 1.5. The Lindqvist (hexametalate) ion. White spheres represent oxygen and grey 

spheres can be niobium or tantalum oxygens. The labels a, b and c, correspond to the µ6-

O, µ2-O and η=O oxygen groups, respectively. 
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1.3.3.3 Synthesis of polyoxoniobates and -tantalates before niobic and 

tantalic acid 

As early as 1866 there are studies reporting on the solution chemistry of 

niobium and tantalum.[42] These studies are largely devoted to dissolution 

of the mineral ores columbite or tantalite (coltan) in HF, via fractional 

crystallisation of potassium heptafluorotantalate (K2TaF7) and potassium 

heptafluoroniobate (K2NbF7).
[42-43] This process pioneered by Jean Charles 

Galissard de Marignac – aptly named the “Marignac process” – was 

initially used for the industrial separation of tantalum and niobium. At the 

time, it was also the route of choice to obtain the water soluble [NbF7]
2- 

and [TaF7]
2- ions, because these species were needed for the synthesis 

Nb2O5 and Ta2O5, respectively. The latter was achieved via addition of 

ammonia to K2NbF7 and K2TaF7 solutions to induce precipitation of 

Nb2O5 and Ta2O5, respectively.[42-43] The Nb2O5 and Ta2O5 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 the use 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 

K2NbF7 and K2TaF7 from the mineral ores. To circumvent the Marignac 

process for separating K2NbF7 and K2TaF7, solvent extraction (methyl 

isobutyl ketone) is used followed by precipitation with ammonia just the 

same.[43a] Beyond the use HF for the extraction of [NbF7]
2- and [TaF7]

2- 

ions from mineral ores, but prior to synthesis of polyoxoniobates and –

tantalates, very little is known regarding the solution chemistry of 

niobium(V) and tantalum(V). Recognising this is quintessential to 

understanding the impact studies related to polyoxoniobates and-tantalates 

have in unearthing the solution chemistry of niobium(V) and tantalum(V). 

One of the earlier methods, from 1941, to synthesise polyoxoniobates and 

–tantalates relied on the use of molten alkali carbonate or hydroxide salts 

to dissolve anhydrous Nb2O5 and Ta2O5.
[44] This method can only yield the 

Lindqvist type hexametalate ion ([M6O19]
8-, M = Nb or Ta); which is 
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named after Ingvar Lindqvist as  homage to his work won in 1953.[45] The 

Lindqvist ion is the POM species obtainable from niobium and tantalum 

in aqueous solution at pH >9. The structure of the Lindqvist ion (Figure 

1.5) consists of 6 edge-sharing MO6 octahedra connected to form 12 M-O-

M bridges, called µ2-O groups. Each metal centre of the MO6 octahedra is 

bonded to a central oxygen atom (µ6-O), and each MO6 octahedra is also 

capped with a terminal M=O group (η=O); i.e. a total of 6 η=O groups.  

In 1977, the other isopolyoxoniobate – decaniobate ([Nb10O28]
6-, Nb10) – 

was synthesised through the slow hydrolysis of niobium pentaethoxide 

(Nb(OC2H5)5) in the presence of tetramethylammonium hydroxide 

(TMAOH).[46] This reaction was essentially dependent on the dissolution 

of Nb2O5 in TMAOH, as the moisture sensitivity of niobium pentaethoxide 

inevitably results in the formation of Nb2O5. The use of the poorly soluble 

Nb2O5 was never circumvented, however, hydrolysis of niobium 

pentaethoxide renders the formation of hydrous Nb2O5 (niobic acid, 

Nb2O5
.nH2O). Notably, there are several forms of Nb2O5, which include 

crystalline (orthorhombic and monoclinic) and amorphous (niobic acid) 

phases. Neither of these forms of Nb2O5 are readily soluble in water. 

However, the dissolution of niobic/tantalic acid in basic medium, which is 

discussed in detail in Paper I, is crucial to the development of future 

polyoxoniobate and -tantalate syntheses. Notwithstanding this, the 

moisture sensitivity of the Nb(OC2H5)5 in this reaction gave poor 

reproducibility overall in this method and the initial Nb10 synthesis wasn’t 

reproduced in the literature until nineteen years later – 1996.[47]  

The decaniobate ion (Figure 1.4) mentioned earlier consists of ten NbO6 

octahedra connected in such a way that there are seven types of structurally 

unique oxygens. There are three sets of µ2-O groups (D is a set of two, E 

is a set of four and C a set of eight), two sets of four η=O groups (G and 

F), two µ6-O groups, and one set of four oxygen atoms connected to three 

metal centres (µ3-O, site B). Due to the µ2-O, µ3-O, η=O and µ6-O all being 

structurally distinct sites in the POM structure, they can be distinguished 

through their NMR signals, after isotopic substitution with 17O nuclei, in 
17O NMR spectroscopy (vide infra).[39, 48] 
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1.3.3.4 Synthesis of polyoxoniobates with niobic acid 

The crucial change in polyoxoniobate synthesis occurred in 2003 – twenty 

six years after 1977 – when niobic acid was used as the precursor and 

reacted with aqueous NaOH under hydrothermal conditions, in the 

synthesis of the titanoniobate isopolyanion [Ti2Nb8O28]
8- (Ti2Nb8).[49] 

Next came the one-pot, alkali-free synthesis of Nb10, through use of 

TMAOH as a base, to yield the tetramethyl ammonium (TMA) salt of 

decaniobate (Nb10) – [N(CH3)4]6[Nb10O28].
[50] Thereafter came 

progressive expansion in the field of polyoxoniobate and –tantalate 

chemistry. This included the synthesis of other titanoniobate isopolyanions 

and heterometal substituted polyoxoniobates and polyoxotantalates.[51] A 

distinctive feature – rather an advantage – of the TMA-polyoxoniobate and 

TMA-polyoxotantalate salts compared to their alkali counterparts, is the 

remarkable solubility exhibited by the TMA salts. They are highly soluble 

in water (ca 1 gram per millilitre); also soluble in methanol, ethanol and 

glycerol but not acetone, isopropanol nor acetonitrile.  

With the newfound capability to synthesise polyoxoniobates – via niobic 

acid – with high reproducibility came the studies of the solution chemistry 

of niobium(V), which were previously lacking. 17O NMR spectroscopic 

studies were an invaluable asset to elucidating niobium(V) solution 

chemistry. Notably, the polyoxotunsgstates and polyoxovanadates are 

easily detectable due to the natural abundance and sensitivity of the 183W 

and 51V NMR nuclei, respectively. This was beneficial especially to 

elucidating the speciation and structure of the polyoxotunsgstates[52] and 

polyoxovanadates.[41] However, an NMR active nuclei of Nb or Ta that is 

present in high abundance and sensitivity to facilitate NMR experiments 

is unavailable. The 93Nb and 181Ta nuclei are quadrupolar which make 

them less sensitive, while exhibiting broad NMR signals that cover a large 

portion of the spectra window.[52b] 

The oxygen-exchange between the 17O and 16O nuclei, of H2
17O and 

H2
16O, respectively, in water occurs on timescales that are sufficiently long 

enough for detailed 17O NMR studies.[48a, 48d, 53] Hence, this effectively 

mitigated the lack of an NMR active nucleus for probing the in-situ 
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solution chemistry of both niobium(V) and tantalum(V). Furthermore, the 

fact that the polyoxoniobate and -tantalate clusters all possess structurally 

distinct oxygens groups (µ2-O, µ3-O, µ6-O and η=) allows the discernment 

of their respective 17O NMR signals for structure elucidation. 

The in-situ monitoring of the polyoxoniobate and –tantalate solution 

chemistry is pertinent to improving the synthesis of these POMs, since they 

are conventionally reliant on hydrothermal methods that preclude in-situ 

monitoring of the reaction. Furthermore, understanding the dissolution of 

these oxides on the molecular scale, fosters a better understanding of 

geochemical processes related to the dissolution of these oxides on the 

macro scale.[54] Techniques such as 17O NMR spectroscopy and Raman 

spectroscopy, which take advantage of the POM’s structurally distinct 

metal-oxo groups, is also useful in expanding our knowledge of the 

solution chemistry of niobium(V) and tantalum(V).[5, 36] 

Raman spectroscopy in particular is useful, because it is non-destructive, 

quick and provides a wealth of structural information about the POMs. 

More so, the polyoxoniobates and –tantalates are colourless in aqueous 

solution and their relevant metal-oxygen Raman shifts do not coincide 

with that of water, which makes them excellent candidates for aqueous in-

situ Raman studies. This was advantageous in determining the activation 

pH of anhydrous Nb2O5, niobic and tantalic acid in Paper I. 

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

polyoxoniobates  

Notable examples of investigations using 17O NMR spectroscopy to probe 

the solution chemistry of polyoxoniobates includes determining the 

isotope-exchange dynamics of the TMA-decaniobate (Nb10),
[39] 

monotitanoniobate (TiNb9)
[48d] and dititanoniobate (Ti2Nb8)

[48e] ions. 

Studies of the formation and reactivity of peroxopolyoxoniobate species – 

from the peroxidation of Nb10 and Nb6 – was also possible through 17O 

NMR spectroscopy.[55] Considering H2O2 is a by-product associated with 

photocatalysis[56] and the sequestration of radionuclides from waste,[57] of 

which niobium oxides are used,[57-58] it is relevant to understand the 

reactivity of polyoxoniobates and H2O2. Furthermore, there are similar 
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studies of the Lindqvist hexaniobate (Nb6) and hexatantalate (Ta6) ions that 

are reliant on 17O NMR spectroscopy, however these were in the presence 

of alkali cations.[48a, 53, 59] 

The decaniobate cluster is stable at pH 5-7, while at pH ≥7.5 dissociation 

to the hexaniobate cluster commences.[39] Moreover, this base enhanced 

dissociation becomes rapid at pH >9.3, through the formation of the 

heptaniobate ([Nb7O22]
9-, Nb7) intermediate and this was confirmed 

through monitoring the isotopic oxygen-exchange via 17O NMR.[39, 48c] 

The site-specific substitution of a single central Nb(V) atom with a Ti(IV) 

atom in the TiNb9 cluster extends the stability range of the decametalate to 

pH 6.5-12.[48d] Substitution of another central Nb(V) atom with a Ti(IV) 

atom, to form the Ti2Nb8 ion offers enhanced stability to base dissociation, 

as the cluster remains intact at even at pH 12.5.[48e] The in-situ monitoring 

of the solution chemistry of the titanoniobate clusters was similarly 

possible through studying the isotopic oxygen-exchange via 17O NMR 

spectroscopy. It was also possible to determine that borate significantly 

enhances the oxygen-exchange of polyoxoniobates (Nb6, Nb10 and 

Ti2Nb8), a significant finding since borate is often used a pH buffer due to 

its low cost and the assumption that it is inert.[60] 

Understanding the dissolution of Nb2O5 is dependent on knowing which 

polyoxoniobate species is/are dominant at a particular pH and their 

stability, as this is relevant to geochemical processes and the formation of 

niobate minerals in the environment.[61] For example, the minerals 

Peterandresanite,[62] hansesmarkite[63] and melcherite[64] all contain the 

Lindqvist hexaniobate ion. Since these minerals were formed at low 

temperatures (≤350 °C), it suggests the hexaniobate ion is the transport 

medium for aqueous niobium in the environment, which contradicts the 

previous assumption of it being immobile.[61] The significance of this 

comes full-circle when the activation pH of niobic acid (pH ≥6.9) and 

anhydrous Nb2O5 (pH ≥12) is considered, alongside the pH stability of the 

decaniobate ion.  Dissolution of niobic acid – to yield both Nb6 and Nb10 

– and anhydrous Nb2O5 (only Nb6 formed) has occurred at 180 °C during 

hydrothermal syntheses (Paper I).  Though the temperatures used in these 
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syntheses are ca 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 Raman spectroscopy at 10≤ pH ≤13 (Paper I) and is 

therefore consistent with the hexaniobate ion only being found in minerals 

from alkaline rocks.[61] 

For the decaniobate ion, which is normally stable at neutral pH, as it 

rapidly dissociates to the hexaniobate at pH ≥9.3, it forms a tetraniobate 

fragment that forms higher oligomers like the heptaniobate ion (Figure 1.6 

and Figure 1.7).[39]  The heptaniobate ion has been determined to assemble 

into the larger [Nb24O72]
24- cluster in the presence of alkali cations,[65] 

which is consistent with it being a building block for the assembly of larger 

polyoxoniobates.[66] Hence, previous 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, formed via dissociation of 

decaniobate to hexaniobate.[39, 65] On the molecular scale, the significance 

of these findings are relevant to elucidating the processes involved in the 

assembly of large polyoxoniobate clusters, such as the [HNb27O76]
16-, 

[H10Nb31O93(CO3)]
23-, [Nb24O72]

24- and [Nb32O96]
32-  clusters.[66-67] While 

on the scale of geochemical processes, this means that there is a duality, 

relative to pH dependence and the presence of alkali counter ions – rather 

than a mere juxtaposition – in the formation of hexaniobate containing 

minerals that are only found in alkaline rocks. 
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Figure 1.6. The heptaniobate ion ([Nb7O22]7-, Nb7) which forms as an intermediate in the 

dissociation of Nb10 to Nb6. Red spheres and light-blue octahedra are oxygen and niobium 

atoms, respectively. 

 

Figure 1.7. The suggested mechanisms for the base-promoted dissociation of Nb10. One 

pathway involves dissociation of the [HxNb10O28](6−x)− ion at the μ3-oxo site, releasing a 

tetrameric fragment.[68] Subsequent reaction of the tetrameric fragment yields a 

heptaniobate ion. Red spheres and light-green octahedra are oxygen and niobium atoms, 

respectively. Adapted from Villa et al[39] 
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1.3.3.6 Thin film deposition from aqueous polyoxoniobate solutions 

The ability to fabricate solid-state Nb2O5 and Ta2O5 thin films or 

functional surfaces through aqueous deposition of polyoxometalate 

solutions is a milestone achievement, creditable to the advancements in 

polyoxoniobate and –tantalate synthesis. For example, deposition of 

aqueous decaniobate solutions resulted in the formation of electrochromic 

Nb2O5 films that can function as optical switches for windows.[6c-e] These 

Nb2O5 films can modulate solar radiation transmittance and selectively 

block near-infrared and visible light through an applied electrochemical 

voltage.[6c] Prior methods for the deposition of Nb2O5 and Ta2O5 films are 

reliant on sol-gel, sputtering or laser ablation methods, which require the 

use of harmful precursors, lack reproducibility and are expensive.[7] 

Similarly, sodium and potassium niobate thin films were deposited from 

sodium and potassium hexaniobate solutions, respectively, to obviate the 

need for harmful precursors conventionally used in the synthesis of these 

films.[6a]  

1.3.3.7 Thin film deposition from aqueous hexatantalate solutions 

Fabrication of alkali-free Ta2O5 thin films was possible through deposition 

of aqueous hexatantalate ([Ta6O19]
8-, Ta6) and Nb6 solutions.[6b, 6f] These 

studies determined that films deposited from aqueous Ta6 solutions would 

always yield atomically smooth Ta2O5 films, whereas the isostructural Nb6 

would not form smooth Nb2O5 films. The synthesis of Ta6, however, in 

these studies was limited by use of the moisture sensitive TaCl5 as the 

Ta2O5 source[6b] – similarly to the initial Nb10 synthesis by Graeber and 

Morosin.[46] The alkali-free synthesis of Ta6 was improved later on via the 

use of hydrous Ta2O5 (tantalic acid) and microwave irradiation, to 

circumvent the use of TaCl5 as a Ta2O5 source (Paper I). Prior to the 

development of the microwave synthesis of Ta6, only the synthesis of the 

novel titanium-substituted polyoxotantalates had used tantalic acid to 

replace use of TaCl5.
[51d] Tantalum pentachloride, nonetheless, has proven 

useful as a Ta2O5 source for the synthesis of alkali-free Ta6, used in the 

electrochemical deposition of electrochromic Ta2O5 thin films.[6g]  
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1.3.3.8 Non-aqueous synthesis of polyoxotantalates and polyoxoniobates 

Along with the synthesis of Ta6 in non-aqueous medium,[69] other synthetic 

advancements in tantalum(v) chemistry include syntheses of the 

decatantalate ion ([Ta10O28]
6-, Ta10) and a hexatantalate tetramer.[70] The 

use of tetrabutylammonium hydroxide (TBAOH) facilitated the non-

aqueous synthesis in these methods. However, an aqueous one-pot 

synthesis of the Ta10 ion is yet to be achieved – despite separate attempts 

using tantalum pentaethoxide[48b] and tantalic acid.[5] The inability to make 

the Ta10 ion directly via a one-pot synthesis was determined to be a 

consequence of the ‘activation pH’ (Paper I). The activation pH dictates 

that the molecules accessible from a specific metal oxide, is limited to 

species stable at/above the activation pH of the oxide in a one-pot synthesis 

(Paper I).[5] Non-aqueous synthesis of isopolyoxoniobates – achieved via 

acidification of Nb10 – resulted in the formation of the icosaniobate 

([Nb20O54]
8-, Nb20) ion, which was also formed through dimerisation of 

two Nb10 species.[71] Similarly, an aqueous one-pot synthesis of Nb20 from 

niobic acid has not been achieved, which is a limitation attributable to the 

activation pH of niobic acid (Paper I). 

1.3.3.9 Investigations into the applications of polyoxoniobates 

Along with the improved synthetic procedures for polyoxoniobates and –

tantalates came concomitant investigations in the application of these 

POMs. For example, the [Nb6O19]
8- (Nb6) ion, which is stable at pH ≥10 

was determined to be viable as a potential base catalyst in the degradation 

of the nerve agent diisopropyl fluorophosphate.[72]  A polyoxoniobate-

polyoxovanadate cluster ([PNb12O40(V
VO)2·(V

IV
4O12)]

25-) has also 

demonstrated the capacity to catalyse the hydrolysis of the nerve agent 

diethyl cyanophosphate.[73] The influence of the decaniobate cluster on 

calcium homeostasis was determined to be stronger than monomeric 

vanadate, molybdate and tungstate.[74] This highlights the possibility of 

using polyoxoniobates in biological models for probing cellular processes.  

The isostructural decametalates, Nb10 and monotitanoniobate 

([TiNb9O28]
7-, TiNb9), have also been used as models to inhibit amyloid 

aggregation that is consistent with certain neurodegenerative diseases.[75] 
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A study of this nature was possible after prior studies in determining the 

aqueous stability of Nb10 and TiNb9;
[39, 48d] which was a result of 

establishing reproducible polyoxoniobate syntheses.[50-51] The initial 

introduction of the Cr3+ ion into the polyoxoniobate structure 

([Cr2(OH)4Nb10O30]
8-) ushered in a strategy for extending the visible 

absorbance of polyoxoniobates, to provide possible photochemical 

properties.[51e] This correlated to the subsequent inclusion of the Cr3+ 

(CrNb9), Mn2+ (MnNb9), Fe3+ (FeNb9), Co2+ (CoNb9) and Ni2+ (NiNb9) 

ions into the decaniobate framework – via site specific substitution of a 

Nb(V) atom – similarly to the TiNb9 ion in  previous studies.[51f, 51h] All 

these transition-metal substituted decaniobate species possessed 

photocatalytic properties due to them promoting H2 evolution in methanol-

water mixtures.[51h].[50p] In addition, Pt-modified films with hexaniobate 

scrolls in methanol-water mixtures exhibited photocatalytic activity via H2 

evolution.[76] 

Similarly, photocatalytic properties were exhibited by the tellurium-

substituted polyoxoniobate ion [H2TeNb5O19]
5-.[77] Fabrication of niobium 

phosphate patterned thin films is also possible from aqueous 

peroxophosphoniobate solutions of [HNb4P2O14(O2)4]
5- and 

[H7Nb6P4O24(O2)6]
3-, which abodes well for the development of 

semiconductor films.[78] Another niobium-phosphate cluster [Nb9P5O41]
9- 

reacts with H2O2 and shows potential for industrial applications.[51c] 

1.3.3.10 The future of polyoxotantalates 

Outside of synthetic advancements, such as the synthesis of the cobalt-

hexatantalate tetramer ([H5Co8Ta24O28]
15-)[79] and the titanotantalates,[51d] 

or the fabrication of solid-state Ta2O5 thin films from aqueous 

hexatantalate solutions,[6f, 7] the expansion of the polyoxotantalate field has 

remained limited compared to the polyoxoniobates. 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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tantalum(V) to pH ≥10; i.e. the hexatantalate ion. Therefore, information 

regarding the pH stability of decatantalate, or whether it dissociates to 

hexatantalate via 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 contributed 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 solid-state to improve. 

1.4 Materials and Methods 

Niobic acid (Nb2O5·nH2O; 40% H2O w/w) and tantalic acid (Ta2O5·nH2O) 

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) was refluxed 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 niobium pentoxide (99.99% trace metal basis, mixed 

polymorphs) was obtained from Sigma Aldrich. Titanium 

tetraisopropoxide (TTIP) 97%, H2SO4 97% and H2O2 30% were obtained 

from Sigma Aldrich. Tetramethylammonium hydroxide pentahydrate 

(TMAOH) 98% ([N(CH3)4]OH·5H2O) was obtained from Acros Organics. 

Silicon wafers (50.8 ±0.3 mm circular disks, 279 ±25 µm, p-doped, 10-20 

Ω cm) were obtained from Siegert Wafer GmbH. All solutions/reactions 

used deionised water from the Elga Purelab Chorus water purification 

system (18.2 MΩ cm, 25 °C). 

A Biotage Initiator+ microwave synthesizer (400 W) was used for 

microwave irradiation synthesis. The general procedure for synthesis of 

decaniobate and hexaniobate was as follows: suspensions of Nb2O5·nH2O 

in aqueous solutions of TMAOH being microwave 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 µm PTFE syringe filter to remove 

precipitated TiO2.  

1.4.1 Microwave irradiation syntheses  

1.4.1.1 Decaniobate [N(CH3)4]6[Nb10O28] 

Nb2O5·nH2O (1.00 g, 2.26 mmol; 40% water w/w) was mixed with a 

solution of [N(CH3)4]OH·5H2O] (0.60 g, 3.31 mmol, 2 mL). The 

suspension was irradiated for 15 minutes, resulting in a white suspension, 

which was filtered through a 0.22 µm nitrocellulose filter to remove any 

unreacted niobic acid. Acetone (10 mL) was added to precipitate the 

product and the supernatant was removed. This was repeated three times 

to precipitate a white powder which was filtered under suction, collected 

and oven-dried at 90 °C to yield 0.66 g (80%) of [N(CH3)4]6[Nb10O28]. 
17O-NMR ([Nb10O28]

6–, H2O, 25 °C): 65.60 ppm (µ6-O; A), 306.88 ppm 

(µ3-O; B), 465.32 ppm (µ2-O; D), 471.30 ppm (µ2-O; C), 552.86 ppm (µ2-

O; E), 703.30 ppm (η=O; G) and 721.02 ppm (η=O; F). See Figure 1.4 for 

the positions of the oxygen groups corresponding to the assigned 17O NMR 

peaks (Figure S.I.1).  

1.4.1.2 Hexaniobate [N(CH3)4]8[Nb6O19] 

Nb2O5·nH2O (1.00 g, 2.26 mmol; 40% water w/w) was mixed with an 

aqueous solution of [N(CH3)4]OH·5H2O (1.30 g, 7.17 mmol, 2 mL). The 

suspension was irradiated for 15 minutes, resulting in a clear solution, 

which was filtered through a 0.22 µm nitrocellulose filter to remove any 

unreacted niobic acid. Isopropanol (10 mL) was added to precipitate the 

product and the supernatant was removed. This was repeated 4 times to 

precipitate a white powder and acetonitrile (40 mL) was added to remove 

any remaining water from the product. The white powder was filtered 

under suction, collected and oven-dried at 90 °C to yield 0.87 g (80%) of 

[N(CH3)4]8[Nb6O19]. 
17O-NMR ([Nb6O19]

8–, H2O, 25 °C): 366.70 ppm 

(µ2-O; b) and 652.69 ppm (η=O; c). See Figure 1.5 for the positions of the 
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oxygen groups corresponding to the assigned 17O NMR peaks (Figure 

S.I.3).  

[N(CH3)4]8[Nb6O19] was also synthesised from anhydrous Nb2O5 (0.6 mg, 

2.26 mmol) suspended in a solution of [N(CH3)4]OH·5H2O (1.5 g, 

8.30 mmol, 2 mL). The suspension was irradiated for 1 hour, resulting in 

a white suspension, which was filtered through a 0.22 µm nitrocellulose 

filter to remove any unreacted anhydrous Nb2O5. Isopropanol (10 mL) was 

added to precipitate the product and the supernatant was removed. This 

was repeated 4 times to precipitate a white powder and acetonitrile 

(40 mL) was added to remove any remaining water from the product. The 

white powder was filtered under suction, collected and oven-dried at 90 °C 

to yield 0.43 g (39%) of [N(CH3)4]8[Nb6O19]. 

1.4.1.3 Hexatantalate [N(CH3)4]8[Ta6O19] 

Ta2O5·nH2O (2.00 g, 2.72 mmol; 40% water w/w) was mixed with a 

solution of [N(CH3)4]OH·5H2O (1.60 g, 8.84 mmol, 2.0 mL). The 

suspension was irradiated for 15 minutes, resulting in a clear solution, 

which was filtered through a 0.22 µm nitrocellulose filter to remove any 

unreacted tantalic acid. Isopropanol (10 mL) was added to precipitate the 

product and the supernatant was removed. This was repeated five times to 

precipitate a white powder and acetonitrile (50 mL) was subsequently 

added to dry the product. The white powder was recovered by filtration 

and oven-dried at 90 °C to yield 1.55 g (86%) of [N(CH3)4]8[Ta6O19]. 
17O-

NMR ([Ta6O19]
8–, H2O, 25 °C): 316.76 ppm (µ2-O; b) and 511.31 ppm 

(η=O; c). See Figure 1.5 for the positions of the oxygen groups 

corresponding to the assigned 17O NMR peaks (Figure S.I.4). 

1.4.1.4 Monotitanoniobate [N(CH3)4]7[TiNb9O28] 

Nb2O5·nH2O (3.00 g, 9.25 mmol; 82% w/w) and TTIP 97% (0.54 mL, 1.77 

mmol) were mixed with a solution of [N(CH3)4 ְ]OH·5H2O (2.5g, 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 µm 

nitrocellulose filter to remove unreacted Nb2O5·nH2O and TiO2. 

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 acetonitrile (80 

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 µm PTFE syringe filter, prior to 

being dried in-vacuo to yield a white powder, 9.56 g (61%) of 

[N(CH3)4]7[TiNb9O28]·3H2O. 17O-NMR ([TiNb9O28]
7- H2O, 25 °C): 299.8 

ppm (µ3-O; BNb), 340.2 ppm (µ3-O; BTi), 452.5 ppm (µ2-O; D), 458.3 ppm 

(µ2-O; CTi), 462.2 ppm (µ2-O; CNb), 545.9 ppm (µ2-O; ENb), 592.6 ppm 

(µ2-O; ETi), 670.2 ppm (η=O; GTi), 672.5 ppm (η=O; GNb) and 690.1 ppm 

(η=O; F). See Figure 1.8 for the positions of the oxygen groups 

corresponding to the assigned 17O NMR peaks (Figure S.I.1).  

 

Figure 1.8. Side view of the [TiNb9O28]7- ion with each symmetry unique oxygen labelled 

A: µ6-O; BNb and BTi: µ3-O; CNb and CTi: µ2-O; D: µ2-O; ENb and ETi: µ2-O; F: η=O; GNb 

and GTi: η=O. Red, grey and light blue spheres represent oxygen, titanium and niobium 

atoms respectively. Adapted from Rambaran et al[7] 

1.4.1.5 Dititanoniobate [N(CH3)4]8[Ti2Nb8O28] 

Nb2O5·nH2O (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(CH3)4ְ]OH·5H2O (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 µm 

nitrocellulose filter to remove unreacted Nb2O5·nH2O and TiO2. 
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Isopropanol (20 mL) was added to precipitate the product and the 

supernatant 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 extracted in methanol (30 

mL). The synthesis was repeated five times and all the extracts were 

combined and filtered through a 0.20 µm PTFE syringe filter, prior to 

being dried in-vacuo to yield a white powder, 15.69 g (57%) of 

[N(CH3)4]8[Ti2Nb8O28]·6H2O. 17O-NMR ([Ti2Nb8O28]
8- H2O, 25 °C): 

433.3 ppm (µ2-O; D), 449.8 ppm (µ2-O; C), 579.9 ppm (µ2-O; E), 644.1 

ppm (η=O; G) and 662.8 ppm (η=O; F). See Figure 1.9 for the positions 

of the oxygen groups corresponding to the assigned 17O NMR peaks 

(Figure S.I.1).  

 

Figure 1.9. The [Ti2Nb8O28]8- ion with each symmetry unique oxygen labelled A: µ6-O; 

B: µ3-O; C-E: µ2-O; F-G: η=O. Red, grey and light blue spheres represent oxygen, 

titanium and niobium atoms respectively. Red, grey and light blue spheres represent 

oxygen, titanium and niobium atoms respectively. Adapted from Rambaran et al[7] 

1.4.2 Transition metal substituted polyoxoniobates 

Attempts were made to synthesise Co(II) and Ni(II) substituted 

decaniobate clusters, according to published procedures.[51f, 51h] These 

syntheses, however, proved inconclusive from the broadening of the H2
17O 
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water signal in 17O NMR spectroscopy, which indicate the presence of 

‘free’ Co(II) and Ni(II) in the solution. The attempts are included here for 

future reference. See Appendix I: 17O NMR Spectroscopy for more details. 

1.4.2.1 Cobalt (II) nonaniobate 

Nb2O5·nH2O (5.00 g, 15.05 mmol; 80% w/w) was mixed with a solution 

of [N(CH3)OH]4OH·5H2O (5.6 g, 30.4 mmol, 1.0 mL) containing 

CoCl2·6H2O (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 

synthesis was repeated twice and the products were combined prior to the 

workup. A dark-violet suspension was formed, which was 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. Acetonitrile (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 oven-dried at 90 °C overnight, under standard 

conditions, to yield 12.94 g (62%) of [N(CH3)4]9[CoIINb9O28]·4H2O. 

1.4.2.2 Nickel (II) nonaniobate 

Nb2O5·nH2O (5.00 g, 15.05 mmol; 80% w/w) was mixed with a solution 

of [N(CH3)OH]4OH·5H2O (6.2 g, 33.1 mmol, 1.0 mL) containing 

NiCl2·6H2O (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 

synthesis was repeated 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 added to 

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 oven-dried at 90 °C overnight, 
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under standard conditions, to yield 12.96 g (60%) of 

[N(CH3)4]9[NiIINb9O28]·7H2O. 

1.4.3 Thin film deposition 

1.4.3.1 Substrate preparation, spin coating and annealing 

Silicon wafers were cleaved into ca 2.5 cm circular quadrants and soaked 

in H2SO4 (97%) and H2O2 (30%) mixed in a 3:1 ratio – henceforth referred 

to as piranha solution – with stirring overnight, followed by liberal 

washing with water, then dried on a hotplate at 200 °C for ca 15 minutes. 

Thereafter the substrates were treated with air plasma for 15 minutes inside 

a Diener Zepto-W6 plasma cleaner (85% power and pressure of 0.6 mbar).  

A SPS spin coater (SPS Europe) was used for spin coating. Pre-treated 

substrates were mounted and held under vacuum onto the spin coater 

substrate holder, followed by addition of the POM solution (100 µL) to the 

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 15/11 furnace (Nabertherm GmbH). 

The ramp rate was 5.0 °C min-1 for temperatures ≤400 °C and 1.8 °C min-

1 at ≥800 °C and the final temperature was maintained for one hour prior 

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. The technique is named in honour 

of C.V. Raman, who discovered this phenomenon on 1928.[80] During 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 change in frequency – this is known as Rayleigh scattering. Furthermore, 



 

29 

 

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 appearance of the lines in a 

spectrum, associated with these rotational/vibrational energy changes, is 

known as Raman scattering. 

These lines attributable to Raman scattering, appear at frequencies that are 

shifted relative to the frequency of the incident light; known as the Raman 

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

incident light are called “Stokes lines”, while those occurring at 

frequencies exceeding the incident light are “anti-Stokes lines”. The anti-

Stokes Raman bands innately 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 (ca 

0.4 g), Raman spectra (6 scans, co-added for good signal-to-noise ratios) 

were collected at 50 mW with the 532 nm laser and automatically 

background corrected with the Anton-Paar 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 100% laser power and 

0.2 s irradiation time set in the software (WIRE, v.5.3; Renishaw), in static 

mode, centred at 520 cm-1. For mapping, a 100x non-immersive lens was 

used with 1 μm step sizes (in both X and Y directions), in high confocal 

modes recording images with a minimum of 2500 spectra. Raman shifts 

were calibrated using the built-in 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 and pre-processed using the 

open-source MCR-ALS 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-1 region to remove noise filtering artefacts, 

and thereafter baseline corrected, smoothed and point max normalised 

(520 cm-1). 

1.4.4.2 17O Nuclear magnetic resonance (NMR) spectroscopy 

A Bruker Avance III 400 MHz spectrometer (Bruker GmbH, Germany) 

equipped with a 5 mm liquid Triple resonance Broadband + 13C 

Decoupling, Inverse 1H (TBI) probe and H2
17O (17O, 20%, Cambridge 

Isotope Laboratories, Inc., USA) was used for 17O NMR spectroscopy. The 

synthesised polyoxoniobates and -tantalate (ca 10 mg) were dissolved in 

0.5 mL of H2
17O in a 5 mm NMR tube for at least 24 hours and up to 42 

days prior to measurements. The 17O NMR spectra were acquired when a 

presaturation pulse at 3 kHz field strength was applied to the water signal 

during the recovery delay of 10 ms. The excitation was achieved using a 

90° pulse of 19.2 µs followed by an acquisition of 28 ms over 4000 scans. 

Spectral width was set to 1600 ppm to cover the region of interest with the 

water signal centered at 0 ppm. 

1.4.4.3 Powder X-ray diffraction (PXRD) 

The powders and annealed films of the POMs were identified by 

randomly-oriented powder X-ray diffraction (XRD) measurements using 

a PANalytical X’pert3 diffractometer (CuK-α radiation 1.54187 Å). The 

powdered samples were loaded onto a 1.5 cm circular cavity holder and 

run using a flat stage with the following parameters: 10-60º 2θ, 0.039º step 

size, 1 s collecting time, 45 kV, 40 mA, 0.04 rad Soller slits, 1/16º incident 

divergence slit, 5 mm anti-scattering receiving slit, and 10 mm mask. The 

divergence slit and mask were chosen so that the sample occupied the 

whole X-ray irradiated area. Diffractograms were baseline corrected using 

X’pert highscore and Rietveld refinement was done with Profex 4.2.[81] 

1.4.4.4 Spectroscopic ellipsometry (SE) 

Spectroscopic ellipsometry measurements were done using an Alpha-SE 

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 derived from the “Global Fit” function associated with the 

“Si with Absorbing Film.mod” model used to fit the ellipsometric data. 

1.4.4.5 Scanning electron microscopy (SEM) and Energy dispersive X-

Ray spectroscopy (EDS) 

The powdered and thin-film samples were attached onto carbon tape-

mounted on aluminium stub. The surface morphology was examined by 

field-emission scanning electron microscopy (FESEM; Carl Zeiss Merlin) 

using in-lens secondary electron detector at accelerating voltage of 5 kV 

and probe current of 120 pA. The elemental composition analysis was 

performed using an energy dispersive X-ray spectrometer (EDS; Oxford 

Instruments X-Max 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 dual-beam focused ion beam-scanning electron 

microscopy (FIB-SEM; ThermoFisher Scientific Scios) is employed to 

expose the cross-section of the thin-film samples using gallium ion voltage 

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

1.4.4.6 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 µm x 10 µm scan area. A 

Bruker SLN cantilever was used in all measurements. Roughness was 

calculated over a 5 µm x 5 µm 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 potentiostat (Gamry Instruments, PA, U.S.A) operated by 

the Gamry Framework software (V. 7.8.6 build 8759). The potentiostat 

was connected in a three-electrode setup, in a 50 mL luggin type 

electrochemical cell (Ossila BV, Leiden, Netherlands) placed within a 

Faraday cage. The solvent and electrolyte was acetonitrile and LiClO4 (0.1 

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 was the film of interest.  
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The silver wire, which acted as a pseudoreference electrode, was calibrated 

in a three-electrode setup, however the counter and working electrode was 

a platinum mesh and platinum disk (0.2 mm diameter, Ossila BV, Leiden, 

Netherlands), respectively. 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 LiClO4 (0.1 M), respectively. 

From Figure 1.10, the half wave potential (E1/2) was determined for the 

ferrocene/ferrocenium (Fc/Fc+) redox couple and used to convert the 

potentials measured experimentally to the normal hydrogen electrode 

(NHE) scale. For an electrochemically reversible process[82]  

𝐸1/2 =
(𝐸𝑝𝑎 + 𝐸𝑝𝑐)

2
= 𝐸(𝐴𝑔2𝑂/𝐴𝑔)

0  

eq. 1. 1 

Where E0 is the standard potential, Epa and Epa are the anodic and cathodic 

peak potentials, respectively. The potential measured at the 

pseudoreference electrode (E) can be converted to the (Fc/Fc+) redox 

couple scale through[82] 

𝐸(𝐹𝑒3+/𝐹𝑒2+ ) = 𝐸 + 0.26 𝑉 

eq. 1. 2 

 The scale for the (Fc/Fc+) redox couple can be converted to the ENHE 

through[82] 

𝐸𝑁𝐻𝐸 = 𝐸(𝐹𝑒3+/𝐹𝑒2+ ) + 0.77 𝑉 

eq. 1. 3 

By combining eq. 1. 2 and eq. 1. 3, it can be seen that the conversion of 

the potential measured with the pseudoreference electrode (Ag wire) can 

be converted to the NHE scale by 

𝐸𝑁𝐻𝐸 = 𝐸 + 1.03 𝑉 
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eq. 1. 4 

 

 

Figure 1.10. Cyclic voltammogram of the ferrocene/ferrocenium (Fc/Fc+) redox couple 

(10 mM) in 0.1 M LiClO4 dissolved in acetonitrile.  

1.4.4.7.1 Cyclic voltammetry (CV) 

Cyclic voltammetry (CV) is categorised as a potential sweep method, 

whereby – like linear sweep voltammetry (LSV) – the electrochemical 

current response is monitored upon scanning between two potential limits 

at a fixed rate (sweep rate, ν). The width of this potential range, covered 

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 scan proceeds 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 back-and-forth continuously, 

for multiple times, to monitor the current 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 (capacitance) over multiple charge cycles. 
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Prior to commencing cyclic voltammetry experiments, the cell was 

conditioned at 3.0 V (V vs NHE) for 3 minutes. Afterwards the cathodic 

sweep commenced at 0.1 V s-1 from 3.0 V down to 0.0 V (V vs NHE), 

followed by the anodic sweep from 0.0 V to 3.0 V (V vs NHE). The same 

procedure, including the cell conditioning, was repeated for successively 

higher scan rates of 0.2 – 1.0 V s-1 through the sequence wizard in the 

Gamry Framework software. 

1.4.4.7.2 Potentiostatic charging/self-discharge and open circuit 

potential (OCP) measurements 

Potentiostatic charging/self-discharge and OCP measurements were 

executed similarly through the sequence wizard (Gamry Framework) after 

the CV experiments. Hence, the same three-electrode setup and 0.1 M 

LiClO4 in acetonitrile was used as the electrolyte and solvent, respectively. 

The potentiostatic charging parameters were for a maximum charging 

voltage of 4.0 V (V vs NHE), with a maximum applied current of 5 µA 

over a period of 15 minutes. Measurement of the open circuit potential 

(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 and -tantalates 

In this section, the concept of an activation pH and its relevance to the 

synthesis of target molecules – polyoxoniobates and polyoxotantalates – 

from metal oxides is discussed. The impact of the crystallinity on the 

solubility of Nb2O5 is also investigated, and the significance of this in 

relation to the established activation pH is 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 polyoxoniobate and -tantalate 

fields has been much slower. The reason for this is quite prosaic – there 

has been a lack of suitable starting materials. Whereas monomeric 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 approach when carrying out synthesis. 

There are three established main methods for synthesising 

polyoxoniobates and –tantalates. The first one requires careful dissolution 

of the anhydrous oxides M2O5 (M = Nb or Ta) in molten alkali carbonate 

or hydroxide salts.[1] The second method relies on controlled hydrolysis of 

the moisture-sensitive pentachlorides MCl5 or the ethoxides (M(OC2H5)5), 

which often leads to low/poor yields and reproducibility owing to the 

inherent instability of these precursors under ambient conditions.  For 

example, the decaniobate cluster [Nb10O28]
6- (Nb10) was first prepared 

using Nb(OC2H5)5
[2] and it would take almost 20 years until the synthesis 

was successfully reproduced.[3] 

The third route uses direct hydrothermal activation of hydrous oxides 

(M2O5·nH2O) – niobic or tantalic acids – in conjunction with aqueous 

solutions of tetramethylammonium hydroxide (TMAOH) or NaOH. This 

method was initially used for the synthesis of the dititanoniobate 

isopolyanion [Ti2Nb8O28]
8-.[4] Since then, further developments in 
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polyoxoniobate and polyoxotantalate synthesis have naturally occurred, 

including heteroatom substitution in the respective polyoxometalate 

frameworks.[5] The hydrothermal method uses an autoclave as the reaction 

vessel, and this facilitates aqueous synthesis at high temperatures (≤200 

°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 heating, at high temperatures, 

has also proven useful in the dissolution of metal oxides.[6] 

The main disadvantage, however, with the hydrothermal synthesis of 

polyoxoniobates is the extensive heating time – which range from 18 

hours[6] up to several days[5e] – required. This is also compounded by the 

poor commercial availability of niobic/tantalic acids. Furthermore, the 

one-pot nature of the hydrothermal methods makes it challenging to 

monitor or screen the reaction conditions. A method/protocol that 

circumvents the long heating time, while allowing for monitoring or 

screening reactions conditions, can lead to further synthetic advances in 

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 –tantalate synthesis. Noting that the first reproducible synthesis of 

Nb10 was reliant on use of niobic acid,[6] intuitively, the thought of an 

analogous synthesis for the decatantalate cluster [Ta10O28]
6- (Ta10) should 

arise. However, an aqueous synthesis of Ta10 is yet to be achieved, as there 

is only a non-aqueous synthesis reported thus far.[7] The [Nb20O54]
8- (Nb20) 

is also known to exist, but similarly there are non-aqueous routes reported 

in the literature.[8] The method of Matsumoto et al[8b] also involves 

acidification of the tertrabutylammonium (TBA) salt of Nb10, to cause 

dimerisation which leads to formation of Nb20. In Paper I, there was an 

intention to synthesise both Nb20 and Ta10. However, after failed attempts, 

it was determined that it was not possible to make either Nb20 or Ta10, 

directly from niobic and tantalic acid, respectively. This inability to 

synthesise the Nb20 and Ta20 clusters was a consequence of the ‘activation 

pH’ of the hydrous oxides. 
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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 oxide, when attempting a one-pot 

synthesis.[9] Hence, some polyoxoniobate and polyoxotantalate species are 

attainable only via multi-step processes. This is due to their formation 

requiring pH conditions not achievable in a one-pot synthesis. For 

example, when Nb20 was previously made through the dimerisation of two 

Nb10 clusters subsequent to acidification with HCl.[8b] The latter is 

indicative of Nb20 forming at pH <7. Furthermore, the dimerisation is 

reversible as the Nb20 breaks apart to reform Nb10 upon the addition of 

base.[8b] Hence, in a theoretical one-pot reaction, after all the base 

necessary for dissolution of Nb2O5 to form Nb10 is consumed, an excess of 

acid is needed within the vessel to further decrease the pH to facilitate 

formation of Nb20. The latter is, however, not feasible in the one-pot 

hydrothermal synthesis of polyoxoniobates. Multiple steps are therefore 

required for the synthesis of Nb20. 

Hydrothermal synthesis is dependent on convection currents and the 

thermal conductivity of the materials/ substances that have to be penetrated 

during the heating process to heat a reaction medium.[10] This causes the 

heating process to be rather slow and inefficient – hence the prolonged 

heating times attributable to hydrothermal syntheses. Notably, microwave 

irradiation offers efficient internal heating as it increases the temperature 

of the whole reaction medium simultaneously and uniformly.[10] This 

obviates the need to heat the reaction vessel to stimulate heating of the 

reaction medium.  

To circumvent the extensive heating time and the 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 formation of polyoxoniobates and -tantalates 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 vials. Through these 
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means, the activation pHs of anhydrous Nb2O5/Ta2O5 and hydrous 

Nb2O5/Ta2O5 were determined (Paper I). Furthermore, along with 

recognising the polyoxoniobates and -tantalates accessible from these 

reactants, it was possible to discern which species are unattainable and 

why, in a one-pot synthesis. 

The syntheses of polyoxoniobates and -tantalates that used microwave 

irradiation offered significantly shorter reaction times (as low as 5 

minutes) and were determined to provide comparable, if not higher, yields 

than the analogous hydrothermal syntheses at the same temperature. 

Microwave irradiation thus facilitates the screening of reaction conditions 

– in this case leading to the determination of activation pHs – and can 

thereby support the discovery of new molecules to elucidate the aqueous 

solution chemistry of niobium and tantalum.   

2.1 Synthesis of alkali-free hexaniobate (Nb6), decaniobate (Nb10), and 

hexatantalate (Ta6) 

A comparison between the hydrothermal and microwave irradiation 

syntheses of hexaniobate (Nb6), decaniobate (Nb10) and hexatantalate 

(Ta6) is tabulated in Table 2.1. In a typical hydrothermal synthesis, a 

suspension consisting of the metal oxide is prepared in 2 mL of a TMAOH 

solution. This suspension is then 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 heating. After heating and 

cooling is completed, the contents of the vessels are collected, then filtered 

through a 0.22 µm nitrocellulose filter under suction, followed by 

collection of the filtrate. The products are then precipitated with 

isopropanol/acetonitrile or acetone, filtered under suction and then oven-

dried at 90 °C (Paper I). 

The hydrothermal syntheses gives yields ≥41% at 180 °C, but requires 

extensive heating (ca 18 hours) and so is typically carried out overnight. 

The yields from microwave irradiation are as high as, or higher than, what 



 

45 

 

was obtained in the hydrothermal syntheses while offering substantially 

shorter reaction times – 15 minutes.  

Table 2.1 Comparison between hydrothermal and microwave irradiation syntheses of 

Nb6, Nb10 and Ta6 at 180 °C. Adapted from Rambaran et al[9] 

Method 

Metal Oxide Reaction time Product[a] Isolated 

yield 

[%][b] 

Hydrothermal Nb2O5·H2O
[c] 18 hours Nb6 51 

 Nb2O5·H2O 18 hours Nb10 53 

 Ta2O5·H2O
[d] 18 hours Ta6 73 

 Nb2O5
[e] 18 hours Nb6 41 

Microwave Nb2O5·H2O 15 minutes Nb6 80 

 Nb2O5·H2O 15 minutes Nb10 80 

 Ta2O5·H2O 15 minutes Ta6 86 

 Nb2O5 1 hour Nb6 39 

[a] See Experimental Section of Rambaran et al[7] for 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 permits only a single one-pot 

batch per vessel a day, whereas four batches per hour at the same scale are 

possible using microwave irradiation; it is notable then that it would take 

three days to conduct an equivalent number of reactions using 

hydrothermal methods. This 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 Nb2O5 can 

be used as a precursor in the synthesis of Nb6, circumventing the need for 

niobic acid. However, Nb10 could not be made using anhydrous Nb2O5 as 

the starting material and likewise Ta6 from anhydrous Ta2O5. This is 

explained in detail in the subsequent section. The dissolution of anhydrous 

Nb2O5 in molten alkali hydroxide or carbonate is the only other known 

method of synthesising polyoxoniobates from anhydrous Nb2O5.
[1] This 

method, however, only yields alkali salts of the niobium Lindqvist ion, 

[Nb6O19]
8– and is therefore limited to reagents that are exceedingly 

thermally robust. The use of microwave irradiation is advantageous 

because it allows use of a small organic counter ion – 

tetramethylammonium ([N(CH3)4]
+, TMA+) – which can be removed 

through thermal decomposition. This can be leveraged in the fabrication 

of solid-state materials, e.g. thin films, from polyoxoniobate ions.[11] 

2.2 Activation pH 

The pH is important in controlling the product formed in the synthesis of 

polyoxometalates. The syntheses of [M6O19]
8– and [M10O28]

6– (M = Nb or 

Ta) have been described as one-pot syntheses under hydrothermal 

conditions and differ only in the amount of base needed, in accordance 

with eq. 2. 1 and eq. 2. 2. 

(Ratio of M:OH– 1.67) 

5 𝑀2𝑂5(𝑠) + 6 [𝑂𝐻](𝑎𝑞)
−

𝛥 180 °𝐶
→     [𝑀10𝑂28](𝑎𝑞)

6− + 3𝐻2𝑂(𝑙) 

eq. 2. 1 

(Ratio of M:OH– 0.75) 

3 𝑀2𝑂5(𝑠) + 8 [𝑂𝐻](𝑎𝑞)
−

𝛥 180 °𝐶
→     [𝑀6𝑂19](𝑎𝑞)

8− + 4 𝐻2𝑂(𝑙) 

eq. 2. 2 

The predominance of a species is directly correlated to the amount of base 

in solution. For the polyoxoniobates, Nb10 is stable around neutral pH and 
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dissociates to Nb6 above pH ca 7.5.[12] Nb6 does not form other species at 

elevated pH, however a third species, [Nb20O54]
8– (Nb20), forms on 

dimerisation Nb10.
[8a] Formation of Nb20 would require an Nb:OH– ratio of 

2.5 and is yet to be made directly from niobic acid. Notwithstanding this, 

Nb20 has been made through reaction of acid precipitated Nb6 re-dissolved 

in organic solvent and heated,[8a] or by acidification of aqueous solutions 

of Nb10.
[8b]  The decatantalate cluster [Ta10O28]

6– (Ta10) is also known but 

similarly has not been prepared from tantalic acid, but – analogously to 

Nb20 – is made by redissolving acid-precipitated Ta6 in organic solvent.[7] 

More so, the Ta6 cluster does not form other species at elevated pH, 

similarly to Nb6, however it begins to dissociate below pH 10.[13] 

Prior to commencing the activation pH experiments, however, the optimal 

irradiation time had to be determined. This was done by ensuring the 

amount of niobic/tantalic acid, anhydrous Nb2O5 and TMAOH were kept 

constant, such that the metal:hydroxide (M:OH–) ratio = 1.67, while the 

irradiation time was varied from 5 – 120 minutes. The M:OH– ratio of 1.67 

was chosen because based on eq. 2. 2, this is the point at which the least 

amount of hydroxide is necessary for dissolution to form a decametalate 

species. Raman spectroscopy was done to monitor the change in pH with 

irradiation time, as the characteristic Raman signals for the formation of 

Nb10, Nb6 and Ta6 can be assigned based on literature,[14] known samples 

and computation (Table 2.2).  

Table 2.2 Comparison of computed Raman frequencies in wavenumber (cm-1) of the 

terminal M=O stretching mode at different levels of density functional theory. Adapted 

from Rambaran et al[7] Computational details are available in Paper I. 

Polyoxometalate PBE OPBE PBE0 Experimental 

Nb10 957 936 957 930 

Nb6 854 833 856 888 

Ta6 828 810 832 877 
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Figure 2.1a shows how the pH decreases with increased irradiation time at 

a fixed M:OH– ratio for niobic and tantalic acid, and anhydrous Nb2O5; 

while Figure 2.1.b – d shows the corresponding Raman spectra for the 

same conditions. In Figure 2.1, the Nb10 is identifiable by the strong 

symmetric stretching of the four Nb=O groups at 930 cm-1[14a] 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 Nb2O5 (Figure 2.1), the Nb6 stretching of six Nb=O 

groups occurs at 886 cm-1[14b] and is similarly visible after 5 minutes of 

irradiation with pH >13. There is a consistent decrease in pH down to pH 

12.43, with a corresponding increase in the intensity of the Nb=O 

stretching at 886 cm-1, after irradiating for 60 minutes. A longer heating 

time did not promote any substantial difference in the pH or formation of 

Nb6. Ta6 formation was apparent from the stretching of six Ta=O at 863 

cm-1,[14b] analogously to Nb6 , and was apparent after 5 minutes of 

irradiation of tantalic acid (Figure 2.1) with pH decreasing to 12.6 from 

pH >13. There was a small decrease in pH to 12.46 after 15 minutes of 

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 minutes was required for 

anhydrous Nb2O5. 
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Figure 2.1. Change in pH with irradiation time of niobic acid, anhydrous Nb2O5 and 

tantalic acid at M:OH– ratio = 1.67  a), Raman spectra of Nb10 b), Nb6 c) and Ta6 d) from 

varied microwave irradiation times of niobic acid, anhydrous Nb2O5 and tantalic acid, 

respectively, at M:OH– = 1.67. Spectra are normalised against the TMA signal at 750 

cm-1. 

To determine why it was only possible to synthesise: 1) Nb10 and Nb6 from 

niobic acid, but only Nb6 from anhydrous Nb2O5 and 2) only Ta6 from 

tantalic acid and not Ta10, 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 Nb2O5 and tantalic acid was determined. Notably, 

microwave irradiation of anhydrous Ta2O5, 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 anhydrous Nb2O5 added to the reaction 

vessel, while the amount of TMAOH reacting during microwave 

irradiation was kept constant. The rationale for these experiments, based 

on eq. 2. 1 and eq. 2. 2, is that a decrease 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 from 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 2.2a, the pH for niobic acid decreased from >13 to a minimum 

of ca 6.9 when a Nb:OH– ratio of 1.67 was used i.e. ca 100% of the 

stoichiometric amount of niobic acid in the synthesis of Nb10 (eq. 2. 2). 

Adding additional niobic acid did not further lower the pH. With tantalic 

acid, the pH decreased from >13 to ca 12.3 when the Ta:OH– ratio was 

2.0. In this case, tantalic acid is in excess of the stoichiometric requirement 

for synthesis of Ta10 (eq. 2. 2). Adding additional tantalic acid similarly 

did not further lower the pH. For anhydrous Nb2O5, the pH decreased from 

>13 to ca 12.2 when the Nb:OH– ratio was 2.67 and did not exhibit a 

decrease in pH with additional anhydrous Nb2O5. This was indicative of 

an “activation pH” for the different oxides, as below 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 2.2b), shows the formation of Nb6 and Nb10 from varying the 

Nb:OH– ratio during microwave irradiation. At a Nb:OH– ratio of 1.67, 

where pH is 6.9, the Nb10 is identified by the stretching of the Nb=O groups 

at 930 cm-1. As the Nb:OH– ratio decreases to 1.00, the pH subsequently 

increases to 9.93 and both Nb10 and Nb6 (898 cm-1) are present in solution, 

albeit Nb10 is present with a lower intensity relative to TMA. The peak at 

898 cm-1 corresponds to the symmetric stretching mode of Nb=O groups 

in Nb6. With further increase in pH to 12.55 i.e. at Nb:OH– =0.67, the 

Nb=O stretching of Nb6 shifts to 888 cm–1 due to deprotonation of Nb6 – 

a trend which is reproducible with DFT calculations.[14a] Further increase 

in pH to >13 at Nb:OH– = 0.33 similarly elicits a shifting of the Nb=O 

stretching to 885 cm-1. 
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For anhydrous Nb2O5 in Figure 2.2c, based on the peak at 887 cm-1, only 

Nb6 formed with each incremental addition of metal oxide down to the 

lowest pH of 12.17, which was attained at Nb:OH– = 2.67. This reiterates 

the previous finding that anhydrous Nb2O5 will not dissolve below pH 12 

and will therefore only yield the polyoxoniobate species that predominates 

within this pH region, i.e. Nb6.  

Likewise, Figure 2.2d shows that with tantalic acid, only the characteristic 

Ta=O stretching of the Ta6 cluster (863 cm-1) was observed up to a Ta:OH– 

ratio of 1.67 and pH of 12.43. This confirmed that the Ta6 is the only 

polyoxotantalate attainable via one-pot synthesis of tantalic acid, due it 

being stable at pH ≥12.[13]  

 

Figure 2.2. Change in pH at different M:OH– ratios (M = Nb or Ta) of niobic acid, 

anhydrous Nb2O5 and tantalic acid a), Raman spectra of Nb10 and Nb6 b), Nb6 c)and Ta6 

d) formed at varied M:OH– ratios of niobic acid, anhydrous Nb2O5 and tantalic acid, 

respectively. At M:OH– of 0.75 and 1.67 should yield M6 and M10, respectively. Spectra 

are normalised against the TMA signal at 750 cm-1. 
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These findings show how activation pH can be used, and how it dictates 

that target molecules accessible from a particular oxide are restricted to 

species that are stable at or above the activation pH of that oxide in a one-

pot synthesis. Hence, some compounds – such as Nb20 and Ta10 – are 

therefore only attainable through multi-step syntheses, as seen in the 

literature.[7-8] 

Both Nb6 and Nb10 obtained from niobic acid are stable above the 

activation pH of 7. The Nb20 is not, and hence its preclusion to form in the 

one-pot synthesis. This is why the syntheses shown in the literature is a 

multiple-step processes.[8] Furthermore, due to anhydrous Nb2O5 having 

an activation pH of ca 12 and considering that Nb10 is completely 

dissociated to Nb6 by pH 12.5,[12] it corroborates why Nb6 is the only 

accessible isopolyoxoniobate from anhydrous Nb2O5. In the case of 

tantalic acid, presumably only Ta6 is stable above the activation pH of ca 

12. Due to the similarity of pKas between Ta6 and Nb6,
[13, 15] the stability 

range of Ta10 is inferred to be similar to that of Nb10. Although the stability 

range of Ta10 is not explicitly known, the similarity it shares with Nb10 can 

be corroborated with observations made by Klemperer et al[16] As a 

consequence, Ta10 cannot 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 alkali-free, hydrothermal 

synthesis of decaniobate relied on prolonged heating of niobic acid and 

TMAOH) at elevated temperatures.[6] 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 anhydrous Nb2O5 i.e. commercially 

available niobium pentoxide. It was in the initial alkali-free, hydrothermal 

synthesis that anhydrous Nb2O5 yielded no product when reacted with 

TMAOH and was therefore deemed unreactive.[6] However, in Paper I, it 

was determined through microwave irradiation that anhydrous Nb2O5 
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actually has an activation pH (>12) and can be reacted to exclusively form 

the Lindqvist ion [Nb6O19]
-8.[9]  

With the establishment of an activation pH for anhydrous Nb2O5, it was 

hypothesised that the crystallinity of niobium pentoxide – known to be 

polymorphic – influences the solubility of this oxide. Geologist have 

considered niobium to be an immobile element and so, in principle, is ideal 

for use in monitoring the storage of nuclear waste, for example.[17] 

Intuitively this may be true, but it is on the premise that only a highly 

insoluble form of Nb2O5 is present within the ore (coltan) mined from the 

earth . 

Nb2O5 can exists as an amorphous oxide, or in an orthorhombic (ortho-

Nb2O5) or monoclinic (mono-Nb2O5) crystal system, depending on the 

temperature of heat treatment used to initiate a phase change. Nb2O5 will 

exist in an amorphous phase at temperatures ≤400 °C.[18] Upon heating to 

500 – 600 °C, the pseudohexagonal TT-Nb2O5 phase is formed.[19] More 

so, at 600 – 800 °C another phase change occurs to yield the orthorhombic 

Nb2O5 (ortho-Nb2O5 or T-Nb2O5).
[19] The ortho-Nb2O5 and TT-Nb2O5 are 

somewhat similar, but the main difference is that the TT-Nb2O5 is actually 

a poorly crystallised form of the ortho-Nb2O5, hence it is actually 

considered a metastable form of Nb2O5.
[19a] At 850 – 950 °C further phase 

transformation ensues resulting in tetragonal M-Nb2O5 phase, while at 

≥950 °C, the monoclinic Nb2O5 (mono-Nb2O5) is exclusively formed.[19] 

Considering that a fairly narrow temperature range separates the M-Nb2O5 

phase from the mono-Nb2O5, it is no surprise that M-Nb2O5 is actually a 

poorly crystallised form of mono-Nb2O5, and is thus a metastable form of 

Nb2O5 as well.[19] Notably, the polymorphism of Nb2O5 is discussed in 

more detail in chapter 3.3. 

To determine how the solubility of Nb2O5 changes with crystallinity, the 

final pH of the syntheses as a function of annealing temperature was 

investigated. A series of suspensions of two different types of niobic acids 

– CBMM and TANIOBIS – annealed at 400 – 1200 °C, were prepared in 

TMAOH at a fixed Nb:OH– ratio of 1.67. They were microwave irradiated 

for 15 minutes, 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, dissolution of the metal oxide ensues 

and it should be accompanied by a decrease in the pH.  

In Figure 2.3, there was relatively no dissolution of Nb2O5 annealed at 

1000 – 1200 °C due to the pH of the supernatants remaining at ca 13.9. A 

slight decrease in pH, however, occurred from ca 13.9 down to ca 13, for 

both niobic acid sample types as the annealing temperature decreased from 

1000 °C to 600 °C. For both CBMM and TANIOBIS annealed 400 °C, the 

pH decreased to ca 10 and was accompanied by complete dissolution of 

Nb2O5. From the activation pH study in Paper I, dissolution of niobic acid 

ensues as the base is consumed at pH >13,[9] and is similarly accompanied 

by a decrease in pH. This reactivity is therefore consistent with the 

established activation pH of niobic acid.  

 

 

Figure 2.3. Change in pH relative to the annealing temperature of the supernatant 

recovered after microwave irradiation of niobic acid suspensions. The Nb:OH– ratio = 

1.67. 

Analysis of the supernatants with Raman spectroscopy indicated the 

formation Nb6 and Nb10 for both CBMM (Figure 2.4) and TANIOBIS 
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samples (Figure 2.5) annealed at 400 °C (pH ca 10), while only Nb6 was 

present for Nb2O5 annealed at higher temperatures. Decaniobate is stable 

at neutral pH, however it dissociates to Nb6 at pH >7.5, and rapidly 

dissociates at pH >9.5.[12] The Raman signal at 930 cm-1 is consistent with 

Nb=O symmetric stretching of Nb10, while the Nb=O symmetric stretching 

of Nb6 occurs at 898 cm-1.[9] For niobic acid samples annealed at 600 – 900 

°C (pH ≥13), the Nb=O symmetric stretching of Nb6 shifts to lower 

frequencies (890 – 875 cm-1) with an increase in pH. The shifting of Raman 

signals to lower frequencies – relative to increased pH – is characteristic 

of deprotonation of the Nb=O groups in Nb6.
[9] Notably, Nb=O symmetric 

stretching of Nb10 does not shift with pH, as its Nb=O groups are not 

protonated.[12] Therefore, it can be inferred that the rate of deprotonation 

of Nb6 is increased for niobic acids annealed at higher temperatures.  

As the annealing temperature increased from 400 – 900 °C, there was also 

a concomitant decrease in the intensity of Nb=O stretching of Nb6, which 

corresponds to a similar decrease in the formation of Nb6. At 1000 and 

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 pH at ca 13.9 for this temperature range, i.e. very 

little base has been consumed to promote formation of Nb6. 
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Figure 2.4. Raman spectra of Nb10 and Nb6 formed in the supernatant of CBMM annealed 

at 400 – 1200 °C, when the Nb:OH- ratio = 1.67. 

 

Figure 2.5. Raman spectra of Nb10 and Nb6 formed in the supernatant of TANIOBIS 

annealed at 400 – 1200 °C, when the Nb:OH- ratio = 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 annealing temperature (Figure 2.6). The broad Raman 

peak at 660 cm-1 in both niobic acid types annealed at 400 °C is attributable 

to Nb-O stretching in NbO6 octahedra,[11] while the weaker and broad peak 

at 915 cm-1 is likely due to small concentrations of Nb=O surface sites 

formed after thermal treatment.[18] For the CBMM, the broad peak at ca 

688 cm-1 is characteristic of Nb-O stretching in NbO6 octahedra and is 

associated with ortho-Nb2O5, formed at 600 – 800 °C (Figure 2.6a).[11] At 

900 °C, ortho-Nb2O5 was still present but on reaching 1000 °C and 1200 

°C a phase change occurred and the mono-Nb2O5 was formed. This was 

confirmed by the presence of a sharp peak at 992 cm-1 which corresponds 

to Nb=O stretching of mono-Nb2O5.
[11] 

The TANIOBIS  sample similarly crystallised with increased temperatures 

and formed ortho-Nb2O5 at 600 – 800 °C, owing to the presence of the 

symptomatic broad signal at 688 cm-1  and the absence of Nb=O groups 

(Figure 2.6b). There was, however, an indication that the mono-Nb2O5 

phase had formed at 900 – 1200 °C, due to the presence of the Nb=O 

stretch at 992 cm-1. The phase purity of the CBMM and TANIOBIS sample 

residues (600 – 1200 °C) remaining after removal of the supernatant was 

also determined to be identical to their unreacted powder counterparts 

(Figure 2.6c and Figure 2.6d). 

. 
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Figure 2.6. Raman spectra of powdered CBMM (a) and 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:OH– ratio = 1.67. Spectra were normalised 

relative to the Nb=O stretch occurring at 992 cm-1.  

The annealed 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 in Figure 2.7 and Figure 2.8, respectively. For both 

niobic acid sample types, the powders annealed at 400 °C remained 

amorphous. Between 600 – 900 °C for the annealed CBMM powders, the 

diffraction patterns were consistent with formation of the ortho-Nb2O5 

phase and this was confirmed with Rietveld refinement (see Appendix II: 

PXRD). With annealing at 1000 – 1200 °C, the diffractograms obtained 

are consistent with the mono-Nb2O5 phase and this too was confirmed with 

Rietveld refinement (see Appendix II: PXRD). 
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In the case of the TANIOBIS powders (Figure 2.8), they exhibited PXRD 

patterns characteristic of the ortho-Nb2O5 phase at 600 – 800 °C; as 

determined from Rietveld refinement (see Appendix II: PXRD). However, 

based on Rietveld refinement (Figure S.II. 15), at 900 °C there was a mixed 

phase of mono-Nb2O5 (82% wt.) and the ortho-Nb2O5 phase (18% wt.), 

but at 1000 and 1200 °C the mono-Nb2O5 had exclusively formed (see 

Appendix II: PXRD). The PXRD patterns of the CBMM and TANIOBIS 

residues were in agreement with their respective annealed samples, and 

this was also confirmed via Rietveld refinement (see Appendix II: PXRD). 

 

Figure 2.7. PXRD patterns of powdered CBMM niobic acid annealed at 400 – 1200 °C. 
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Figure 2.8. PXRD patterns of powdered TANIOBIS niobic acid annealed at 400 – 1200 

°C. 

The morphology of the annealed CBMM and TANIOBIS was also 

characterised via SEM to determine the change in crystallinity after 

heating. With annealing up 600 °C (Figure 2.9a), the powder remains 

amorphous. However, at 700 °C, the particles appear visibly fused 

subsequent to heating (Figure 2.9b) – thereby increasing in size – and this 

continued with each successive increase in temperature up to 900 °C 

(Figure 2.9c and Figure 2.9d). Though a phase change occurs at 800 °C, 

the Nb2O5 particles remain spherical at 600 – 900 °C. At 1000 °C, after 

conversion to mono-Nb2O5, the particles have grown into large crystalline 

rods (Figure 2.9e). The crystallinity of mono-Nb2O5 is enhanced at 1200 

°C as the rods grow larger (Figure 2.9f). Likewise, the increase in particle 

size relative to annealing temperature occurs in the niobic acid from 

TANIOBIS (Figure 2.10). 
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Figure 2.9. SEM images of CBMM niobic acid sample annealed 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 acid sample annealed at 600 °C (a), 700 

°C (b), 800 °C (c), 900 °C (d), 1000 °C (e) and 1200 °C (f). 

The increased particle size of the annealed niobic acid powders, relative to 

increasing annealing temperature, was determined using dynamic light 

scattering (Figure 2.11). It was observed that there was a gradual increase 

in particle size at 600 – 900 °C, with a significant increase in particle size 

at 1000 – 1200 °C; much like what is seen in the particle growth 

morphology. 
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Figure 2.11. Average particle size of Nb2O5 particles relative to annealing temperature. 

Conclusion 

Microwave irradiation in the synthesis of Nb10, Nb6 and Ta6 has proven to 

be a rapid and efficient alternative to conventional hydrothermal methods, 

while offering equal – if not greater yields – of product. Furthermore, 

through microwave irradiation, the concept of an activation pH of 

anhydrous Nb2O5, niobic and tantalic acids has been devised to explain 

what products are accessible from each oxide and under what conditions. 

The solubility of Nb2O5 is dependent on the previously established 

activation pH as well as the crystallinity of Nb2O5. Amorphous Nb2O5 

(niobic acid) has the lower activation pH (6.9) and so the decaniobate ion 

is attainable via a one-pot synthesis of this precursor, unlike ortho- and 

mono-Nb2O5 which both possess the same activation pH (>12). Only the 

hexaniobate ion is attainable via a one-pot synthesis of ortho- and mono-

Nb2O5. Despite the shared activation pH, the formation of the hexaniobate 

ion decreases in mono-Nb2O5, when compared to ortho-Nb2O5. This 

demonstrates that the dissolution of Nb2O5 is dependent on the crystallinity 

of Nb2O5, whereby the solubility of Nb2O5 decreases in the order: 

amorphous Nb2O5 >> ortho-Nb2O5 > mono-Nb2O5.  
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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 solid-state metal oxides is 

described. Owing to the discrete nature of these polyoxometalate (POM) 

ions and their simple speciation chemistry, their structures and 

composition can be known with confidence. Targeted synthetic 

modifications can therefore be used to tune their structures and 

compositions similarly.[1] This is of relevance towards the preparation of 

extended materials, such as thin films. At a minimum, 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 these non-volatile 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 extended 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 heterometals.[2] The polyoxoniobates and 

polyoxotantalates have traditionally been synthesised with hydrothermal 

methods,[2a, 2b, 2d, 3] however the process requires heating for extensive 

periods (sometimes overnight or more) at elevated temperatures. With 

microwave synthesis, the POMs can be made much quicker – ca 15 

minutes – and in gram quantities, while offering a higher yield when 

compared to hydrothermal methods.[4] Tetramethylammonium, 

[N(CH3)4]
+ (TMA), salts of the non-toxic polyoxoniobates and 

polyoxotantalates have very high solubilities in water – a gram or more per 

millilitre of solvent – 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 retaining the 

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 atoms – including 

atom distances – may be possible to control. 

Despite there being a variety of methods for making metal oxide films, 

there are innate limitations. Sputter deposition,[5] sol-gel methods,[6] or 

laser ablation methods[7] may suffer from issues of reproducibility and/or 

cost.[7] The use of polyoxometalates overcomes these limitations, and 

facilitates the deposition of heteroatom doped metal oxide films via wet 

chemical methods. Film preparation through spin coating of benign, non-

volatile, aqueous precursors that can easily be made in bulk quantities, are 

all qualities that merit this approach. 

It was conceptualised that polyoxometalate ions – through aqueous 

deposition – can mimic the rudimentary stacking of LEGO bricks, to build 

solid-state thin films in a similar manner. Whereby, depending on the 

desired physical properties (crystallinity, roughness and thickness), 

solution deposition – through spin coating – of polyoxometalate precursors 

enables an easily controllable and reproducible method of depositing metal 

oxide surfaces. Subsequent to film deposition, 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 using LEGO bricks to build an 

object, POMs can be envisioned as ‘molecular building blocks’ for making 

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 and 

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 to a “polyoxometalate 

toolbox” for developing tunable surfaces; since the polyoxometalate ions 

function as distinct molecular building blocks. Figure 3.1 gives a 

schematic depiction of the steps involved in the deposition of 
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polyoxometalate thin films, inclusive of substrate preparation (surface 

activation), deposition (spin coating) and film formation (densification). 

These processes were repeated in sequential order to facilitate the 

deposition of successive layers of films.  

 

Figure 3.1. Schematic representation 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 polyoxoniobates[8] and 

polyoxotantalates[9] for the solution deposition of Nb2O5 and Ta2O5 

surfaces, respectively. These previous studies have however been limited 

to temperatures ≤800 °C in their investigations. Therefore, the phase 

changes occurring in Nb2O5 and Ta2O5, along with other physical changes 

occurring at temperatures ≥800 °C were not studied. Hence, only 

amorphous and/or orthorhombic Nb2O5 and Ta2O5 thin films were formed. 
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For example, the decaniobate (Nb10; [Nb10O28]
6-) ion has been used for 

aqueous deposition of Nb2O5 and Nb2O5-ITO thin films on glass to 

investigate electrochromic and electrochemical properties.[8c] Due to glass 

being thermally stable at temperatures ≤400 °C, this study was limited in 

that aspect for the annealing process. Therefore only amorphous Nb2O5 

would form. The chemical condensation of Nb2O5 through use of Nb10 in 

the presence of formic acid was also investigated at room temperature and 

this similarly promoted formation of amorphous Nb2O5.
[8c]  

Thin films of Nb2O5 and Ta2O5 have previously been deposited onto 

silicon wafers using aqueous tetramethylammonium hexaniobate (Nb6; 

[Nb6O19]
8-) and hexatantalate (Ta6; [Ta6O19]

8-) solutions, respectively.[9a] 

It was found that Ta6 always yields smooth Ta2O5 films, regardless of 

annealing temperature. On the contrary, this was unlike the Nb2O5 films 

obtained from Nb6 – especially at 600 and 800 °C; despite Nb6 and Ta6 

both possessing the Lindqvist structure.  

The use of aqueous Ta6 solutions to deposit orthorhombic Ta2O5 thin films 

onto silicon wafer has also been studied. Mansergh et al[9b] determined 

film thickness would increase accordingly with higher concentrations of 

Ta6, whereas a decrease in thickness would accompany annealing at higher 

temperatures. The process of counter ion decomposition and water loss are 

promoted as temperature increases and these 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 Ta2O5 films at temperatures above 600 °C.[9b] Although multiple layers 

of Ta2O5 thin films were deposited in this study, there was no discernible 

separation of layers to indicate the formation of different layers in this 

film.[9b] 

As an expansion to the formation of amorphous Nb2O5 films via 

condensation in formic acid, the acid-catalysed condensation of Nb6 and 

Ta6 has also been explored; however, by using electrochemical methods. 

Saez Cabezas et al[9c] deposited Nb2O5 and Ta2O5 thin films, from Nb6 and 

Ta6, respectively, by water oxidation. The Nb2O5 and Ta2O5 films 

exhibited an increase 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. Beyond this, 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 interest (see 

chapter 5 for a more in depth description of KNN). By using potassium 

and sodium hexaniobate solutions,[10] multiple layers of KNN thin films 

have been spin coated to yield homogeneous thin films. Due to 

hexaniobate being stable at pH ≥9,[11] use of this method with alkali 

precursors are therefore limited to species/dopants chemically compatible 

under these conditions.  

3.3 Polymorphism of Nb2O5 and Ta2O5 

3.3.1 Nb2O5 

The formation of crystalline Nb2O5 is interesting due to the temperature- 

dependent polymorphism displayed by this oxide (Figure 3.2). Though 

orthorhombic (ortho-Nb2O5 or T-Nb2O5, Figure 3.3) and monoclinic 

(mono-Nb2O5 or H-Nb2O5, Figure 3.4) crystal systems are of particular 

interest to this work, there are other polymorphs such as the 

pseudohexagonal (TT-Nb2O5) and tetragonal (M-Nb2O5) phases.[12] 

Heating of the amorphous Nb2O5 (niobic acid) within specific temperature 

ranges renders the spontaneous formation of the different Nb2O5 

polymorphs. Namely, TT-Nb2O5 forms between 500 – 600 °C; ortho-

Nb2O5 at 600 °C – 800 °C; M-Nb2O5 at 850 °C – 950 °C and mono-Nb2O5 

at >950 °C.[12a, 12c] The TT-Nb2O5 phase, though similar in structure to 

ortho-Nb2O5, has been determined to be a lower crystallinity form of ortho-

Nb2O5. 

Ko and Weissman[12a] determined that TT-Nb2O5 possesses: 1) some 

oxygen atoms being replaced by monovalent species (OH- or Cl-) or 

crystallographic vacancies (previously considered impurities) and 2) Nb 

atoms positioned in two crystallographically similar sites. This is unlike 

ortho-Nb2O5, where Nb atoms can occupy either one or the other of 
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equivalent crystallographically similar sites. The latter difference in Nb 

atoms occupancy between TT-Nb2O5 and ortho-Nb2O5 is exhibited 

through a broadening of peaks for reflections (2θ = 20 to 25°) in TT-

Nb2O5, while there is a splitting of peaks for the corresponding reflections 

in ortho-Nb2O5.
[12a] The M-Nb2O5 is also a poorly crystallised form of 

mono-Nb2O5, therefore both the TT-Nb2O5 and M-Nb2O5 are considered 

as metastable forms of the Nb2O5 phase.[12] 

 

Figure 3.2. Temperature dependent polymorphism of Nb2O5. 
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Figure 3.3. Arrangement of NbO6 octahedra in ortho-Nb2O5 (a) and packing in the ortho-

Nb2O5 crystal lattice (b). Red spheres and light blue polyhedra represent oxygen and 

niobium atoms, respectively. 

 

 

Figure 3.4. Arrangement of NbO6 octahedra in mono-Nb2O5 (a) and packing in the mono-

Nb2O5 crystal lattice (b). Red spheres and light blue polyhedra represent oxygen and 

niobium atoms, respectively. 



 

73 

 

3.3.2 Ta2O5 

Anhydrous Ta2O5 also exhibits polymorphism. It exists in an orthorhombic 

(ortho-Ta2O5) crystal system (Figure 3.5) below 1360 °C. It, however, 

reversibly converts to the high temperature form (H-Ta2O5 phase) above 

1360 °C.[13] Like the ortho-Nb2O5, there are also TaO7 polyhedra present 

in ortho-Ta2O5 and this is a distinctive feature because these groups are 

absent in the mono-Nb2O5. Other Ta2O5 polymorphs are accessible, but 

require high pressures to promote their formation.[14] There are also 

metastable polymorphs of Ta2O5, such as the hexagonal TT-Ta2O5 or 

orthorhombic T-Ta2O5.
[15]  

 

Figure 3.5. Arrangement of TaO6 and TaO7 polyhedra in ortho-Ta2O5 (a) and packing in 

the ortho-Ta2O5 crystal lattice (b). Red spheres and dark blue polyhedra represent oxygen 

and tantalum atoms, respectively. 

In addition to anhydrous niobium and tantalum pentoxides, hydrous Nb2O5 

(niobic acid) and Ta2O5 (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 counterparts.[4] This enables them to be 

excellent precursors in polyoxoniobate and –tantalate synthesis.[2d, 3]  



 

74 

 

3.4 Titanium-niobium oxides 

There are also niobium oxides, which contain titanium as a heteroatom 

within the lattice to form titanium-niobium oxides. These also may possess 

orthorhombic and monoclinic crystallinity, or may even be dimorphic. The 

titanium-niobium oxides which are relevant to this work are Ti2Nb12O29 

and TiNb2O7. Ti2Nb12O29 is dimorphic because it exists in both the 

orthorhombic and monoclinic crystal systems (Figure 3.6),[16] while the 

TiNb2O7 exhibits the monoclinic crystallinity (Figure 3.7).[17] These 

titanium-niobium oxides have traditionally been made via solid-state 

synthesis, using direct calcination of niobic acid and TiO2 at temperatures 

≥1000 °C.[16-18]  

Otherwise, there are sol-gel methods utilising moisture-sensitive reagents 

such as niobium citrate and titanium isopropoxide,[19] or niobium 

pentachloride and titanium isopropoxide.[20] These act as precursors  to 

niobic acid and TiO2, 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 required to form the titanium-niobium oxides 

from solid Nb2O5 and TiO2. The titanium-niobium oxides are relevant to 

the development of energy storage devices, as they are considered suitable 

anode materials for lithium-ion batteries. This would facilitate replacement 

of graphite or Li4Ti5O12 anodes currently used.[21]  
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Figure 3.6. Arrangement of TiO6 and NbO6 polyhedra in Ti2Nb12O29 (a), packing in the 

orthorhombic (b) and monoclinic (c) Ti2Nb12O29 crystal lattice. Red spheres, grey and 

light blue polyhedra represent oxygen, titanium and niobium atoms, respectively. 

 

Figure 3.7. Arrangement of TiO6 and NbO6 polyhedra in TiNb2O7 (a) and packing in the 

monoclinic TiNb2O7 crystal lattice (b). Red spheres, grey and light blue polyhedra 

represent oxygen, titanium and niobium atoms, respectively. 
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3.5 Surface activation 

Silicon wafers are excellent substrates for spin coating and annealing 

experiments at temperatures ≤1200 °C; above this the wafers become 

brittle. The high smoothness and chemical inertness of the wafers further 

accentuates their suitability for the aqueous deposition and annealing 

experiments. However, although the surface of the silicon wafer is 

hydrophilic – i.e. contact angle 0° < θ < 90° – the wettability 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 spreading of a droplet on the surface so θ 

approaches 0°. The relationship between the measured contact angle (θ) 

and surface free energy can be given as 

𝑐𝑜𝑠𝜃 = 2𝛽 (
𝛾𝑙
𝛾𝑠
)

1
2
− 1 

eq. 3. 1 

where β is a constant representing the ratio of surface free energies of the 

solid-gas and liquid-gas interfaces, γl and γs are the surface free energy of 

water and the substrate, respectively. This equation is a simplification of 

Young’s equation for the relationship between contact angle and 

interfacial energy. Nonetheless, from eq. 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 solid-liquid interface, while the surface 

free energy of the solid simultaneously contributes to the adhesive forces 

at the solid-liquid interface. The cohesive forces of the liquid are those 

which render the droplet to attain the uniform spherical shape – as induced 

by the surface tension. Adhesion of the droplet to the surface, i.e. wetting, 

is correlated to the surface free energy of the solid at the solid-liquid 

interface. Hence, when the surface free energy of the solid exceeds the 

surface free energy (surface tension) of the liquid, adhesion of the droplet 

predominates and wetting ensues – the surface is hydrophilic.  
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Therefore, after sufficiently increasing the surface free energy of the 

substrate, θ 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 depicted in Figure 3.8. Silicon 

substrates were chemically etched in piranha solution – a 3:1 solution of 

concentrated sulphuric acid and 30% hydrogen peroxide – before being 

treated with atmospheric pressure plasma in a plasma chamber. This 

plasma treatment was used in tandem with the piranha etch to provide a 

pristine surface for the aqueous deposition of polyoxometalate films. 

 

Figure 3.8. Surface activation of the silicon wafers, through plasma treatment or piranha 

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 layer of film was annealed. This 

‘cycle’ was repeated three times to facilitate the deposition of four 

successive layers of metal oxide films. Plasma treatment activates the 

surface of the silicon wafer to enhance the hydrophilic properties.[22] The 

piranha solution, like the plasma treatment, was used to enhance 

hydrophilic properties – via surface hydroxylation – of the silicon 

substrate.  
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Piranha solution has been used by Seu et al[23]  to increase the silanol (Si-

OH) groups on a glass (silica) substrate to render it more 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 substrate.[22] 

Notably, it was not possible for Seu et al[23] to quantitatively determine the 

change in the hydrophilicity of the glass substrates, as they were too 

hydrophilic and that precluded contact-angle measurements. A similar 

outcome was present in the current study, because the silicon substrates 

were practically super hydrophilic after surface 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 titanium-niobium oxide films would lead to chemical etching of 

the surface. 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 Si-O-Nb bonds on the surface of the silicon substrate is 

responsible for adhesion of the Nb2O5 film to the substrate, similarly to the 

fabrication of Nb2O5 on a silica surface for catalytic applications.[24] 

Annealing of a silicon wafer at temperatures ≥800 °C causes a decrease in 

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 (Si-O-Si) groups.[22] The deposited Nb2O5 film resides at the 

boundary of this silica layer, whereby adhesion of the Nb2O5 film to the 

silicon wafer is possible through the formation of Si-O-Nb bonds at the 

silica-Nb2O5 interface. The films annealed at temperatures 800 °C and 

1000 °C concomitantly formed said Si-O-Nb bonds after the first film 

deposition. The formation of Nb-O-Nb bonds, however, at the surface of 

the previously deposited Nb2O5 films are necessary for the adhesion of 

another deposited layer of Nb2O5 film. Nb-O-Nb bonds are inherently 

formed when the [Nb10O28]
6- cluster breaks apart – with heating – to form 

Nb2O5. However, initiating this type of bonding between two separate 

Nb2O5 films in the solid-state is a challenge.  
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The Nb=O groups present at the Nb2O5 surface limits (if not preclude) 

hydroxylation of niobium-oxygens bonds, i.e. there is no formation of Nb-

OH groups. Hence, despite the Nb2O5 films being hydrophilic,[6] the latter 

occurrence concomitantly hinders the wettability of Nb2O5 films. This is 

unlike the hydrophilicity exhibited by a silica surface, due to the presence 

of silanol groups, which readily facilitates wetting.[23] For this reason, the 

plasma treatment process was utilised to promote the hydrophilic 

properties of the Nb2O5. This in turn enhances wetting and fosters the 

adhesion of successively deposited Nb2O5 films. 

3.6 Deposition of polyoxometalate films 

3.6.1 Polyoxometalate ions or ‘molecular building blocks’ 

The tetramethyl ammonium (TMA) salts of the polyoxoniobate (Nb6, Nb10, 

TiNb9, Ti2Nb8) and polyoxotantalate clusters (Ta6) were used for the 

aqueous deposition of metal oxide films (Figure 3.9). The structures and 

solution chemistry these POMS are well known and have been studied in 

detail.[2c, 25] and on this premise they were selected for depositing thin 

films. Specifically, the site-specific 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 Nb10 beyond pH 7.5,[25c] to pH 6.5-12.0 in TiNb9.
[25d] When there 

is further substitution with two Ti to yield Ti2Nb8, the pH stability of the 

decametalate structure remains high – no dissociation or speciation is 

present at pH 12.5 in Ti2Nb8.
[25e] Knowing this, it was anticipated that 

heteroatom substitution in the decaniobate structure might confer 

structural changes in the formation of solid-state niobium oxides. Since 

microwave irradiation facilitates synthesis of these clusters within 30 

minutes, scaling up this method abodes well for the production of large 

quantities of compound for industrial thin film fabrication. 
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Figure 3.9. The (a) [Nb10O28]6− (b), [TiNb9O28]7− (c), [Ti2Nb8O28]8− (d), [Nb6O19]8−  and 

(e) [Ta6O19]8−  polyoxometalate ions. Red, light blue, grey and dark blue spheres 

represent oxygen, niobium, titanium and tantalum atoms, respectively. Adapted from 

Rambaran et al[25] 

3.6.1.1 Ex-situ Raman spectroscopy of polyoxometalate clusters 

The vibrational frequencies of the terminal niobium-oxygen bond (Nb=O), 

shifts to lower frequencies as the overall charge of the polyoxometalate 

(POM) cluster increases for the isostructural decametalate clusters: 

[Nb10O28]
6-, [TiNb9O28]

7-, [Ti2Nb8O28]
8- (Figure 3.10). In Figure 3.11a, the 

Nb=O of [Nb10O28]
6- in solution (930 cm-1) shifted to lower frequencies, 

relative to the [TiNb9O28]
7- cluster in the solution phase (917 cm-1). 

Similarly, there was consistent diminution of the Nb=O vibrational 

frequency of the [Ti2Nb8O28]
8- cluster in the solution phase (905 cm-1) 

phase. The prevalence of this shifting in the Raman signals in the solution 

phase of the POMs, interestingly, accompanies a concomitant increase in 

Nb=O bond length relative to the increased negative charge of the POMs 

(Table 3.1). Notably, the same trend is present for the analogous solid 

phase Raman signals of the POMs (Figure 3.11b). 

The [Nb6O19]
8- and [Ta6O19]

8- clusters – though similar in charge to 

[Ti2Nb8O28]
8- – possesses the Lindqvist structure and therefore exhibit a 

different Raman spectrum altogether from the decametalate structures. The 

M=O stretches (M = Nb or Ta) in [Nb6O19]
8- and [Ta6O19]

8- are 869 cm-1 

and 877 cm-1, respectively, in solution phase (Figure 3.11c). However, in 
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the solid phase the M=O stretches reside at ca 874 cm-1 with significant 

overlap (Figure 3.11d). 

 

Figure 3.10. Change in Nb=O bond length relative to charge of the Nb10, TiNb9, and 

Ti2Nb8 decametalates. Table 3.1provides details regarding this change. 

 

Figure 3.11. Raman spectra of Nb10, TiNb9 and Ti2Nb8 in solution (a) and powdered (b) 

form, Nb6 and Ta6 in solution (c) and powdered (d) form. Spectra were normalised 

relative to the TMA signal at 750 cm-1. Adapted from Rambaran et al[26] 
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Table 3.1. Comparison of Raman shifts and bond length for the isostructural [Nb10O28]6-

, [TiNb9O28]7-, [Ti2Nb8O28]8- POM clusters. 

Polyoxometalate 

anion 

Raman shift (cm-1) of terminal 

M=O (Nb=O) mode 

Nb=O bond 

length (Å) 

Calculated(a) Experimental 

[Nb10O28]
6- 957 930 1.731(b) 

[TiNb9O28]
7- 940 917 1.746(c) 

[Ti2Nb8O28]
8- 921 905 1.765(d) 

(a) PBE0 functional,[25c-25e, 26] (b) CSD 1260716, (c) Ohlin et al[3], (d) Nyman et al[2a] 

3.6.2 Polyoxometalate concentration 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 3.12). At 200 – 400 °C, there is a significant decrease in film 

thickness, which is a consequence of hydration loss and thermal 

decomposition of the TMA counter ion. Likewise, there was a concomitant 

increase in film thickness relative to increased polyoxometalate 

concentrations, for the Nb10 and Ta6 films. At high polyoxometalate 

concentrations (0.5 M), however, the films are prone to spontaneous 

crystallisation after spin coating (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 particular, the 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 deemed suitable for depositing sufficiently thick films that could 

still be probed via this technique. 
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Figure 3.12. Thickness of Nb2O5 (a) and Ta2O5 (b) films obtained from annealing Nb10 

and Ta6, respectively, and determined by ellipsometry. Adapted from Rambaran et al[26] 

3.6.3 Polyoxometalates as molecular building blocks 

3.6.3.1 Nb10 films 

The Raman spectra of the Nb10 films annealed at 800 °C and 1000 °C 

yielded the ortho-Nb2O5 and mono-Nb2O5 films (Figure 3.13a), 

respectively and is consistent with the Raman spectra of ortho- and mono-

Nb2O5 powders obtained after annealing the solid TMA salt of Nb10 at the 

same temperatures (Figure 3.13b). The Raman spectrum of the mono-

Nb2O5 film exhibits the characteristic symmetric and asymmetric Nb=O 

Raman stretches at 993 cm-1 and 900 cm-1, respectively. Raman peaks 

occurring at higher frequencies (850-1000 cm-1), are due to the presence 

of highly distorted NbO6 octahedra and are characteristic of Nb=O 

bonds.[27] A distinctive feature of the mono-Nb2O5 Raman spectrum is the 

stretching of a collinear Nb-O-Nb bond at 840 cm-1, due to corner-shared 

NbO6 octahedra.[27] Raman peaks for Nb-O-Nb bonds are expected 

between 740 cm-1 and 580 cm-1,[28] however the presence of the collinear 

Nb-O-Nb bond outside this region is symptomatic of the highly distorted 

NbO6 polyhedra native to the mono-Nb2O5 structure.[27]  
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The characteristic broad Raman peak of ortho-Nb2O5 at 690 cm-1 is due to 

symmetric stretching of slightly distorted niobia polyhedra (NbO6 and 

NbO7), while the symmetric and asymmetric stretches of slightly distorted 

NbO6 octahedra in mono-Nb2O5 occur at 675 cm-1 and 634 cm-1, 

respectively (Figure 3.13a).[27] The Nb-O-Nb bond stretching in ortho-

Nb2O5 is not readily observable; however, it occurs at 557 cm-1 in mono-

Nb2O5. Nb-O-Nb bending modes are present at 315 cm-1, 225 cm-1 and 126 

cm-1 in ortho-Nb2O5. The characteristic µ3-O bond (O-Nb3) is observed at 

472 cm-1 in mono-Nb2O5.
[28]

 The assignments were made on the 

convention that the stretching of slightly distorted niobia polyhedra occurs 

at 650-690 cm-1, stretches of Nb-O-Nb bonds at 400-800 cm-1 and the Nb-

O-Nb bending modes at 200-300 cm-1.[27] 

The crystallinity of Nb2O5 films can therefore be altered by the choice of 

annealing temperature. The lack of signals indicating the presence of the 

TMA counter ion in both annealed powders and film, is indicative of 

thermal decomposition. This is an additional benefit of using the TMA 

salts of these POMs, as counter ion removal may not be possible via the 

use of alkali niobates. 

Powder XRD – via Rietveld refinement (Appendix II: PXRD) – further 

confirmed the assigned crystallinity of the Nb10 powders annealed at 800 

and 1000 °C (Figure 3.13c). More so, through PXRD, it was possible to 

show that amorphous Nb2O5 was formed after annealing Nb10 powders at 

200 and 400 °C (Figure 3.13c). This is attributable to previous results that 

indicate amorphous Nb2O5 transforms to crystalline Nb2O5 at temperatures 

exceeding 400 °C (Figure 3.2).[27] Figure 3.13d depicts the difference in 

packing of NbO6 octahedra within the Nb2O5 crystal lattice of ortho- and 

mono-Nb2O5. Films of Nb6 behaved similarly as films of Nb10, yielding 

ortho-Nb2O5 and mono-Nb2O5 at 800 °C and 1000 °C, respectively (Figure 

3.14). Notably, the broad Raman signal at ca 920 cm-1, is attributable to 

the presence of surface Nb=O groups, which are known to exist in 

amorphous Nb2O5 below 400 °C.[27] 
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Figure 3.13. (a) Raman spectra of [Nb10O28]6− films annealed at 800 °C and 1000 °C, (b) 

Raman spectra and (c) PXRD patterns of powdered [Nb10O28]6− annealed at 200–1000 

°C and (d) ortho-Nb2O5 and mono-Nb2O5 polymorphs of Nb2O5. Red spheres represent 

oxygen atoms and light blue polyhedra niobium atoms. Adapted from Rambaran et al[26] 

 

Figure 3.14. (a) Raman spectra of [Nb6O19]8− films annealed at 800 °C and 1000 °C, (b) 

Raman spectra and (c) PXRD patterns of powdered [Nb6O19]8− annealed at 200–1000 °C 

and (d) ortho-Nb2O5 and mono-Nb2O5 polymorphs of Nb2O5. Red spheres represent 

oxygen atoms and light blue polyhedra niobium atoms. Adapted from Rambaran et al[26] 
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3.6.3.2 TiNb9 films 

Based on established protocols for the preparation of titanium-niobium 

oxides,[16-20] it was surmised that a titanium-niobium oxide would be 

yielded from annealing said clusters. Wadsley[16] – in effort to elucidate 

the first crystal structures of Ti2Nb12O29 – determined that Ti2Nb12O29 is a 

dimorphic (orthorhombic and monoclinic) species. However, a subsequent 

neutron diffraction study by von Dreele and Cheetham[18a] only determined 

the orthorhombic crystal system of Ti2Nb12O29  to have formed from solid 

state synthesis. Wu et al[18b] alternatively determined the monoclinic 

crystal system of Ti2Nb12O29 to form exclusively after solid-state 

synthesis. In this study, instead of a solid-state synthesis, annealing of the 

TMA salt of [TiNb9O28]
7- (TiNb9) was exploited as a means of obtaining 

the Ti2Nb12O29 oxide. 

The Raman spectra of the [TiNb9O28]
7- cluster annealed at 800 °C and 1000 

°C both exhibited peaks at 997 and 890 cm-1, which are characteristic of 

the Nb=O bonding group (Figure 3.15). Deng et al,[20a] Pham-Cong et al[29] 

and Lou et al[20b] have previously published solid-state Raman spectra of 

Ti2Nb12O29 and they are all in agreement with the Raman spectra of 

Ti2Nb12O29 obtained in this study. The crystal structures of mono-Nb2O5 

and Ti2Nb12O29 are similar due to both possessing NbO6 octahedra, but 

they differ by the presence of TiO6 octahedra – which substitute for NbO6 

octahedra – within the crystal lattice of Ti2Nb12O29 (Figure 3.15d). The 

latter is a consequence of incorporating the Ti atom within the crystal 

lattice of Ti2Nb12O29.
[16] 

The Raman spectra of the TiNb9 films annealed at 800 °C and 1000 °C 

yielded the Ti2Nb12O29 film (Figure 3.15a) and is symptomatic of the 

Raman spectra of Ti2Nb12O29 formed after annealing the powdered TMA 

salt of TiNb9 at similar temperatures (Figure 3.15b). The Ti2Nb12O29 film 

exhibited symmetric and asymmetric Nb=O Raman stretching at 997 cm-1 

and 893 cm-1, respectively. Stretches of the NbO6 octahedra occur at 650 

cm-1 and 640 cm-1 in the Ti2Nb12O29 films formed at 800 °C and 1000 °C, 

respectively. The shifting of the NbO6 octahedra stretches to higher 

frequencies is likely due to the presence of TiO6 octahedra (which have 
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substituted some NbO6 octahedra) within the Ti2Nb12O29 crystal lattice.[30] 

Stretching of the Nb-O-Nb or Nb-O-Ti groups are likely exhibited at 546 

cm-1, in accordance with Raman stretches of Nb-O-Nb groups occurring at 

400-800 cm-1.[26] Furthermore, the Raman peaks at 347 cm-1, 264 cm-1, 163 

cm-1 and 128 cm-1 are likely due to the corresponding Nb-O-Nb or Nb-O-

Ti bending modes (symmetric and antisymmetric). 

The Raman spectra of films of TiNb9 annealed at 800 and 1000 °C looked 

very similar to those obtained from Nb10. Considering the thin film spectra 

agreed with the analogous TiNb9 powders annealed at the same 

temperatures, it set the precedence to determine the composition of the film 

using PXRD. Reitveld refinement determined (Appendix II: PXRD) this 

to be ca 80% wt. 1:1 orthorhombic and monoclinic Ti2Nb12O29 (Figure 

3.15c), as well as 20% wt. 1:1 orthorhombic and monoclinic Nb2O5, at 

both 800 °C and 1000 °C, respectively. The source of the Nb2O5 is 

attributable to the titanium:niobium (Ti:Nb) ratio in Ti2Nb12O29 being 

higher than in the starting material. The effect of this is also exacerbated 

by the formation of Nb6 an impurity in synthesis of TiNb9 (see Figure 

S.I.1).[25d]  
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Figure 3.15. (a) Raman spectra of [TiNb9O28]7− films annealed at 800 °C and 1000 °C, 

(b) Raman spectra and (c) PXRD patterns of powdered [TiNb9O28]7− annealed at selected 

temperatures and (d) the monoclinic Ti2Nb12O29 titanium–niobium oxide. Red spheres 

represent oxygen atoms, light blue and grey octahedra represent niobium and titanium 

atoms, respectively. Adapted from Rambaran et al[26] 

3.6.3.3 Ti2Nb8 films 

Previous studies[19, 31] attribute the Raman peaks occurring in the TiNb2O7 

spectrum at frequencies >850 cm-1 to stretches of MO6 (M = Nb or Ta) 

octahedra. However, Nb-O stretches from NbO6 octahedra do not normally 

occur at such high frequencies. Instead it is the Nb=O stretches that are 

localised to the region of 850-1000 cm-1; as a consequence of highly 

distorted NbO6 octahedra in mono-Nb2O5.
[27] It was also reported that the 

Raman peak at 840 cm-1 in TiNb2O7 is due to the presence of NbO4 

tetrahedra.[19] This claim, however, neglects the fact TiNb2O7 does not 

possess NbO4 tetrahedra in its crystal lattice.[17] Furthermore, the Raman 

peak at 840 cm-1 in mono-Nb2O5 is due to a collinear Nb-O-Nb bond 

formed from corner shared NbO6 octahedra.[27] Due to similarity of mono-

Nb2O5 and TiNb2O7 (also monoclinic), then it can be inferred that The 

Raman peak at 840 cm-1 in TiNb2O7 is due to a collinear Nb-O-Nb bond 

as well. 
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The crystal structure of TiNb2O7 is similar to that of mono-Nb2O5, much 

like the similarity between mono-Nb2O5 and Ti2Nb12O29. Both mono-

Nb2O5 and TiNb2O7 possess NbO6 octahedra, while they differ due to TiO6 

octahedra substituting for NbO6 octahedra within the crystal lattice of 

TiNb2O7. Furthermore, there is greater incorporation of the Ti atom within 

the crystal lattice of TiNb2O7.
[17]  

Films of Ti2Nb8 annealed at 800 °C and 1000 °C also exhibited Raman 

spectra that were consistent with the spectra of annealed of Ti2Nb8 

powders at the same temperatures (Figure 3.16a-b). The presence of 

Raman peaks at 1000 cm-1 and 888 cm-1 are characteristic of symmetric 

and asymmetric Nb=O stretching, respectively in TiNb2O7. Raman peaks 

at 646 cm-1 and 543 cm-1 are similarly attributable to stretches of NbO6 

octahedra and Nb-O-Nb bonds, respectively. The shifting of the NbO6 

octahedra stretching to higher frequencies is likewise consistent with the 

presence of TiO6 octahedra (substituting for NbO6 octahedra) within the 

TiNb2O7 crystal lattice (Figure 3.16d).  Raman peaks at 350 cm-1, 290 cm-

1, 268 cm-1, 168 cm-1, 134 cm-1 and 114 cm-1 are attributable to the 

corresponding Nb-O-Nb bending modes.[27]  

Rietveld refinement (Appendix II: PXRD) showed that the diffractogram 

of monoclinic TiNb2O7 obtained after annealing at 800 °C contained ca 

16% wt. 1:1 orthorhombic and monoclinic Ti2Nb12O29, while ca 34% wt. 

1:1 orthorhombic and monoclinic Ti2Nb12O29 were present after annealing 

at 1000 °C (Figure 3.16c). Formation of Ti2Nb12O29, is attributable to the 

decomposition of Ti2Nb8 to TiNb9 at elevated temperatures as determined 

by 17O-NMR spectroscopy (see Figure S.I.2). Likewise, the Ti:Nb ratio of 

TiNb2O7 is higher than in the starting material. Hence, the decomposition 

of Ti2Nb8 facilitates the formation of Ti2Nb12O29 to some extent, with 

annealing at 800 °C or 1000 °C. On the contrary, TiNb2O7 did not form 

whatsoever after annealing TiNb9 at 800 °C or 1000 °C. 
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Figure 3.16. (a) Raman spectra of [Ti2Nb8O28]8− films annealed at 800 °C and 1000 °C, 

(b) Raman spectra and (c) PXRD patterns of powdered [Ti2Nb8O28]8− annealed at 

selected temperatures and (d) the monoclinic TiNb2O7 titanium–niobium oxide. Red 

spheres represent oxygen atoms, light blue and grey octahedra represent niobium and 

titanium atoms, respectively. Adapted from Rambaran et al[26] 

3.6.3.4 Ta6 films 

Notably, when Ta6 solutions were spin coated to form a film and annealed 

at 800 °C and 1000 °C (like the other POMs), the Raman peaks diagnostic 

of ortho-Ta2O5 are significantly diminished in intensity, relative to the 

characteristic peaks of the silicon. Hence, the Raman signals of silicon are 

exclusively observed (Figure 3.17). The TMA salt of Ta6 is isostructural 

to Nb6, however it only forms an orthorhombic crystal system of Ta2O5 

(ortho-Ta2O5) when annealed at 800 – 1000 °C (Figure 3.17b). The Raman 

peaks of ortho-Ta2O5 are also attributable to stretches of tantalum oxide 

polyhedra. This includes the broad peak at 895 cm-1, which is characteristic 

of stretches arising from Ta-O bonds with different bond strengths, due to 

corner/edge-sharing in tantalum oxide polyhedra.[32] Unlike ortho-Nb2O5, 

the ortho-Ta2O5 exhibits a Raman peak at 845 cm-1 that is characteristic of 

Ta-O stretching due to TaO7 polyhedra (pentahedrally coordinated groups, 

Figure 3.17d).[32a, 33] The Raman peaks at 620 cm-1 and 700 cm-1 are 

characteristic of TaO6 octahedra, with the stretching at 700 cm-1 arising 
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from Ta-O bonds with different bond strengths, due to corner/edge-sharing 

polyhedra.[32a, 33] The Ta-O-Ta bending modes occur at 476 cm-1, 395 cm-

1, 345 cm-1
 and 246 cm-1.[32c, 33]  

Rietveld refinement of the PXRD patterns confirmed the formation of 

ortho-Ta2O5 at temperatures ≥800 °C, and this was consistent with the 

diffractogram of commercially available anhydrous Ta2O5 (see Figure 

S.II.12). The latter was similarly confirmed to be ortho-Ta2O5 via Rietveld 

refinement (Figure S.II.12). The structure of crystalline ortho-Ta2O5 

(Figure 3.17d) depicts the different TaO6 and TaO7 polyhedra present in 

ortho-Ta2O5. 

 

Figure 3.17. Raman spectra of [Ta6O19]8− films annealed at 800 °C and 1000 °C, (b) 

Raman spectra and (c) PXRD patterns of powdered [Ta6O19]8− annealed at selected 

temperatures and (d) the ortho-Ta2O5 polymorph of Ta2O5. Red spheres represent oxygen 

atoms and dark blue polyhedra represent tantalum atoms. Adapted from Rambaran et 

al[26] 

The lack of a Raman signal from the Ta6 films was attributed to attenuation 

specific to the tantalum oxide films. This was confirmed by depositing 

films of solutions of 1:1 Nb6:Ta6, which yielded strongly attenuated 

spectra relative to pure Nb6, whereas powders of the same solution showed 

no such attenuation (Figure 3.18). 
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The inconsistency between the Raman spectra of Ta6 films and powdered 

Ta6 annealed at 800 – 1000 °C garnered further interest, as the 

characteristic ortho-Ta2O5 peaks appear to be absent in the films. On 

further probing, it was determined that there was a significant attenuation 

of the ortho-Ta2O5 Raman signals for annealed Ta6 films, with respect to 

the diagnostic silicon peak. The extent of this attenuation in Raman 

spectroscopy was tested via preparing an aqueous solution (0.4 M) 

containing equal moles of 0.2 M Nb6 and 0.2 M Ta6. Spin coating a film 

from this solution, followed by annealing at 1000 °C, also yielded a Raman 

spectrum (Figure 3.18) that showed significant attenuation of the 

characteristic Nb2O5 and Ta2O5 peaks, relative to the silicon substrate 

(black line). When the same mixed-equimolar solution of the Nb6 and Ta6 

was annealed at 1000 °C, the residual powder obtained exhibited 

broadened Raman peaks symptomatic of a mixture of ortho-Ta2O5 and 

ortho-Nb2O5 (orange line). The broad Raman peak at ca 655 cm-1 – which 

is attributable to stretching of NbO6 and NbO7 polyhedra – is consistent 

with the presence of ortho-Nb2O5; albeit it is shifted to a lower frequency 

that the diagnostic peak at ca 682 cm-1. 

 

Figure 3.18. Raman spectra of the film and powder obtained from a mixed-equimolar 

solution (0.2 M) of Nb6 and Ta6 annealed at 1000 °C. Spectra are normalise relative to 

the silicon peak. Adapted from Rambaran et al[26] 

The absence of Nb=O stretching (ca 991 cm-1) corresponds to a lack of 

highly distorted NbO6 octahedra, which means the ortho-Nb2O5 phase 
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formed despite annealing Nb6 at 1000 °C. This contradicts the established 

premise of phase transformation to mono-Nb2O5 at 1000 °C. The lack of 

highly distorted NbO6 octahedra may be a consequence of TaO6 octahedra 

disrupting the tendency to form, due to the comparable atomic radii of Nb 

and Ta; a consequence of the lanthanide contraction. More so, Ta does not 

form highly distorted TaO6 octahedra in the orthorhombic crystal system 

which dominates at temperatures <1360 °C.[13]  

The lanthanide contraction is manifested through the comparable size of 

the Ta6 and Nb6 clusters.[25a, 34] This make distinguishing between NbO6 

and TaO6 octahedra a challenge but each metal-octahedra (MO6) will 

nonetheless exhibit inherent differences in their vibrational spectra. Note 

that within the same family of the periodic table, the stretching frequencies 

of MO6 octahedra (M= Nb or Ta) is inversely proportional to the mass of 

the central metal atom.[35] With Ta being the heavier congener of Nb, the 

stretching frequencies of TaO6 octahedra should inherently be lower than 

those of NbO6 octahedra. For example, the solution Raman spectra of Ta6 

and Nb6 exhibit terminal M=O (M = Nb or Ta) stretches at 863 cm-1 and 

885 cm-1, respectively, at pH >12.[4] This is also depicted in the solution 

Raman spectra of Ta6 and Nb6 mentioned earlier (Figure 3.11). 

The shifting of the broad Raman stretch attributable to NbO6 octahedra to 

lower frequencies is symptomatic of a decrease in the overall stretching 

frequency of the MO6 octahedra, likely due to the presence of TaO6 

octahedra. The latter trend exemplifies a decrease in the stretching 

frequency of MO6 octahedra, relative to an increase in the mass of the 

metal atom.[35] Therefore, it is plausible that the presence of TaO6 and 

TaO7 polyhedra contribute to the attenuation of Raman signals in annealed 

Ta6 films and this trend persists even when there is mixing of isostructural 

NbO6 octahedra.  

A mechanism to describe this attenuation of the Raman signal is currently 

unknown. Furthermore, a postulation to classify this occurrence or to 

propose a viable mechanism is beyond the scope of the present work. It is 

envisaged, however, that Ta6 can be used as a dopant to inhibit the 
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formation of mono-Nb2O5 from Nb6 and this inhibition is detectable via 

Raman spectroscopy. 

3.6.4 Decomposition of the TMA counterion 

The removal of the TMA counter ion – via thermal decomposition – in the 

annealed films was determined through EDS measurements (Figure 3.19, 

Table S.III.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 ≥800 °C. This is consistent with thermal decomposition of 

the TMA counter ion at 200 – 400 °C.[36] 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 

200 – 400 °C, which is in accordance with decomposition of TMA; albeit 

it later plateaus at ≥800 °C. 

 

Figure 3.19. Atomic composition of annealed Nb10 (a), TiNb9 (b), Ti2Nb8 (c), and Ta6 (d) 

films. The carbon content decreases with annealing temperature in all cases. Adapted 

from Rambaran et al[26] 

The composition of Ti in the annealed Ti2Nb8 films is higher than that of 

annealed TiNb9, which agrees with the higher Ti composition of Ti2Nb8 

films. EDS mapping is used to illustrate this via the spatial distribution of 
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Nb and Ti in TiNb9 and Ti2Nb8 films annealed at 1000 °C (Figure 3.20). 

This spatial distribution also illustrates the homogeneous distribution of 

the elements in the films. 

 

Figure 3.20. EDS map of the spatial distribution of Nb (a), Ti (b) and Nb/Ti (c) in TiNb9, 

and Nb (d), Ti (e) and Nb/Ti (f) in Ti2Nb8 films annealed at 1000 °C. Adapted from 

Rambaran et al[26] 

3.6.5 Deposition of layered films  

Herein the repeated deposition of layers of polyoxometalates will be 

discussed in detail. Films of the different polyoxometalate solutions were 

deposited onto silicon wafers – that were chemically etched and subjected 

to plasma treatment – followed by annealing. For the Nb10 film annealed 

at 800 °C, the ortho-film obtained after the first 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 Nb10 onto the preceding layer. 

Pre-treatment of the film by plasma was necessary to ensure good adhesion 

between the layers. In the case of depositing successive layers of Nb2O5 

films, the preceding layer of Nb2O5 film subsequently becomes the 
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substrate i.e. not the silicon wafer. The difficulty in forming Nb-O-Nb 

bonds in the solid state hinders film adhesion to the substrate and 

consequentially limits densification. Therefore, subsequently deposited 

layers of Nb2O5 film will not bind as strongly to a Nb2O5 substrate as the 

first layer – which formed Si-O-Nb bonds at the silica-Nb2O5 interface – 

deposited onto the silicon. This is a limitation of depositing successive 

layers of Nb2O5 films. Nonetheless, this iterative process of repeated spin 

coating and plasma treatment was repeated to deposit four successive 

layers of film of each polyoxometalate species. 

 After four layers of Nb10 were successively deposited onto the silicon 

wafer, a final thickness of 235±5 nm (determined by FIB-SEM) was 

obtained post-annealing at 800 °C (Figure 3.21a). 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 nm) via AFM. 

The formation of these voids is attributable to the incomplete sintering 

during the annealing process, which limit film densification. 

Alternatively, with successive deposition of Nb10 films annealed at 1000 

°C, a mono-Nb2O5 film with a total thickness of 642±46 nm was obtained 

(Figure 3.21b). Furthermore, there were two discernible layers formed, the 

lower and upper layer had thickness of 199±6 nm and 442±44 nm, 

respectively. The only apparent voids were in the upper layer of the film 

and it had a roughness of ±55 nm. The successive layering of the mono-

Nb2O5 was confirmed by the presence of the distinct first layer in the 

mono-Nb2O5 film. Although the lack of stacked layers in the ortho-Nb2O5 

films suggests there was no successive film deposition, the larger thickness 

of this film (235±5 nm), compared to the first deposited layer of the ortho-

Nb2O5 film (147±5 nm), can be substantiated from the coalescence of the 

successively deposited layers of the ortho-Nb2O5 film. Furthermore, the 

increase in roughness of the mono-Nb2O5 film (annealed at 1000 °C) is 

attributable to enhanced grain growth accompanying the phase change that 

occurs at 1000 °C.  

Deposition of layered TiNb9 and Ti2Nb8 films was also investigated 

(Figure 3.21c-f) and the thicknesses and roughness are summarised in the 
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appendices (Table S.III.1). Spin coating four successive layers of TiNb9 

and Ti2Nb8 followed by annealing at 800 °C, yielded the Ti2Nb12O29 and 

TiNb2O7 films, respectively. There was no obvious layering in either of 

these films, which was reminiscent of the ortho-Nb2O5 film. On the 

contrary, there was evidence of two layers forming in the Ti2Nb12O29 and 

TiNb2O7 films annealed at 1000 °C; much like the mono-Nb2O5 film. The 

roughness of the titanium-niobium oxide films also increased, in moving 

from 800 °C to 1000 °C, for Ti2Nb12O29 (±35.3 nm) but not TiNb2O7 

(±13.8 nm). The lower layers of both Ti2Nb12O29 and TiNb2O7 films 

annealed at 1000 °C were also homogeneous, with voids being apparent 

only in the upper layer, much like the mono-Nb2O5 film.  

 

Figure 3.21. Cross-section images for annealing: Nb10 at 800 °C (a) and 1000 °C (b); 

TiNb9 at 800 °C (c) and 1000 (d); Ti2Nb8 at 800 °C (e) and 1000 (f ) films after multiple 

depositions. Films annealed at 800 °C showed no layering, while the films annealed at 

1000 °C exhibited two layers above the silicon substrate. Adapted from Rambaran et al[26] 
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After depositing four layers of Nb6 and Ta6 films, followed by annealing 

at 800 °C, the ortho-Nb2O5 and ortho-Ta2O5 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 Nb10 film annealed at 800 °C, the  ortho-Nb2O5 film 

obtained after annealing Nb6 at the same temperature possessed voids 

(Figure 3.22a). Conversely, the ortho-Ta2O5 film formed at 800 °C was 

homogeneous (Figure 3.22b). A layered mono-Nb2O5 film was produced 

by the Nb6 film annealed at 1000 °C, similarly to the Nb10 film, with the 

exception being that both layers of film were homogeneous. The ortho-

Ta2O5 film formed at 1000 °C also possessed layers that were free of voids 

in both layers. This tendency to yield smooth, homogeneous Ta2O5 films 

from Ta6 is correlated to its tendency to gel, rather than crystallising like 

Nb6 – a result that was observed in a previous study of Ta6 films.[9a] 

 

Figure 3.22. Cross-section images for annealing: Nb6 at 800 °C (a) and 1000 °C (b); Ta6 

at 800 °C (c) and 1000 °C (d). The tantalate films are noticeably smoother and more 

homogeneous than the niobate films. Adapted from Rambaran et al[26] 

In comparing only the lower layer of the mono-Nb2O5 film (Figure 3.21b) 

to the ortho-Nb2O5 film ((Figure 3.21a) as whole, there are more voids in 

general. Due to the adhesion of the Nb2O5 being dependent on the 

formation of Si-O-Nb bonds, the prevalence of these bonds are 
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commensurate with homogenous films. Since Si-O-Nb bond formation is 

encouraged at the silica-Nb2O5 interface at higher temperatures.[37] it can 

be inferred that more extensive Si-O-Nb bonds formation is promoted 

when annealing the Nb2O5 film at 1000 °C, compared to 800 °C. Hence, 

better film densification is facilitated at higher temperatures. The 

prevalence of voids in the ortho-Nb2O5 film and in the upper layer of the 

mono-Nb2O5 film, is likewise attributable to poor film densification. 

Furthermore, in the case of the upper layer of the mono-Nb2O5 film, it is 

possible that the difficulty in promoting film adhesion between two 

separate Nb2O5 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 

Ti2Nb12O29 and TiNb2O7 is similarly dependent on Si-O-Nb bond 

formation. The formation of Si-O-Ti bonds are presumed to contribute to 

film adhesion as well, since complete incorporation of Ti into the silica 

network occurs at high temperatures (1000 °C).[38] However, based on the 

partial occupancy of Ti vs Nb in titanium-niobium oxides, the Si-O-Ti 

bonds will innately be lower than that of the Si-O-Nb bonds.[16-17] Lastly, 

substitution of Ti atoms within the titanium-niobium lattice would also 

prompt formation of Nb-O-Ti bonds, which supports the adhesion of 

subsequent layers of the titanium-niobium oxides. Hence, film 

densification is encouraged as well. The latter correlates to the upper layers 

of the Ti2Nb12O29 and TiNb2O7 films annealed at 1000 °C exhibiting fewer 

voids than the analogous layer of mono-Nb2O5 film. 

Conclusion 

The controlled deposition of metal oxide thin films is possible via an 

iterative spin coating and annealing process 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 Nb10, TiNb9 and Ti2Nb8 allows the deposition of Nb2O5 

(ortho- and mono-Nb2O5), Ti2Nb12O29 and TiNb2O7 (both titanium-

niobium oxides), respectively, from aqueous solutions. Furthermore, 

aqueous solutions of TMA Ta6 can be used to deposit ortho-Ta2O5 films 

that are always homogenous and exhibit low roughness. Despite the 

structural similarity of the decametalate clusters, the inclusion of a single 

Ti atom ([TiNb9O28]
7-) or two Ti atoms ([Ti2Nb10O28]

8-) within the 

decametalate structure allows the titanoniobates to be precursors for 

titanium-niobium oxides surfaces. Notably, varying the annealing 

temperature from 800 °C (ortho-Nb2O5) to 1000 °C (mono-Nb2O5) 

promotes a phase change in the deposited Nb2O5 film and this phase 

change is discernable via Raman spectroscopy. In this study, the 

deposition of titanium-niobium 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 layers of these 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 means 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 metal- doped niobium 

pentoxide 

In this section, a protocol for testing the electrochemical properties of 

metal oxide films – specifically lithium-ion storage – 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 an inert (Ar) atmosphere in the assembly process. 

This is due to the coin cell typically containing a lithium metal anode and 

lithium hexafluorophosphate (LiPF6), dissolved in a mixture of ethylene 

carbonate and diethyl carbonate. The LiPF6 is moisture sensitive 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 coin cell 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 a hydraulic 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 fluorine-free electrolyte, is an 

attractive means of conducting battery research. This appeals especially to 

newcomers in the field.  
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4.2 Pseudocapacity and lithium-ion (Li+) intercalation 

The interest in developing new materials for energy storage is guided by 

the status quo of mitigating climate change – 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, while remaining 

environmentally friendly. Research focused on developing 

electrochemical energy storage devices or materials that exceeds the 

current capabilities of lithium-ion batteries is therefore crucial in achieving 

this level of energy security. Pseudocapacitors are considered as suitable 

candidates to rival, if not replace, lithium-ion batteries in terms of 

electrochemical energy storage. 

 In fact, the storage of electrochemical energy in pseudocapacitors or 

“super-capacitors” is considered an environmentally benign and efficient 

alternative to secondary batteries (lithium-ion batteries) used in modern 

electronic devices.[1] Pseudocapacity is the ability to reversibly store 

electrochemical charge without the formation of an electrical double 

layer,[2] i.e. charge storage arises from charge transfer processes across the 

electrode-electrolyte interface.[3] Electrochemical charge storage of 

lithium-ions in pseudocapacitors occurs through the intercalation of 

lithium (lithiation) within the host material via solid diffusion or a redox 

process (Figure 4.1). The removal of lithium – delithiation or discharge – 

proceeds through a similar process. 



 

107 

 

 

Figure 4.1. Intercalation pseudocapacitance of Li+ into a host material. Adapted from 

Augustyn et al[4] 

Pseudocapacitors have the ability to provide electrochemical energy 

storage with both high power and energy density.[4] Therefore, 

pseudocapacitive devices can contribute to supporting commercial 

technological needs that are reliant on other energy storage devices, such 

as lithium-ion batteries. The advantages of pseudocapacitors over 

secondary batteries include higher charge/discharge rates, higher power 

density, longer cycle life (>100,000 cycles), low-toxicity materials, a wide 

temperature range of operation and a low cost per cycle.[5] Use of 

pseudocapacitors are not without disadvantages, however, which include 

a higher self-discharge rate, lower energy density, lower cell voltage, poor 

voltage regulation and high initial cost.[5] 

4.2.1 Disadvantage of lithium–ion batteries 

Electrochemical energy storage in a lithium-ion battery occurs through 

intercalation reactions of Li+ at the anode (graphite) and cathode (LiCoO2). 

Both anode and cathode materials, which are crystalline, influence the 

charge/discharge properties in the lithium-ion battery by their dependence 

on the diffusion of Li+ within their respective host lattices.[6] This limits 

the charge storage capabilities of lithium-ion batteries and restricts the total 

charge/discharge process to periods exceeding ten minutes.[3] 
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Comparatively, pseudocapacitive materials exhibit much shorter cycling 

times of ca ten seconds to ten minutes.[3] 

Attempts have been made to improve current lithium-ion batteries by using 

high capacitance anode materials, such as silicon, to make so-called 

lithium-silicon batteries. Silicon has a specific capacitance of 3600 mA.h.g-

1, which is approximately a ten-fold increase compared to the theoretical 

specific capacity of graphite (372 mA.h.g-1) that is used as an anode 

material in lithium-ion batteries.[7] The implementation of silicon based 

anodes in lithium-ion batteries has, however, been hampered by the 

expansion of the lattice distance between silicon atoms as lithium ions 

move in the 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 charge-discharge cycles.[8] 

Volume changes of the electrode materials due to lithiation in charge 

cycling is another problem limiting the cycle life of lithium-ion batteries.[9] 

4.2.2 Surface-electrolyte interface (SEI) 

There is also some decomposition of the electrolyte occurring at the anode 

surface to form a layer called the solid-electrolyte interface (SEI) during 

the charge-discharge 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 storing 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 reduction of the electrolyte and 

spurs further SEI formation.[10] 

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 experiment, i(V) is related to the sweep 

rate (ν) through the relationship[11] 

𝑖(𝑉) = 𝑘1(𝑉)𝜈 + 𝑘2(𝑉)𝜈
1
2 
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eq. 4. 1 

Which can be rearranged to give: 

𝑖(𝑉)

𝜈
1
2

= 𝑘1(𝑉)𝜈
1
2 + 𝑘2(𝑉) 

eq. 4. 2 

In eq. 4. 1, k1(V)ν and k2(V)ν1/2  represent the current contributions from 

surface capacitive effects, and the diffusion-intercalation process, 

respectively.[11c] For capacitive effects, the formation of an electrical 

double layer is associated with the resulting capacitive current, which is 

known to vary linearly with the sweep rate, in the absence of redox 

processes.[11a, 12] The diffusion-intercalation process, however, neglects 

electrical double layer formation and the resulting faradaic current is 

dependent on surface redox processes in a semi-infinite electrolyte 

domain, which is proportional to the square root of the sweep rate.[11a, 12] 

Therefore, determination of the k1(V) and k2(V) allows for quantification 

of the surface-capacitive (adsorption) and pseudocapacitive (intercalation) 

current contributions for the electrode of interest. This is possible by 

plotting i(V)/ ν1/2 vs ν1/2 (eq. 4. 2), to yield a straight line with slope and 

intercept k1(V) and k2(V), respectively. 

Another relationship between the sweep rate and current, i(V), is 

established through a power law, whereby: 

𝑖(𝑉) = 𝑎 ∙ 𝜈𝑏 

eq. 4. 3 

This is the so-called “b-value” analysis, where a and b are adjustable 

parameters, and the slope of a log(i) vs log(ν) plot yields the b-value.[12] 

This analysis is used to determine the presence of surface capacitive or 

semi-infinite diffusion kinetics at the electrode. For a surface capacitive 

process, i.e. when there is adsorption at the surface of the electrode and 

formation of an electrical double layer, the measured current is directly 
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proportional to the sweep rate and the b-value = 1. It follows the 

relationship in eq. 4. 4: 

𝑖(𝑉) = 𝐶𝐷𝐿 ∙ 𝐴 ∙ 𝜈 

eq. 4. 4 

where CDL is the double layer capacitance per surface area and A is the 

electrochemically active surface area.  

When the process is semi-infinite diffusion limited, the measured current 

is proportional to the square root of the sweep rate in accordance with the 

Randles-Ševčík equation (eq. 4. 5) 

𝑖(𝑉) = 0.4958𝑛 ∙ 𝐹𝐴𝐶∗ ∙ 𝐷
1
2 (
𝛼𝑛𝐹

𝑅𝑇
)

1
2
∙ 𝜈
1
2 

eq. 4. 5 

where C* is the maximum concentration of the reduced species in the 

structure and α is the transfer coefficient, n is the number of electrons in 

the redox process, F is Faraday’s constant, R is the molar gas constant, T 

is temperature and D is the diffusion coefficient. 

Under these conditions the b-value = 0.5 and the diffusion coefficient of 

the redox species in the electrolyte can be determined, via the slope, from 

a plot of i(V) vs ν1/2. 

At higher scan rates, the measured current will be predominated by surface 

capacitive charging – based on the significant linear dependence between 

i(V) and ν in eq. 4. 4. Conversely, however, charging via a semi-infinite 

diffusion limited process (intercalation) will take precedence at lower scan 

rates based on eq. 4. 5.  

For b-values between 0.5 and 1, a linear combination of surface capacitive 

and semi-infinite diffusion limited processes is used to deconvolute the 

respective contributions, as seen previously is eq. 4. 1. In selecting a 
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pseudocapacitor for electrochemical energy storage, ideally a b-value = 1 

is desired because it corresponds to a greater rate capability for the 

pseudocapacitor at all potentials within the operating voltage window.[11a] 

Polarisation effects influence all faradaic electrochemical processes. 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 and 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 kinetics of this 

process.[13]  Hence, the ideal reversibility observed in a pseudocapacitor 

during a potential sweep (ν) is similarly impacted.  

In cyclic voltammetry, the modulation of the adsorption/desorption 

process through varying the sweep rate can cause a loss in the kinetic 

reversibility of a pseudocapacitor if the sweep rate is too high. Therefore, 

there is a critical sweep rate (ν0) below which the reversibility of the 

pseudocapacitive process is maintained.[12] If during cyclic voltammetry 

experiments the sweep rate exceeds ν0, the voltammograms will be non-

mirror images; however, reversibility can be regained by decreasing the 

sweep rate below ν0. 

4.3 Electrochemical properties of niobium oxide films 

In this section the use of niobium pentoxide as a charge storage device is 

investigated, through characterising the electrochemical properties of 

doped and undoped niobium pentoxide films. The pseudocapacitance of 

Nb2O5 is generally reliant on a single electron transfer process per Nb atom 

(Nb5+ to Nb4+) occurring with simultaneous Li+ intercalation, as shown in 

eq. 4. 6. 

𝑁𝑏2
5+𝑂5

2− + 𝑥𝐿𝑖+ ⇌ 𝐿𝑖𝑥𝑁𝑏2−𝑥
5+ 𝑁𝑏𝑥

4+𝑂5
2− 

eq. 4. 6 
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Based on eq. 4. 6 and considering only faradaic processes involving the 

Nb5+/Nb4+ redox couple,[14] the maximum capacity for charge storage in 

Nb2O5 is x = 2. This simplifies eq. 4. 6 to give: 

𝑁𝑏2𝑂5 + 2𝐿𝑖
+ + 2𝑒− ⇌ 𝐿𝑖2𝑁𝑏2𝑂5 

eq. 4. 7 

Herein, eq. 4. 7 succinctly describes how Nb2O5 acts as both an electron 

and ion conductor,[14] in this process classified as intercalation 

pseudocapacitance.[3, 13] It contributes to the high theoretical capacitance 

of Nb2O5.
[15] Notably, the solution-solid diffusion of Li+ across the 

electrolyte/electrode interface during charge cycling in Nb2O5 exhibits 

high electrochemical reversibility and is independent of particle 

size/dimension. This high electrochemical reversibility of Nb2O5 as an 

electrode, regardless of nanostructuring to increase the specific surface 

area, thus allows it to be classified as an intrinsic pseudocapacitor. Hence, 

there is no diffusion limitation for Li+ in Nb2O5 when film thickness or 

particle size increases.[3]  

The orthorhombic polymorph of Nb2O5 (ortho-Nb2O5 or T-Nb2O5), is 

considered an impressive anode material for use in Li-ion batteries. 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.[4, 16] Furthermore, it functions well as an intercalation 

pseudocapacitor (without surface-electrolyte formation) within the 

potential window of  +1.0 to +2.0 V (V vs Li+/Li reference).[16a] The ortho-

Nb2O5 exhibits intrinsic pseudocapacitance, which removes the need for a 

high surface area during the charging process.[17] The ortho-Nb2O5 does 

not undergo a phase transformation during charge cycling, nor does it 

exhibit significant lattice expansion due to lithiation/delithiation.[18] 

Monoclinic Nb2O5 (mono-Nb2O5 or H-Nb2O5) possesses crystallographic 

shear planes and is classified as a Wadlsey-Roth structure. These 

crystallographic shear planes form arrays with regular spacing within the 

lattice of the metal oxide (see Figure 4.14c),[19] that act as channels to 
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facilitate lithiation/delithiation.[15] These shear planes allow for long 

lifespan, high power density and cycling stability of mono-Nb2O5. Hence, 

mono-Nb2O5 has been considered a suitable anode material for the 

development of lithium-ion batteries. Furthermore, the intercalation of Li+ 

in mono-Nb2O5 occurs above 1.0 V (vs Li+/Li) where formation of SEI is 

not a concern.[16a, 20] Due to it offering better rate capabilities and safety 

performance,[21] the mono-Nb2O5 – by extension Wadsley-Roth phase 

Nb2O5 oxides – is therefore a promising candidate for replacement of 

graphite anodes in hybrid electric vehicles.[15] The mono-Nb2O5 similarly 

does not undergo a phase transformation during charge cycling, and does 

not exhibit significant lattice expansion during Li+ intercalation.[15, 20] 

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 uncoated silicon substrates annealed at 1000 °C 

(Figure 4.2). This was to observe the electrochemical behaviour displayed 

by the uncoated silicon wafer, to understand the changes occurring upon 

coating. From the CVs of the uncoated silicon wafer (Figure 4.2a), the 

current response does not give a rectangular shape characteristic of the 

charge adsorption associated with double layer capacitance – i.e. ideal 

capacitor behaviour. Instead, the current response yields broad peaks that 

are symptomatic of intercalation pseudocapacitance.[3, 13] The increase in 

the peak current relative to the sweep rate, without significant peak 

separation, further embodies pseudocapacitive behaviour and is indicative 

of high electrochemical reversibility.[3, 17] 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 rates (Figure 4.2b). This is atypical of a pseudocapacitor or a 

capacitor and is more aligned to a material which facilitates current flow 

into the surface; i.e. a conductive material. 

Figure 4.2c 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, the CVs (capacitance) would superimpose in 

accordance with eq. 4. 4.[12] The same convention in determining the 

capacitance of the uncoated silicon wafer annealed at 1000 °C is included 

in Figure 4.2d, merely for demonstrative purposes, to illustrate the 

impracticality of it functioning as a capacitor. 

 

Figure 4.2. Cyclic voltammetry of the uncoated silicon wafer (a), uncoated silicon wafer 

annealed at 1000 °C (b), the capacitance of the uncoated silicon wafer (c) and uncoated 

silicon wafer annealed at 1000 °C (d), relative to sweep rate. 

The charge and self-discharge behaviour of the uncoated silicon wafer was 

studied similarly, as the coated substrates would undergo the same 

measurements (Figure 4.3). 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 V (V vs NHE) through 

applying ca -0.4 µA over the same period. Immediately at open circuit, the 

voltage had dropped to ca 3.5 V (V vs NHE) and thereafter gradually 
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decreased to 1.5 V (V vs NHE) after self-discharge proceeded for 900 s 

(ttotal =1800 s). This tendency to slowly discharge over a period elapsing 

ca ≥600 s is commensurate with pseudocapacitive behaviour,[3] and 

corroborates the behaviour exhibited in the CVs. It further agrees with high 

theoretical capacitance of this material, which initially garnered interest 

for its use as an anode in lithium-ion batteries.[7] Charging up to 4.0 V (V 

vs NHE) for the same period was attainable during the second charging 

cycle, albeit through applying more current (ca 2.0 µA). Notably, however, 

immediately at open circuit the voltage dropped to ca 2.0 V (V vs NHE) 

due to self-discharge. Within 30 s of self-discharge there was further 

voltage decrease to ca 1.1 V (V vs NHE). Thereafter the voltage slowly 

diminished to 0.8 V (NHE) after 900 s at open circuit. Similarly, at open 

circuit after the third charging cycle, there was a significant decrease in 

voltage to 0.8 V, which persisted up to end of the OCP measurement. This 

inability for silicon to store charge after successive charging cycles is 

intrinsic to silicon. It is a consequence of the large expansion occurring in 

the silicon lattice to facilitate lithium intercalation.[8]  

 

Figure 4.3. Potentiostatic charge and self-discharge of the uncoated silicon wafer, over 

three cycles. Dashed and solid line represents applied current and measured voltage, 

respectively. 
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Based on the uncoated silicon wafer annealed at 1000 °C exhibiting 

behaviour symptomatic of a conductor, the charge/self-discharge 

behaviour was unsurprising (Figure 4.4). It was not possible to charge the 

silicon wafer annealed at 1000 °C to 4.0 V (V vs NHE) when the maximum 

applied current (5.0 µA) for the method was applied for 900 s. In fact, the 

voltage decreased relative to time during application of a constant current 

(glavanostatic mode). Immediately at open circuit after each charging 

cycle, the voltage dropped to ca 0.8 V (V vs NHE) where it remained for 

the duration of the OCP measurement. This similarly confirms the 

behaviour previously overserved during the CV measurements and is 

similarly akin to behaviour of a conductor, rather than a capacitor. 

 

Figure 4.4. Potentiostatic charge and self-discharge of the uncoated silicon wafer 

annealed at 1000 °C, over three cycles. Dashed and solid line represents applied current 

and measured voltage, respectively. 

4.3.2 Undoped Nb2O5 films 

By conducting cyclic voltammetry experiments at varying sweep rates (0.1 

– 1.0 V s-1) on undoped Nb2O5 films, the characteristic high reversibility 

associated with the pseudocapacitance of Nb2O5 is shown in Figure 4.5. 

This high reversibility is exemplified through the formation of “mirror 

images” in the voltammograms, after scanning the potential window at 
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consecutively increasing sweep rates; a feature symptomatic of 

pseudocapacitors.[3, 13] The T-Nb2O5 film (Figure 4.5a) exhibits a higher 

magnitude in current density for the voltage region spanning 0.5 to 3.0 V 

(V vs NHE), when compared to H-Nb2O5 film (Figure 4.5b) within the 

same voltage window. This correlates to a higher capacitance of the T-

Nb2O5 film compared to H-Nb2O5. Voltammograms of both T- and H-

Nb2O5 also display broad anodic and cathodic peaks, which are 

characteristic of pseudocapacitance. However, the T- Nb2O5 film shows an 

increase in peak separation, for both anodic and cathodic sweeps, at sweep 

rates > 0.6 V s-1. The latter effect is attributable to Ohmic losses and is 

known to occur at high sweep rates in pseudocapacitive materials.[3, 13]  

At voltages < 0.5 V (V vs NHE) in the voltammograms of T-Nb2O5, there 

is a non-faradaic process which occurred at all sweep rates and this is likely 

due to the formation of a surface-electrolyte interface (SEI) layer on the 

electrode. This is a known occurrence for potential sweeps at voltages < 

1.0 V (vs Li+/Li) in T-Nb2O5.
[16a] There is no indication, however, of the 

formation of a SEI layer in H-Nb2O5 at voltages < 0.5 V (V vs NHE), 

which is corroborates H-Nb2O5 being more stable over a wider potential 

range. 

Figure 4.5c shows the plot of the i(V)/ ν1/2 vs ν1/2 (eq. 4. 2) that was used 

to determine the surface-controlled (capacitive) and diffusion-limited 

(pseudocapacitive) contributions to the overall charge stored by the Nb2O5 

films. Since intercalation pseudocapacitance is a solid-state diffusion 

process, the measured current gives a linear relationship with the square 

root of the sweep rate. This was observed in both the anodic and cathodic 

sweeps for H-Nb2O5, which corresponds to the delithiation and lithiation 

processes, respectively, involved in charge storage (eq. 4. 7). In T-Nb2O5, 

there was a linear trend in the peak current relative to all values of ν1/2 for 

the cathodic sweep. The linearity of this trend was however only 

observable up to ν1/2 < 0.77 (i.e. ν = 0.6 V s -1) for the anodic sweep, and 

is attributable to Ohmic losses occurring due to polarisation of the 

electrode surface at ν > 0.6 V s -1.[13] 
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In the b-value determination (Figure 4.5d), the plot of log(i) vs log(ν) for 

the H-Nb2O5 film demonstrates the expected linearity in both 

anodic/cathodic sweeps at all sweep rates. However, the occurrence of 

Ohmic losses in the T-Nb2O5 similarly limited the linearity of log(i) vs 

log(ν) plot for the anodic sweep at ν > 0.6 V s -1. Therefore, it is more 

pragmatic to consider the b-value corresponding to the cathodic sweep of 

T-Nb2O5, i.e. b = 1 (Table 4. 1), for further calculations. Note that when 

the b-value = 1, it indicates a surface capacitive kinetic process; i.e. 

charging is fast because it is not limited to slow diffusion. This can be 

ascribed to the strong capacitive effects in the adsorption of Li+ ions on the 

T-Nb2O5 surface, which is analogous to the same effect in TiO2.
[12]  

The b-values for the anodic and cathodic sweeps in H-Nb2O5 are 0.9 and 

1.0, respectively, and similarly correspond to charging that is limited to a 

surface capacitive process. The surface capacitive charging of T-Nb2O5 

and H-Nb2O5 is also in agreement with the convention that at higher scan 

rates the measured current will be predominated by surface capacitive 

charging (eq. 4. 4), considering the sweep rate varied within one order of 

magnitude (0.1 to 1.0 V s-1).[12] 
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Figure 4.5. CVs of T-Nb2O5  (a) and H-Nb2O5 (b) at various sweep rates. Plot of i(V)/ν1/2 

vs ν1/2 for determination of the surface-capacitive (adsorption) and pseudocapacitive 

(intercalation) current contributions (c) and plot of log (Ip) vs log (ν) for determination 

of the b-values of T-Nb2O5 and H-Nb2O5. 

Table 4. 1. b-value analysis of T- and H-Nb2O5. 

Film b-value 

Anodic sweep Cathodic sweep 

T-Nb2O5 not applicable 1.0±0.01 

H-Nb2O5 0.90±0.02 1.0±0.01 

 

Figure 4.6 shows the charge storage contributions (capacitive or 

intercalation), determined via eq. 4. 1, for the T- and H-Nb2O5 films, 
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relative to sweep rate. For both films, there is a general decrease in charge 

stored via capacitive processes as the sweep rate decreases from 1.0 to 0.1 

V s-1, while charge storage via intercalation exhibits the opposite trend for 

decreased sweep rates. These observations corroborate the trends in 

measured current and sweep rate based on eq. 4. 4 and eq. 4. 5, 

respectively. Since Li+ intercalation is dependent on solid-state diffusion 

into the bulk material, sufficient time is required to facilitate observation 

of process. Thus, scanning at sweep rates < 0.1 V s-1 would increase the 

contribution of charge stored through intercalation.  

The cathodic sweep in T-Nb2O5 shows a tendency for predominantly 

capacitive charging storage at all sweep rates, while in H-Nb2O5 

intercalation has a greater influence on the discharging process during the 

anodic sweep (delithiation) than the charging process of the cathodic 

sweep (lithiation). This is consistent with H-Nb2O5 facilitating Li+ 

deintercalation to a greater extent than T-Nb2O5, while showing a slower 

tendency for lithiation than T-Nb2O5 in literature.[15-16]
 

 

Figure 4.6. Charge storage contributions during the cathodic sweep of T-Nb2O5 (a), 

anodic (b) and cathodic sweeps (c) of H-Nb2O5 at ν = 0.1 to 1.0 V s-1. 
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The charge/self-discharge behaviour of the Nb2O5 films is shown in Figure 

4.7 and Figure 4.8. It was possible to charge and hold both the T-Nb2O5 

(Figure 4.7) and H-Nb2O5 (Figure 4.8) films at 4.0 V (V vs NHE) for 900 

s, with the application of ca -0.6 µA for the same duration. Upon removing 

the applied current, the open circuit potential (OCP) was monitored for 

900 s to track the self-discharge of the Nb2O5 films. This essentially was a 

galvanostatic discharge process. The T-Nb2O5 film gradually discharged 

from ca 4.0 to 2.3 V (V vs NHE) after monitoring the OCP for 900 s after 

the first charging cycle (Figure 4.7). 

Comparatively, the H-Nb2O5 film exhibited some charge loss from 4.0 to 

3.6 V (V vs NHE), immediately at open circuit after 900 s (Figure 4.8). 

This charge loss is attributable to the instantaneous leakage current that 

accompanies the self-discharge of a capacitor at open circuit.[5] After ca 

120 s elapsed at open circuit, the charge of the H-Nb2O5 film decreased 

below 2.0 V (V vs NHE) and continued to decrease gradually to a 

minimum of 1.1 V (V vs NHE) after 900 s. This was the dominant trend 

over the three charging cycles for the H-Nb2O5 film. 

In monitoring the self-discharge of both T- and H-Nb2O5 films, it is clear 

that the nature of charge storage is pseudocapacitive, both from the shape 

of the self-discharge curves and the time elapsing for self-discharge to 

occur (15 minutes). Electrical double layer capacitors require ≤30 seconds 

for discharge during cycling, while pseudocapacitive materials require up 

to 10 minutes and batteries can require several hours.[3] Furthermore, 

electrical double layer capacitors exhibit a linear plot for potential, E vs 

time, t under glavanostatic discharge, while batteries exhibit nonlinear 

plots – with plateaus at constant potentials – for E vs t under the same 

conditions (see Figure S.IV.1).[22] Neither of these plots would correspond 

to the self-discharge curves of the T- and H-Nb2O5 films, which instead 

resemble the glavanostatic discharge plot of E vs t for a pseudocapacitor 

(see Figure S.IV.1).[22] 
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Figure 4.7. Potentiostatic charge (900 s) and self-discharge (900 s) of the T-Nb2O5 film 

over three cycles. Dashed and solid line represents applied current and measured 

voltage, respectively. 

 

Figure 4.8. Potentiostatic charge (900 s) and self-discharge (900 s) of the H-Nb2O5 film 

over three cycles. Dashed and solid line represents applied current and measured 

voltage, respectively. 
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4.4 Heterometal doped Nb2O5 

4.4.1 Preparation of transition metal-hexaniobate solutions 

In general, all transition metal-hexaniobate solutions, were microwave 

irradiated at 170 °C, for 15 minutes, yielding autogenic pressures of 12-14 

bar. Thereafter the sample was centrifuged at 4000 rpm for 15 minutes, 

prior to filtration under suction through a 0.22 µm nitrocellulose filter. The 

resulting filtrate was then used for spin coating. 

4.4.1.1 Cr3+ hexaniobate solution 

A solution of [N(CH3)4]8[Nb6O19]·23H2O (1.3 g, 0.7 mmol) was prepared 

in 3.5 ml H2O, followed by the addition TMAOH (1.3 g, 7.2 mmol) and 

Cr(NO3)3·9H2O (1.3 g, 3.2 mmol) to yield a brown suspension. The 

suspension was microwave irradiated at 170 °C for 15 minutes, yielding a 

brown solution. The same was thereafter filtered and collected. 

4.4.1.2 Mn2+ hexaniobate solution 

A solution of [N(CH3)4]6[Nb10O28]·H2O (1.3 g, 0.7 mmol) was prepared in 

3.5 ml H2O, followed by the addition TMAOH (1.1 g, 6.1 mmol) and 

Mn(NO3)2·4H2O (0.8 g, 3.2 mmol) to yield a brown solution. The 

suspension was microwave irradiated at 170 °C for 15 minutes, yielding a 

dark-green solution containing precipitates of the same colour. The sample 

was thereafter centrifuged, filtered and collected. 

4.4.1.3 Fe3+ hexaniobate solution 

A solution of [N(CH3)4]8[Nb6O19]·23H2O (1.3 g, 0.7 mmol) was prepared 

in 3.5 ml H2O, followed by the addition TMAOH (1.3 g, 7.2 mmol) and 

Fe(NO3)3·9H2O (1.0 g, 2.5 mmol) to yield a red-brown suspension. The 

suspension was microwave irradiated at 170 °C for 15 minutes, yielding a 

dark-brown solution containing precipitates of the same colour. The 

sample was thereafter centrifuged, filtered and collected. 
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4.4.1.4 Co2+ hexaniobate solution 

A solution of [N(CH3)4]8[Nb6O19]·23H2O (1.3 g, 0.7 mmol) was prepared 

in 3.5 ml H2O, followed by the addition TMAOH (0.6 g, 3.3 mmol) and 

Co(NO3)2·6H2O (0.6 g, 2.1 mmol) to yield a violet solution. The 

suspension was microwave irradiated at 170 °C for 15 minutes, yielding 

an olive-green solution containing precipitates of the same colour. The 

sample was thereafter centrifuged, filtered and collected. 

4.4.1.5 Ni2+ hexaniobate solution 

A solution of [N(CH3)4]8[Nb6O19]·23H2O (1.3 g, 0.7 mmol) was prepared 

in 3.5 ml H2O, followed by the addition TMAOH (0.6 g, 3.3 mmol) and 

Ni(NO3)2·6H2O (0.6 g, 2.1 mmol) to yield a pale-green suspension. The 

suspension was microwave irradiated at 170 °C for 15 minutes, yielding a 

pale-green solution containing precipitates of the same colour. The sample 

was thereafter centrifuged, filtered and collected. 

4.4.1.6 Zn2+ hexaniobate solution 

A solution of [N(CH3)4]8[Nb6O19]·23H2O (1.3 g, 0.7 mmol) was prepared 

in 3.5 ml H2O, followed by the addition TMAOH (0.6 g, 3.3 mmol) and 

ZnCl2 (0.2 g, 1.47 mmol) to yield a white suspension. The suspension was 

microwave irradiated at 170 °C for 15 minutes, yielding a clear solution. 

The sample was thereafter filtered and collected. 

The spin coating of a series of aqueous transition metal-hexaniobate 

solutions was explored to determine the impact of this form of doping on 

the crystallinity and electrochemical properties of Nb2O5. Specifically, the 

Li+ intercalation pseudocapacitance and the charge/self-discharge 

behaviour of the transition metal doped Nb2O5 films were studied. 

Previously it was determined that titanium-niobium oxides are accessible 

through annealing alkali-free titanoniobate polyoxometalate ions (Paper 

II).[23] However, instead of using heteroatom-substituted polyoxoniobates, 

transition metal-hexaniobate solutions are used as a route to doped Nb2O5 

films, to accentuate the versatility of polyoxoniobates as molecular 

building blocks. 
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The Raman spectra for the transition-metal hexaniobate solutions are given 

in Figure 4.9 (divalent) and Figure 4.10 (trivalent). Note that the transition 

metal-hexaniobate solutions were coloured and this resulted in an 

attenuation of the Raman signal; a known limitation of Raman 

spectroscopy.[24] With the exception of the Ni- and Zn-hexaniobate 

mixtures, which were pale green and colourless, respectively, this 

attenuation was not significant.  

The peaks observed at 910 cm-1 is attributable to stretches of six Nb=O 

groups in the hexaniobate cluster (Figure 4.9). The Nb=O stretches of the 

hexaniobate cluster do not normally occur above 900 cm-1;[25] however, 

the peaks are known to shift to higher frequencies as hexaniobate becomes 

protonated at the bridging Nb-O-Nb (µ2-O) sites, which results in a 

shortening of the Nb=O bond.[26] This trend is also reproducible with DFT 

calculations.[25] Hexaniobate is known to coordinate with transition metal 

ions in solution leading to dimerisation,[27] and this is likely to occur at the 

µ2-O site – the site of protonation.[28] Hence, it is plausible that the Ni2+ 

and Zn2+ ions would coordinate similarly to the µ2-O site, thereby 

rendering the Nb=O stretches to occur at higher frequencies as seen in the 

Raman spectra. 

 

Figure 4.9. Raman spectra of divalent transition-metal hexaniobate solutions used for 

spin coating. The low intensity of peaks is attributable to the attenuation of the Raman 

signals due to the solutions being coloured. 
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Figure 4.10. Raman spectra of trivalent transition-metal hexaniobate solutions used for 

spin coating. The low intensity of peaks is attributable to the attenuation of the Raman 

signals due to the solutions being coloured. 

All transition metal-hexaniobate solutions formed a mixed phase of 

transition metal niobates, in conjunction with pure H-Nb2O5, after 

annealing at 1000 °C. Doping with the trivalent heterometals – Cr3+ and 

Fe3+ – resulted in formation of the tetragonal CrNbO4 (Figure 4.11a) and 

orthorhombic FeNbO4 (Figure 4.11c), respectively. Doping with the 

divalent heterometals: Mn2+, Co2+, Ni2+ and Zn2+ produced orthorhombic 

MnNb2O6 (Figure 4.11b), CoNb2O6 (Figure 4.11d), NiNb2O6 (Figure 

4.11e) and ZnNb2O6 (Figure 4.11f), respectively. Notably, the elemental 

composition of all doped films was determined through EDS 

measurements (see Table S.III.3). The oxidation state of all transition 

metal dopants, with the exception of Zn2+, was confirmed by XPS 

measurements (see Figure S.III.1-Figure S.III.9 and Table S.III.3). 
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Figure 4.11. The CrNbO4 (a), MnNb2O6 (b), FeNbO4 (c), CoNb2O6 (d), NiNb2O6 (e) and 

ZnNb2O6 (f) first row-transition metal niobates synthesised from the [Nb6O19]8- (g) 

polyoxometalate ion. Red spheres represent oxygen atoms. Light blue, dark green, purple, 

orange, violet, yellow and grey polyhedra represent niobium, chromium, manganese, 

iron, cobalt, nickel and zinc atoms, respectively. 

4.4.2 Mn2+ and Co2+ doped Nb2O5 

4.4.2.1 Raman spectroscopy of Mn2+ and Co2+ doped Nb2O5 films and 

powders 

All transition metal-doped Nb2O5 films and their analogous powders 

(formed under the same conditions) were analysed via Raman 

spectroscopy to determine the consistency between the spectra. Raman 

spectra of Mn2+ (Figure 4.12a) and Co2+ (Figure 4.12c) doped Nb2O5 films 

both  exhibit peaks at ca 880 cm-1, which agree with previous Raman 

spectra of MnNb2O6
[29] and CoNb2O6,

[30] respectively. The Raman spectra 

of the Mn2+ (Figure 4.12b) and Co2+ (Figure 4.12d) doped Nb2O5 powders 

also peaks at ca 880 cm-1 and were thus in agreement with their respective 

films. Since the Raman peaks at ca 880 cm-1 is within the region of 850 – 

1000 cm-1 where Nb=O stretches occur,[31] this peak is attributable to 

Nb=O stretching. The Nb=O stretching in pure H-Nb2O5 which occurs at 



 

128 

 

ca 993 cm-1,[23] is also present in the doped samples. The broad peaks 

occurring within the 600 – 700 cm-1 region are attributable to Nb-O 

stretches of NbO6 octahedra, which are present in the orthorhombic and 

monoclinic crystal systems of Nb2O5.
[31]  Both MnNb2O6 and CoNb2O6 are 

orthorhombic in crystallinity, hence the presence of Nb-O stretches is 

associated with NbO6 octahedra. 

 

Figure 4.12. Raman spectra of Mn2+ (a) and Co2+ (b) doped Nb2O5 films, Mn2+ (c) and 

Co2+ (d) doped Nb2O5 powders. Raman spectra of the films is normalised relative to the 

silicon peak at 518 cm-1. 

4.4.2.2 PXRD of Mn2+ and Co2+ doped Nb2O5 powders 

The powder XRD (PXRD) patterns indicated that the Mn2+ (Figure 4.13a) 

and Co2+ (Figure 4.13b) doped Nb2O5 powders formed MnNb2O6 and 

CoNb2O6, respectively, which are distinct from pure H-Nb2O5 (Figure 

4.13c). This was in agreement with PXRD patterns from previous results 

for the synthesis of MnNb2O6
[32] and CoNb2O6.

[30] Rietveld analysis (see 

Figure S.II.19 and Figure S.II.21) confirmed the crystal phases of 
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MnNb2O6 and CoNb2O6 to be orthorhombic. The phase purity of the 

MnNb2O6 powder was determined, however, to be ca 66% wt. MnNb2O6 

and ca 34% wt. H-Nb2O5, while it was ca 68% wt. CoNb2O6 and ca 32% 

wt. H-Nb2O5 for powdered CoNb2O6. Since the Raman spectra of Mn2+ 

and Co2+ doped Nb2O5 films were in agreement with their respective 

powders, then the composition of the doped powders determined from 

PXRD is likewise the same as in the films. The crystal structures of 

MnNb2O6, CoNb2O6 and H-Nb2O5 are shown in Figure 4.14. 

 

Figure 4.13. PXRD of Mn2+ (a) and Co2+ (b) doped Nb2O5 powders, and powdered H-

Nb2O5 (c). 
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Figure 4.14. Crystal lattice packing of orthorhombic MnNb2O6 (a) and CoNb2O6 (b), and 

H-Nb2O5 (c). Red spheres represent oxygen. Light blue, purple, and violet polyhedra 

represent niobium, manganese and cobalt atoms, respectively. 

4.4.2.3 EDS mapping of Mn2+ and Co2+ doped Nb2O5 films 

The film morphology and spatial distribution of Nb and metal dopants 

(Mn2+ and Co2+), obtained from EDS mapping, is illustrated in Figure 4.15. 

Notably, there is an even distribution of Nb (Figure 4.15a) and Mn (Figure 

4.15b) in the Mn2+ doped Nb2O5 film which confirms the film 

homogeneity (Figure 4.15c). In the Co2+ doped Nb2O5 film, however, there 

are signs of agglomeration and island coalescence that occurred during the 

annealing process (see Figure 4.15d-f inset). The distribution of Nb 

(Figure 4.15d) and Co (Figure 4.15e) is greater in the region where 

agglomerates are present which is indicative of a lack film homogeneity. 

a) orthorhombic

MnNb2O6

b) orthorhombic

CoNb2O6

c) H-Nb2O5
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Figure 4.15. EDS maps of the spatial distribution of Nb (a), Mn (b) and Nb/Mn (c) in 

Mn2+ doped Nb2O5 films, and Nb (a), Co (b) and Nb/Co (c) in Co2+ doped Nb2O5 films. 

The inset shows the spatial distribution of Nb, Mn and Co at the scale of 1 µm. 

4.4.2.4 Electrochemical measurements of Mn2+ and Co2+ doped Nb2O5 

films 

The cyclic voltammograms of Mn2+ (Figure 4.16a) and Co2+ (Figure 

4.16b) doped Nb2O5 films show “mirror images” of the current response 

at varied sweep rates (0.1 – 1.0 V s-1), which is characteristic of 

pseudocapacitance, similarly to the H-Nb2O5 films. Both the anodic and 

cathodic sweeps of the Mn2+ doped Nb2O5 film exhibit a larger magnitude 

in current density than the Co2+ doped Nb2O5 film. The latter correlates to 

the Mn2+ doped Nb2O5 film possessing a greater capacitance than the Co2+ 

doped Nb2O5 film. 

Figure 4.16c shows a linear relationship in the plot of the i(V)/ ν1/2 vs ν1/2 

for the Mn2+ and Co2+ doped Nb2O5 films, for both the cathodic (lithiation) 

and anodic (delithiation) sweeps. This is consistent with the Li+ 

intercalation behaviour observed previously with the H-Nb2O5 film. In the 

b-value analysis (Figure 4.16d), the plot of log(i) vs log(ν) for the Mn2+ 

and Co2+ doped Nb2O5 films also show the expected linearity in both 

anodic/cathodic sweeps at all sweep rates in the potential window. The b-

values = 1.0 and 0.8 for  the anodic and cathodic sweeps, respectively, in 

both the Mn2+ and Co2+ doped Nb2O5 films (Table 4.2). The mechanism 
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for the charge acquisition in the anodic sweeps is thus surface controlled 

since b = 1, however the decrease in the b-value to 0.8 for the cathodic 

sweeps indicate there is mixture of surface controlled and semi-infinite 

diffusion limited currents influencing the charging mechanism.[3, 17] 

 

Figure 4.16. CVs of Mn2+ doped (a) and Co2+ doped Nb2O5 film (b) at various sweep 

rates. Plot of i(V)/ν1/2 vs ν1/2 for determination of the surface-capacitive (adsorption) and 

pseudocapacitive (intercalation) current contributions (c) and plot of log (Ip) vs log (ν) 

for determination of the b-values of Mn2+ doped and Co2+ doped Nb2O5 films. 
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Table 4.2. b-value analysis of Mn2+ and Co2+ doped Nb2O5 films. 

Film b-value 

Anodic sweep Cathodic sweep 

Mn2+ doped Nb2O5 1.00±0.02 0.80±0.02 

Co2+ doped Nb2O5 1.00±0.03 0.80±0.03 

 

The contributions of surface controlled (capacitive) and semi-infinite 

diffusion controlled (intercalation) currents in the charging of the Mn2+ 

and Co2+ doped Nb2O5 films have been quantified (using the previous plot 

of i(V)/ ν1/2 vs ν1/2 and eq. 4. 1)  in Figure 4.17. Similarly to the T- and H-

Nb2O5 films, both Mn2+ and Co2+ doped Nb2O5 films show a general 

decrease in charge stored via a capacitive process relative to a decreasing 

sweep rate, while charging via intercalation exhibits the reverse trend. This 

agrees with the increase in current density observed from the 

voltammograms relative to an increased sweep rate (Figure 4.16a and 

Figure 4.16b).  

The anodic sweep (Figure 4.17a) in the Mn2+ doped Nb2O5 film shows a 

lower tendency for delithiation to influence the discharge process, when 

compared to the contribution of lithiation in the cathodic sweep (Figure 

4.17b), i.e. intercalation, at the same scan rates. A similar trend persists for 

charge storage contributions in the anodic (Figure 4.17c) and cathodic 

(Figure 4.17d) sweeps in the Co2+ doped Nb2O5 film. Furthermore, both 

the Mn2+ and Co2+ doped Nb2O5 films exhibit a larger contribution of 

intercalation in the charge storage process during the cathodic sweep, 

when compared to the T- and H-Nb2O5 films (Figure 4.6). This 

corresponds to an improved capability for lithiation, which in turn 

indicates that doping Nb2O5 films with Mn2+ and Co2+ enhances the 

tendency for lithiation in the charging process. 
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Figure 4.17. Charge storage contributions during the anodic (a) and cathodic (b) sweep 

of Mn2+ doped Nb2O5 film, the anodic (c) and cathodic (d) sweep of Co2+ doped Nb2O5 

film at ν = 0.1 to 1.0 V s-1. 

The charge/self-discharge behaviour of the Mn2+ and Co2+ doped Nb2O5 

films is illustrated in Figure 4.18 . Both doped films were readily charged 

to 4.0 V (V vs NHE), however, ca -0.4 µA had to be applied to maintain 

this charge over 15 minutes, in comparison to the ca -0.5 µA needed for 

H-Nb2O5. Immediately at open circuit, the OCP showed a minor decrease 

in charged from 4.0 V down to 3.9 and 3.8 V (V vs NHE ) for the Mn2+ 

and Co2+ doped Nb2O5 films, respectively.  

From the OCP, the self-discharge of the Co2+ doped Nb2O5 film decreased 

similarly to the H-Nb2O5 film. The charge of both films decreased below 

2.0 V (V vs NHE) after 120 s. Self-discharge in the Mn2+ doped Nb2O5 

film was, however, was more gradual. The voltage decreased to ca 2.4 V 

(V vs NHE) after 120 s and only went below 2.0 V (V vs NHE) after 300 

s elapsed. As self-discharge proceeded, the OCP shows that the charge of 
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the Mn2+ doped Nb2O5 film decreased to a minimum of 1.4 V (V vs NHE) 

after 900 s, which is 0.4 V (V vs NHE) more than the charge stored by the 

H-Nb2O5 film over the same period. The Co2+ doped Nb2O5 film was less 

impressive with self-discharge as the OCP shows the charge decrease to 

ca 1.2 V (V vs NHE) after 900 s. Both the Mn2+ and Co2+ doped Nb2O5 

films display trends in a glavanostatic self-discharge that is consistent with 

a pseudocapacitor. The doping of Nb2O5 with Mn2+, however, shows that 

the susceptibility of Nb2O5 to self-discharge can be decreased through 

doping while enhancing the charge storage capabilities. 

 

Figure 4.18. Potentiostatic charge (900 s) and self-discharge (900 s) of the Mn2+ and 

Co2+ doped Nb2O5 films. Dashed and solid line represents applied current and measured 

voltage, respectively. 

4.4.3 Ni2+ and Zn2+ doped Nb2O5 

4.4.3.1 Raman spectroscopy of Ni2+ and Zn2+ doped Nb2O5 films and 

powders 

Raman spectra of Ni2+ (Figure 4.20a) and Zn2+ (Figure 4.20c) doped Nb2O5 

films exhibited a peaks at ca 880 cm-1 and 895 cm-1, respectively. The 

presence of these sharp peaks are in agreement with previous Raman 

spectra of NiNb2O6
[33] and ZnNb2O6,

[34] respectively. These peaks 

coincide with the region 850 – 1000 cm-1 where the Nb=O stretching 

occurs, and are indicative of the presence of these groups.[31] The Raman 
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spectra of the Ni2+ (Figure 4.20b) and Zn2+ (Figure 4.20d) doped Nb2O5 

powders also showed the Nb=O stretching at ca 880 cm-1 and 896 cm-1, 

respectively, in agreement with their respective films. The peaks present 

at ca 990 cm-1 in both Ni2+ and Zn2+ doped Nb2O5 powders are also 

symptomatic of Nb=O stretching, but are due to the presence of H-

Nb2O5.
[23] Similarly, the broad peaks within 600 – 700 cm-1 are attributable 

to Nb-O stretches of NbO6 octahedra, present in orthorhombic or 

monoclinic Nb2O5 structures.[23, 31]  

 

Figure 4.19. Raman spectra of Ni2+ (a) and Zn2+ (b) doped Nb2O5 films, Ni2+ (c) and Zn2+ 

(d) doped Nb2O5 powders. Raman spectra of the films is normalised relative to the silicon 

peak at 518 cm-1. 

4.4.3.2 PXRD of Ni2+ and Zn2+ doped Nb2O5 powders 

The PXRD patterns of the Ni2+ (Figure 4.20a) and Zn2+ (Figure 4.20b) 

doped Nb2O5 powders, correspond to NiNb2O6 and ZnNb2O6, respectively. 

Rietveld analysis (see Figure S.II.22 and Figure S.II.23) confirmed the 

crystal phases of NiNb2O6 and ZnNb2O6 to be orthorhombic; the crystal 
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structures are given in Figure 4.21. The phase purity of the NiNb2O6 

powder was determined, to be ca 62% wt. NiNb2O6 and ca 38% wt. H-

Nb2O5, while it was ca 52% wt. ZnNb2O6 and ca 48% wt. H-Nb2O5 for 

powdered ZnNb2O6. Furthermore, the diffractograms of Ni2+ (Figure 

4.20a) and Zn2+ (Figure 4.20b) doped Nb2O5 powders were consistent with 

PXRD patterns from the literature for NiNb2O6
[27, 29] and ZnNb2O6,

[34] 

respectively. The composition of the Ni2+ and Zn2+ doped powders 

determined from PXRD is likewise the same as in the films. The 

diffractogram of H-Nb2O5 is included as a reference for undoped Nb2O5 

(Figure 4.20c). 

 

Figure 4.20. PXRD of Ni2+ (a) and Zn2+ (b) doped Nb2O5 powders, and powdered H-

Nb2O5 (c). 
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Figure 4.21. Crystal lattice packing of orthorhombic NiNb2O6 (a) and ZnNb2O6 (b) Red 

spheres represent oxygen. Light blue, yellow, and grey polyhedra represent niobium, 

nickel and zinc atoms, respectively 

4.4.3.3 EDS mapping of Ni2+ and Zn2+ doped Nb2O5 films 

The film morphology and spatial distribution of Nb and metal dopants 

(Ni2+ and Zn2+), obtained from EDS mapping, is illustrated in Figure 4.22. 

There is an uneven distribution of Nb (Figure 4.22a) and Ni (Figure 4.22b) 

in the Ni2+ doped Nb2O5 film, due to the presence of agglomerates/island 

coalescence which indicate film inhomogeneity (Figure 4.22c). In the Zn2+ 

doped Nb2O5 film there is absence of agglomeration and extensive film 

coverage. However, there is an even distribution of Nb (Figure 4.22d) in 

the film, while Zn atoms tend to form sporadic clusters throughout the film 

(Figure 4.22e) which indicates a lack film homogeneity. 

 

 

a) orthorhombic

NiNb2O6

b) orthorhombic

ZnNb2O6
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Figure 4.22. EDS maps of the spatial distribution of Nb (a), Ni (b) and Nb/Ni (c) in Ni2+ 

doped Nb2O5 films, and Nb (a), Zn (b) and Nb/Zn (c) in Zn2+ doped Nb2O5 films. The inset 

shows the spatial distribution of Nb, Ni and Zn at the scale of 1 µm. 

4.4.3.4 Electrochemical measurements of Ni2+ and Zn2+ doped Nb2O5 

films 

The cyclic voltammograms of Ni2+ (Figure 4.23a) and Zn2+ (Figure 4.23b) 

doped Nb2O5 films exhibit the characteristic “mirror images”– attributable 

to high reversibility – that embodies pseudocapacitance. This is 

symptomatic of the pseudocapacitive behaviour observed in the H-Nb2O5 

film and the Mn2+/Co2+ doped Nb2O5 films. The anodic and cathodic 

sweeps of the Ni2+ doped Nb2O5 film are, however, smaller in magnitude 

compared to the Mn2+ doped Nb2O5 film, but still larger than the H-Nb2O5 

film. A similar trend is present in the Zn2+ doped Nb2O5 film but the tailing 

at the end of the cathodic sweep may indicate the formation of SEI. 

Figure 4.23c shows a linear relationship in the plot of the i(V)/ ν1/2 vs ν1/2 

for the Ni2+ and Zn2+ doped Nb2O5 films, for both the anodic and cathodic 

sweeps. The slope from this plot was also used to determine the different 

contributions in the charge cycling process of these doped Nb2O5 films. In 

the b-value analysis (Figure 4.23d), the plot of log(i) vs log(ν) for the Ni2+ 

and Zn2+ doped Nb2O5 films also show the expected linearity in both 
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anodic/cathodic sweeps at all sweep rates in the potential window. The b-

values = 1.0 and 0.7 for the anodic and cathodic sweeps, respectively, in 

the Ni2+ doped Nb2O5 film (Table 4.3). The mechanism for the charge 

acquisition in the anodic sweeps is surface controlled and thus fast, since 

b = 1. However, the decrease in the b-value to 0.7 for the cathodic sweep 

indicates a mixture of surface controlled and semi-infinite diffusion 

limited currents influencing the charging mechanism.[3, 17] The same 

concept applies for the anodic sweep of the Zn2+ doped Nb2O5 film which 

has b = 0.8 (Table 4.3), however its cathodic sweep is dominated by a 

surface controlled process since b = 0.9. 

 

Figure 4.23. CV’s of Ni2+ doped (a) and Zn2+ doped Nb2O5 film (b) at various sweep 

rates. Plot of i(V)/ν1/2 vs ν1/2 for determination of the surface-capacitive (adsorption) and 

pseudocapacitive (intercalation) current contributions (c) and plot of log (Ip) vs log (ν) 

for determination of the b-values of Ni2+ doped and Zn2+ doped Nb2O5 films. 
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Table 4.3. b-value analysis for Ni2+ and Zn2+ doped Nb2O5 films. 

Film b-value 

Anodic sweep Cathodic sweep 

Ni2+ doped Nb2O5 1.00±0.03 0.70±0.03 

Zn2+ doped Nb2O5 0.80±0.06 0.90±0.01 

 

Both Ni2+ and Zn2+ doped Nb2O5 films show a general decrease in charge 

stored via a capacitive process relative to a decreasing sweep rate, while 

charging via intercalation exhibits the reverse trend (Figure 4.24). This 

agrees with the increase in current density observed from the 

voltammograms relative to an increased sweep rate. The anodic sweep 

(Figure 4.24a) in the Ni2+ doped Nb2O5 film shows that predominantly 

capacitive contributions influence Li+ deintercalation in the discharge 

process; i.e. desorption. Conversely, intercalation influenced the majority 

of charge storage process during the cathodic sweep at ν ≤0.3 V s-1 (Figure 

4.24b). Li+ intercalation is therefore enhanced in the Ni2+ doped Nb2O5 

film. 

 The charge storage contributions in the anodic (Figure 4.24c) and cathodic 

(Figure 4.24d) sweeps of the Zn2+ doped Nb2O5 film indicates a surface 

controlled process dominating in each instance. Notably, both the Ni2+ and 

Zn2+ doped Nb2O5 films exhibit greater charge development via 

intercalation during the cathodic sweep, when compared to the T- and H-

Nb2O5 films. Therefore, there is some improved capability for lithiation 

with Ni2+ and Zn2+ doped Nb2O5 films. The latter abodes well for both 

doped films enhancing pseudocapacitive charging in the charge cycling 

process. 
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Figure 4.24. Charge storage contributions during the anodic (a) and cathodic (b) sweep 

of Ni2+ doped Nb2O5 film, the anodic (c) and cathodic (d) sweep of Zn2+ doped Nb2O5 film 

at ν = 0.1 to 1.0 V s-1. 

The charge/self-discharge behaviour of the Ni2+ and Zn2+ doped Nb2O5 

films is shown in Figure 4.25. Both doped films were charged to 4.0 V (V 

vs NHE) by applying ca -0.4 µA over 900 s, compared to the ca -0.6 µA 

used for H-Nb2O5. At open circuit, there was leakage current and the 

voltage decrease from 4.0 V down to 3.8 and 3.6 V (V vs NHE ) for the 

Ni2+ and Zn2+ doped Nb2O5 films, respectively. Only the Ni2+ doped Nb2O5 

films exhibited a stability to self-discharge, which exceeded that of H-

Nb2O5 immediately at open circuit, i.e. 3.6 V (V vs NHE). 

The charge of the Ni2+ doped Nb2O5 film decreased below 2.0 V (V vs 

NHE) after 120 s, similarly to the H-Nb2O5 film. Self-discharge in the Zn2+ 

doped Nb2O5 film, however, progressed much faster as the voltage 

decreased to ca 1.2 V (V vs NHE) after 120 s elapsed. After monitoring 

the OCP for 300 s, the voltage of the Ni2+ doped Nb2O5 film was below 
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1.5 V (V vs NHE). However, the Zn2+ doped Nb2O5 film showed further 

diminution to ca 0.8 V (V vs NHE), were it remained as open circuit 

elapsed for 900 s. The Zn2+ doped Nb2O5 film thus exhibited self-discharge 

from 4.0 to 0.8 V (V vs NHE) within 300 s , which is the most significant 

self-discharge of any doped Nb2O5 film in this study. Similarly, in tracking 

OCP after 900 s, the self-discharge of the Ni2+ doped Nb2O5 film 

progressed to a minimum of ca 1.0 V (V vs NHE) analogously to the H-

Nb2O5 film. Although both the Ni2+ and Zn2+ doped Nb2O5 films display 

trends in self-discharge that is consistent with a pseudocapacitor, neither 

exhibit self-discharge properties superior to H-Nb2O5. Hence, doping of 

Nb2O5 with Ni2+ and Zn2+ may render it more susceptibility to self-

discharge, even though they may enhance the charge storage capabilities. 

 

Figure 4.25. Potentiostatic charge (900 s) and self-discharge (900 s) of the Ni2+ and Zn2+ 

doped Nb2O5 films. Dashed and solid line represents applied current and measured 

voltage, respectively. 

4.4.4 Cr3+ and Fe3+ doped Nb2O5 

4.4.4.1 Raman spectroscopy of Cr3+ and Fe3+ doped Nb2O5 powders 

Unlike the divalent metal doped Nb2O5 films, a comparison between the 

Raman spectra of the Cr3+ and Fe3+ doped Nb2O5 films and powders was 

not possible. This was due to a significant attenuation of the Raman signal 

in the Cr3+ and Fe3+ doped Nb2O5 films preventing a feasible comparison 
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between the analogous powders; which also exhibit significant signal 

attenuation. The attenuation of the Raman signal is attributed to the dark-

brown colour of the powdered samples (see Figure S.II.29) absorbing the 

incident light from the laser. The Raman spectra of the Cr3+ (Figure 4.26a) 

and Fe3+ (Figure 4.26b) doped Nb2O5 powders both exhibit Raman signals 

that show at least a 25-fold decrease in their intensity (c.p.s), relative to the 

signals of H-Nb2O5. Since the intensity of the peaks are so significantly 

attenuated – almost comparable to the background signal – they cannot be 

unequivocally assigned in the spectra of the Cr3+ or Fe3+ doped Nb2O5 

powders.  

 

Figure 4.26. Raman spectra of Cr3+ (a) and Fe3+ (b) doped Nb2O5 powders, and powdered 

H-Nb2O5. 

4.4.4.2 PXRD Cr3+ and Fe3+ doped Nb2O5 powders 

The PXRD patterns of the Cr3+ and Fe3+ doped Nb2O5 powders are more 

suitable for determining the effect of the dopants on the structure of Nb2O5 

as signal attenuation is not a factor. Using Rietveld refinement (see Figure 
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S.II.18 and Figure S.II.20), the diffractograms of the Cr3+ (Figure 4.27a) 

and Fe3+ (Figure 4.27b) doped Nb2O5 powders were determined to form 

tetragonal CrNbO4 and orthorhombic FeNbO4, respectively. The 

diffractograms of CrNbO4 and FeNbO4 were consistent with previous 

results, were these oxides were made via solid-state or sol-gel methods.[35] 

Rietveld refinement also determined the phase purity after doping with 

Cr3+ was ca 63% wt. tetragonal CrNbO4 and ca 37% wt. H-Nb2O5, while 

it was ca 70% wt. orthorhombic FeNbO4 and ca 30% wt. H-Nb2O5 after 

doping with Fe3+.  The crystal structures of tetragonal CrNbO4 and 

orthorhombic FeNbO4 are given in Figure 4.28. 

 

Figure 4.27. PXRD of Cr3+ (a) and Fe3+ (b) doped Nb2O5 powders, and powdered H-

Nb2O5 (c). 
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Figure 4.28. Crystal lattice packing of tetragonal CrNbO4 (a) and orthorhombic FeNbO4 

(b) Red spheres represent oxygen. Light blue, green and orange polyhedra represent 

niobium, chromium and nickel atoms, respectively. 

4.4.4.3 EDS mapping of Cr3+ and Fe3+ doped Nb2O5 films 

The film morphology and spatial distribution of Nb and metal dopants 

(Cr3+ and Fe3+), obtained from EDS mapping, is illustrated in Figure 4.29. 

Both Cr3+ and Fe3+ doped Nb2O5 films exhibit agglomeration and island 

coalescence, which corresponds to an uneven film morphology, remaining 

after the annealing process. The distribution of Nb (Figure 4.29a) and Cr 

atoms (Figure 4.29b) in the Cr3+ doped Nb2O5 film is localised on these 

agglomerates, while their spatial distribution is significantly less in the 

regions separating agglomerates. The same trend was present in the Fe3+ 

doped Nb2O5 film, relative to the spatial distribution of Nb and Fe atoms. 

Furthermore, cluster formation from the agglomerates in the Fe3+ doped 

Nb2O5 film were sporadic compared to the Cr3+ doped Nb2O5 film. 

 

b) orthorhombic

FeNbO4

a) tetragonal

CrNbO4



 

147 

 

 

Figure 4.29. EDS maps of the spatial distribution of Nb (a), Cr (b) and Nb/Cr (c) in Cr3+ 

doped Nb2O5 films, and Nb (a), Fe (b) and Nb/Fe (c) in Fe3+ doped Nb2O5 films. The inset 

shows the spatial distribution of Nb, Cr and Fe at the scale of 1 µm. 

4.4.4.4 Electrochemical measurements of Cr3+ and Fe3+ doped Nb2O5 

films 

Similarly to all preceding cyclic voltammograms, the Cr3+ (Figure 4.30a) 

and Fe3+ (Figure 4.30b) doped Nb2O5 films also exhibit the 

pseudocapacitive “mirror images” in their voltammograms collected at 

different scan rates. The anodic sweeps of the Cr3+ and Fe3+ doped Nb2O5 

films, however, yield a lower current density than the cathodic sweep at 

all sweep rates. Importantly, both the Cr3+ and Fe3+ doped Nb2O5 films 

exhibit current densities (anodic and cathodic) superior to that of H-Nb2O5, 

without SEI formation; i.e. doping with trivalent metals enhance the charge 

storage capabilities of Nb2O5.  

A plot of the i(V)/ ν1/2 vs ν1/2 for the Cr3+ and Fe3+ doped Nb2O5 films 

(Figure 4.30c), demonstrates a linear relationship for both the anodic and 

cathodic sweeps. The slope from this plot was similarly used to determine 

the surface controlled and diffusion limited contributions in the charge 

storage process of these doped Nb2O5 films. The b-value analysis (Figure 

4.30d), of the Cr3+ and Fe3+ doped Nb2O5 films also show the expected 
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linearity, in the plot of log(i) vs log(ν,) for both anodic/cathodic sweeps at 

all sweep rates in the potential window. The b-values = 1.0 and 0.9 for the 

anodic and cathodic sweeps, respectively, in the Cr3+ doped Nb2O5 film 

(Table 4.4). This indicates a surface controlled limited process and the 

charge acquisition is a capacitive. The b-value = 1 for the anodic sweep of 

the Fe3+ doped Nb2O5 film, however it the decreases to 0.7 for the cathodic 

sweep. Hence, a combination of surface controlled and semi-infinite 

diffusion limited currents are influencing the charging mechanism for the 

cathodic sweep, rather than a purely surface controlled process in the 

anodic sweep. 

 

Figure 4.30. CV’s of Cr3+ doped (a) and Fe3+ doped Nb2O5 film (b) at various sweep 

rates. Plot of i(V)/ν1/2 vs ν1/2 for determination of the surface-capacitive (adsorption) and 

pseudocapacitive (intercalation) current contributions (c) and plot of log (Ip) vs log (ν) 

for determination of the b-values of Cr3+ doped and Fe3+ doped Nb2O5 films. 
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Table 4.4 b-value analysis for Cr3+ and Fe3+ doped Nb2O5 films. 

Film b-value 

Anodic sweep Cathodic sweep 

Cr3+ doped Nb2O5 1.00±0.1 0.90±0.03 

Fe3+ doped Nb2O5 1.00±0.06 0.70±0.02 

 

The Cr3+ and Fe3+ doped Nb2O5 films (Figure 4.31) show a general 

decrease in charge stored via a capacitive process relative to a decreasing 

sweep rate, while charging via intercalation exhibits the reverse trend. The 

capacitive contributions to charge acquisition during the anodic sweep, i.e. 

the discharge process, dominate at all sweep rates in the Cr3+ doped Nb2O5 

film (Figure 4.31a). This corresponds to desorption of Li+ being the major 

contributor to the discharge process instead of charge loss via Li+ 

deintercalation. Capacitive contributions similarly dominated the charge 

storage process during the cathodic sweep at all scan rates and this 

correlates to Li+ adsorption being more prevalent than intercalation (Figure 

4.31b). 

The charge storage contributions in the anodic sweep of the Fe3+ film, at 

all scan rates, are also dominated by a capacitive process (Figure 4.31c). 

Hence, Li+ desorption takes precedence over deintercalation during the 

discharge process that accompanies the anodic sweep. As for the cathodic 

sweep of the Fe3+ doped Nb2O5 film, intercalation is the major contributor 

to the charging process (Figure 4.31d). Both the Cr3+ and Fe3+ doped 

Nb2O5 films exhibit greater charge development via intercalation during 

the cathodic sweep, when compared to the T- and H-Nb2O5 films (Figure 

4.6). Furthermore, the Fe3+ doped Nb2O5 films exhibits the most extensive 

contribution of intercalation in charge storage, ca 65% at 0.1 V s-1, of all 

the doped films. This corresponds to lithiation being enhanced the most in 

the Fe3+ doped Nb2O5 films, compared to the use of other dopants. 
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Figure 4.31. Charge storage contributions during the anodic (a) and cathodic (b) sweep 

of Cr3+ doped Nb2O5 film, the anodic (c) and cathodic (d) sweep of Fe3+ doped Nb2O5 

film at ν = 0.1 to 1.0 V s-1 

The charge/self-discharge behaviour of the Cr3+ and Fe3+ doped Nb2O5 

films is illustrated in Figure 4.32. Both doped films were readily charged 

to 4.0 V (V vs NHE). The Cr3+ and Fe3+ doped Nb2O5 films needed the 

application of ca -0.5 and -0.4 µA, respectively, for 15 minutes to maintain 

the charge storage. Immediately at open circuit, both the Cr3+ doped Nb2O5 

and H-Nb2O5 films exhibited a voltage decrease to ca 3.8 V (V vs NHE), 

while the voltage of the Fe3+ doped Nb2O5 film decreased to ca 3.5 V (V 

vs NHE).  

From OCP measurements, the self-discharge of the Cr3+ doped Nb2O5 film 

progressed in a trend similar to the H-Nb2O5 film. The charge of both films 

decreased below 2.0 V (V vs NHE) after 120 s, while self-discharge in the 
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Fe3+ doped Nb2O5 film was more gradual as the stored charge decreased 

to ca 2.0 V (V vs NHE) after 120 s. After 300 s at open circuit, the voltage 

of the Fe3+ doped Nb2O5 decreased to ca 1.6 V (V vs NHE), while the 

voltage of the Cr3+ doped Nb2O5 film decreased to ca 1.3 V (V vs NHE) at 

this point. As the OCP measurement elapsed 900 s, the charge stored by 

the Fe3+ doped Nb2O5 film was ca 1.4 V (V vs NHE), while it was ca 1.0 

V (V vs NHE) in the Cr3+ doped Nb2O5 film. Both the Cr3+ and Fe3+ doped 

Nb2O5 films display a trend in self-discharge that is symptomatic of a 

pseudocapacitor.[22]] The doping of Nb2O5 with Fe3+, rather than Cr3+, 

shows that the susceptibility of Nb2O5 to self-discharge can be improved 

through use of this dopant. 

 

Figure 4.32. Potentiostatic charge (900 s) and self-discharge (900 s) of the Cr3+ and Fe3+ 

doped Nb2O5 films. Dashed and solid line represents applied current and measured 

voltage, respectively. 

It has been demonstrated that transition-metal hexaniobate solutions offer 

a means of depositing transition metal niobate thin films, in lieu of 

preparing coin cells using the analogous metal oxide powders. However, 

the electrochemical investigations conducted in this study are insufficient 

to definitively explain the extent by which pseudocapacitance is improved 

in Nb2O5. This is primarily due to cyclic voltammetry experiments not 

proceeding over a duration of time long enough to facilitate the 

intercalation processes, i.e. sweep rates < 0.1 V s-1 are necessary. 
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Previously, a sweep rate as low as 0.0001 V s-1 (0.1 mV s-1) has been used 

to illustrate the intercalation processes occurring in T-Nb2O5 films.[17] 

Though a measurement of this nature comes at the expense of longer times, 

it is accepted that sweep rates within the region of 0.1 – 20 mV s-1 are 

needed to clearly observe intercalation processes in Nb2O5.
[3, 17, 21] 

This explains why intercalation was seldom observed as the process 

dominating the charge storage process during the anodic/cathodic sweeps, 

i.e. in sufficient time elapsed during CV measurements. Measuring at 

lower sweep rates to facilitate observation of intercalation would 

compensate for this. The latter is corroborated by eq. 4. 5. The reversibility 

exhibited in the CVs of this study is symptomatic of pseudocapacitance; 

albeit, the ability to quantify the pseudocapacitance – via intercalation – 

could be improved by CV measurements at sweep rates <0.1 V s-1. 

Nonetheless, the ease in depositing the doped Nb2O5 films and the 

subsequent electrochemical studies conducted merits this approach in 

investigating the pseudocapacitive properties of metal oxides, without the 

need for coin cells. 

Conclusion 

Transition metal niobate thin films can be fabricated via spin coating 

transition metal-hexaniobate solutions onto silicon wafers, which are then 

annealed at 1000 °C. This obviates the need for sol-gel methods, which 

often lack reproducibility. Additional advantages include the relative ease 

of spin coating these films and the deposition onto silicon wafers facilitates 

benchtop electrochemical investigations, without the use of coin cells. This 

facilitates investigations of Li+ intercalation via cyclic voltammetry (at 

sufficiently low sweep rates) to determine pseudocapacitive properties, 

alongside the charge/discharge behaviour of these materials. The protocol 

developed in this study can be used as a preliminary approach to screen 

metal oxides to determine their viability as anode materials for lithium 

batteries, prior to preparing coin cells for more extensive testing. 
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Chapter 5 

5.1 Doping of Nb2O5 with Alkali cations 

In this section, the prospect of using alkali-cation doped polyoxoniobates 

solutions is explored as a means of generating alkali-doped niobium oxide 

films; i.e. alkali niobates. The alkali niobates, primarily LiNbO3 and 

Na/KNbO3, are of particular interest to the development of piezoelectric 

devices, as their innate piezoelectric properties offer an alternative to lead-

based materials. This is essentially due to the alkali niobates exhibiting – 

comparable if not superior – piezoelectric properties relative to the more 

commonly used lead zirconium titanate (PZT). While experiments to 

characterise the piezoelectric properties of the alkali-doped niobium oxide 

films were not within the scope of this study, a general description of the 

piezoelectric effect and the influence of alkali niobates in this regard is 

given to emphasise the relevance of fabricating alkali niobate films from 

aqueous polyoxoniobate solutions.  

5.2 The piezoelectric effect and its application 

The generation of piezoelectricity is a result of electric charge 

accumulating in solid-state materials (ceramic or crystals), due to applied 

mechanical stress. A linear electromechanical interaction exists between 

mechanical and electrical states in crystalline solids that lack an inversion 

centre, and this is the source of the piezoelectric effect.[1] The lack of an 

inversion centre is a necessity because the mechanical stress experienced 

by the material is centrosymmetric and cannot produce an asymmetric 

result – whereby a net movement of positive and negative ions relative to 

each other produces an electric dipole – unless the material lacks an 

inversion centre.[2] This facilitates the net movement of positive and 

negative ions, relative to each other, to prompt polarisation (formation of 

electric dipoles). 

There exists both a direct and indirect (converse) piezoelectric effect. The 

direct piezoelectric effects entails application of mechanical deformation 

to the piezoelectric material, which prompts the formation of a 
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proportional electric charge on certain opposite faces of the material.[1] The 

indirect piezoelectric effect occurs when mechanical deformation/stress 

results after induction of an external electric field in the piezoelectric 

material. 

Pierre and Jacques Curie are credited with the discovery of the direct 

piezoelectric effect in 1880, though at that time the concept of 

piezoelectricity was not formally proposed. Instead, they reported on the 

existence of a relationship between mechanical load and electric 

polarisation.[3] The inverse piezoelectric effect came later on through 

predictions made from Gabriel Lippmann’s thermodynamic calculations, 

whereby he determined that a crystal will undergo deformation when an 

electric voltage is applied at specific opposite faces of a crystal. The 

experimental work of the Curie brothers thereafter confirmed Lippmann’s 

theory.[1, 3] The predictions of Lippmann and the experimental results of 

the Curie brothers effectively set the precedence for future studies into the 

now field of piezoelectricity. 

A noteworthy application of the piezoelectric effect came afterwards 

during World War I (WWI) when submarine detection became of interest 

to Paul Langevin.[1] Quartz plates exhibit mechanical vibrations 

subsequent to the application of an electric field, due to the indirect 

piezoelectric effect, and this was used for propagating high frequency 

sound waves (ultrasound) under water. The emitted sound waves would 

eventually return to the source (quartz plates) as an echo, and upon 

interacting with the quartz plate the direct piezoelectric effect occurs; i.e. 

the mechanical stress of the echoed sound waves would now electrically 

polarise the quartz plate. Furthermore, the time elapsed for the return of 

the echo was exploited to determine distance or depth – in the case of an 

echo from a submarine – and this was the naissance of sonar transducers. 

In Figure 5.1 an overview of the direct and indirect applications of the 

piezoelectric effect is given.  
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Figure 5.1. Applications of the piezoelectric effect. Adapted from Gautschi.[1] 

5.2.1 Piezoelectric lead zirconium titanate (PZT) 

Lead zirconium titanate (PZT) is a solid solution formed from crystalline 

PbTiO3 and PBZrO3. PZT is typically formed through calcination of PbO, 

ZrO2 and TiO2, to yield the structure PbZrxTi1-xO3, which exhibits varying 

piezoelectric properties, depending on the homogeneity of the composition 

or the use of dopants.[2, 4] The piezoelectric properties of PZT are credited 

to the presence of a morphotropic phase boundary (MPB), which separate 

regions of tetragonal symmetry from those of rhombohedral symmetry 

within the lattice.[5] This yields competing polar phases – with similar 

energies but different crystallographic structures – in the chemical 

composition of PZT, which results in a large strain with polarisation 

rotation (poling) subsequent to application of an electric field.[6] At the 

MPB the crystal structure changes abruptly which renders the resulting 

electromechanical properties to be at a maximum.[5a] 
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PZT rose to prominence as a piezoelectric material during World War II 

(WWII) in 1952, subsequent to the discovery of barium titanate (BaTiO3) 

as a piezoelectric ceramic in 1949. At the time, BaTiO3 was considered the 

successor of quartz and the Rochelle salt (potassium sodium tartarate 

tetrahydrate) – which was known to be hygroscopic – used previously in 

WWI.[5a, 7] Aside from its impressive piezoelectric properties, the other 

advantages of BaTiO3 were associated with it being a ceramic material and 

possessing ferroelectric properties. 

Ferroelectricity refers to the electrically reversible polarisation 

(spontaneous) exhibited by a material.[2] Prior to the discovery of BaTiO3, 

it was assumed that a ceramic material could not be piezoelectrically active 

due to the random orientation of crystallites in a ceramic precluding 

alignment of the internal dipoles (domains) within the grains.[2, 8] The lack 

of BaTiO3 being used as a piezoelectric transducer is, however, due to it 

possessing a high dielectric constant, which is more suitable for use in 

capacitors. Furthermore, BaTiO3 exhibits a low Curie temperature (TC) of 

120 °C,[5c] which limits its use in high power transducers and BaTiO3 

(0.35) has a lower electromechanical coupling factor compared to PZT 

(0.65), which hinders its operational output.[2] 

The use of PZT as a piezoelectric transducer predominated over BaTiO3 

because of its superior ferroelectric properties. These include a higher 

electromechanical coupling coefficient, a TC ranging 220 – 490 °C 

(depending on the composition), ease of polarisation and a wide range of 

dielectric constants.[2] The ease of polarisation correlates to the process of 

poling, which refers to the mechanical expansion of the material along the 

poling axis, with simultaneous contraction in the directions perpendicular 

to the poling axis. The extent of dipole (domain) alignment in the material 

– which influences the ferroelectric/piezoelectric properties – is dependent 

on the strength of the poling filed. Hence, the occurrence of poling is 

crucial to eliciting the piezoelectric effect in a ferroelectric material. The 

absence of poling would render the ceramic material inactive, despite the 

individual crystallite domains within the material being piezoelectric 

themselves.[2] Lastly, PZT is easier to calcine at lower temperatures than 
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BaTiO3 and PZT forms solid-solution compounds with varying 

constituents that allows for a wider range of possible applications. 

Some of the different constituents used include dopants, modifiers or some 

other heteroatom that aids in optimising the properties of PZT for the 

desired application. For example, off-valent donors such as Nb5+ and La3+ 

can replace Zr4+ and Pb2+, respectively, to increase the electrical resistivity 

of PZT and enhance domain reorientation.[2] The use of donors in this 

scenario limits the innate p-type conductivity of PZT, while promoting a 

higher dielectric constant and higher mechanical compliance.[2] Note that 

a higher dielectric constant corresponds to making a capacitor or some 

other energy-storage material. Conversely, off-valent acceptors such as 

Fe3+ can replace Zr4+ or Ti4+, while prompting the formation of oxygen 

vacancies. This effectively limits domain reorientation during the poling 

process, lowers the dielectric constant and mechanical compliance.[2]  

There is no disputing the influence and ubiquity of piezoelectric materials 

in modern society. Simply put, these materials have significantly 

contributed to the development and advancement of modern technology 

(Figure 5.1). Therefore, the materials used to elicit the piezoelectric effect 

are a crucial aspect of society just the same. PZT remains as one of the 

most prominently used piezoelectric materials. Considering the toxicity 

associated with lead-containing compounds, the hazards associated with 

piezoelectric devices containing PZT is obvious, i.e. there is a high risk of 

lead exposure. Furthermore, lead oxide – a precursor used in the synthesis 

of PZT – becomes volatile at the high temperatures and this accentuates 

the hazards already associated with PZT use. Legislation such as the 

European Union (EU) restriction of hazardous substances in electrical and 

electronic equipment (RoHS) has been passed to restrict production/use of 

hazardous materials in electrical and electronic equipment. Since use of 

PZT is so widespread, the RoHS would render it prohibited for use in 

consumer electronics, for example. There is therefore a need to develop 

lead-free piezoelectric materials, to enforce a cessation in the use of lead-

based piezoelectric materials – without compromising the desired 

piezoelectric properties. The use of alkali niobates are primary examples 
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of piezoelectric materials that can ameliorate, if not obviate, the lead 

dependency associated with some piezoelectric devices. 

5.2.2 Alkali niobates as lead-free piezoelectric materials 

The alkali niobates (ANbO3), which belong to the perovskite structure 

family, such as potassium and sodium niobate (KNbO3 and NaNbO3) have 

garnered extensive interest for use in piezoelectric applications due to the 

large piezoelectric constants (200≤ d33 ≤750 pC N-1) and high Curie 

temperature (TC) possessed by these materials.[9] Simply put, these 

attributes are very attractive as only PZT or doped analogues of PZT 

exhibit these piezoelectric capabilities. Therefore, relative to these criteria, 

the alkali niobates can satisfy the need for lead-free piezoelectric materials 

and this has prompted significant interest into the research of these 

materials.  

The solid-solution of potassium sodium niobate, KNN, (K0.5Na0.5)NbO3 is 

an example of an alkali niobate, which is formed via combination of the 

ferroelectric KNbO3 (orthorhombic) and antiferroelectric NaNbO3 

(orthorhombic).[10] At ca 50% substitution with potassium, there is 

formation of the MPB to separate the two orthorhombic phases of KNbO3 

and NaNbO3.
[10-11] The presence of the MPB is consistent with KNN 

exhibiting a high piezoelectric constant (d33 = 416 pC N-1).[11a, 12] Doping 

of KNN, via LiNbO3 and LiTaO3, has similarly been used to enhance the 

piezoelectric properties of KNN.[13] These lithium doped alkali niobates 

exhibited a piezoelectric constant (d33) ≥200 pC N-1, along with a high 

Curie temperature, which is advantageous in replacing PZT.[13]  

Wang et al[14] have reported a very large piezoelectric constants for KNN, 

i.e. d33 ca 490 pC N-1, and since this material exhibits a TC ranging ca 217 

– 304 °C it can be used at high temperatures that would be suitable for 

PZT; but not BaTiO3.  The ability for the alkali niobates to remain 

functional as piezoelectrics at temperatures >120 °C – similarly to PZT – 

is a noteworthy characteristic, since temperatures ≥120 °C precluded the 

use of BaTiO3 as a piezoelectric transducer.[2] This feature contributed to 

PZT predominantly being used in the development of piezoelectric 
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devices. Note also that the larger the magnitude of the piezoelectric 

constant, the more feasible it is for the material to be used in piezoelectric 

sensors and actuators. 

There are, however, challenges related to the synthesis of alkali niobates, 

in particular as it relates to fabrication of thin films. These include 

prolonged heating at high temperatures, the use of energy intensive 

methods or expensive equipment. Pulsed laser deposition,[15] sputtering[16] 

and chemical vapour deposition[17] are examples of energy intensive 

methods. The use of sol-gel[18] methods mitigates a need for expensive 

equipment but at the expense of reproducibility, owing to the use of 

moisture sensitive precursors – NbCl5 or Nb(OC2H5)5.
[19]  

Achieving the desired stoichiometry of the alkali cations – K+ and Na+ – 

in KNN (KxNa1-xNbO3), for example, is another challenge that occurs in 

the synthesis of alkali niobates.[19-20] This was determined to be a 

consequence of potassium and sodium entering the KNN structure at 

different rates.[20-21] Furthermore, the challenge of stoichiometric control – 

determined via hydrothermal syntheses – is actually a consequence of the 

difference in solubility of the Lindqvist hexaniobate ion (Nb6) in the 

presence of sodium versus potassium.[22]  

The interplay between the formation of alkali niobates in the solid-state, 

from the parent Nb2O5, is therefore influenced by the alkali-coordinated 

polyoxoniobate species which dominate in solution. For example, the 

hydrothermal synthesis of KNbO3 and NaNbO3 commences with 

dissolution of Nb2O5 at highly alkaline pH (≤14) – in agreement with the 

activation pH[23] – and the Nb6O19
8- ion dominates in solution.[20, 23] The 

lower solubility of sodium hexaniobate (HxNa8-xNb6O19, NaNb6) 

compared to potassium hexaniobate (HxK8-xNb6O19, KNb6), is typical of 

the solubility trend determined previously for the coordination of alkali 

cations to Nb6; whereby Li+ < Na+ < K+ < Rb+ < Cs+.[22, 24] This cation-

influenced solubility of Nb6 in aqueous solution is therefore considered to 

influence the formation of KNbO3, NaNbO3 and KNN in the solid state. 
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In an in-situ PXRD study of the hydrothermal reaction of T-Nb2O5 in KOH 

and NaOH solutions at 250 – 300 °C, by Skjaervø et al[20] the diffraction 

lines corresponding to KNbO3 was detectable after ca 50 seconds at 250 

°C. Prior to the formation of KNbO3, however, they determined there is 

formation of the KNb6 from T-Nb2O5 (dissolution), followed by 

subsequent nucleation to form KNbO3 crystallites (reprecipitation). This 

was consistent with dissolution-reprecipitation process necessary to form 

the alkali niobate.[21] At higher temperatures (300 °C) the onset of 

dissolution was more rapid; however, there was a decrease in the crystallite 

size at higher temperatures. Notably, only the diffraction pattern of KNbO3 

was detectable after dissolution of Nb2O5, which is consistent with no 

intermediary phase formation due to the solubility of KNb6. 

The converse was observed for the dissolution of T-Nb2O5 in NaOH, 

whereby the rate of dissolution to form NaNb6 increased at higher 

temperatures and was accompanied by a similar increase in the NaNbO3 

crystallite size.[20] The dissolution of T-Nb2O5, however, proceeded via 

formation of the intermediate Na2Nb2O6 crystallites subsequent to NaNb6 

formation.[25] The Na2Nb2O6 crystallites increase in size similarly at higher 

temperatures;[20] prior to their eventual dissolution to thereafter form 

NaNbO3.
[26] The formation of Na2Nb2O6 as an intermediate is a 

consequence of the lower solubility of the NaNb6, compared to KNb6.
[22]  

It is also the decreased solubility of the Lindqvist hexaniobate ion in the 

presence of sodium cations, which imparts the tendency for NaNbO3 to 

form before KNbO3 in the synthesis of sodium potassium niobate (KNN). 

The initial formation of NaNbO3 phase increases the Na content of KNN, 

which consequentially limits the ability to obtain stoichiometric 

(K0.5Na0.5)NbO3.
[10] More so, the 50% K occupancy required at the 

morphotropic phase boundary (MPB) to confer the optimal 

electromechanical properties as a piezoelectric material, is also limited by 

the premature formation of NaNbO3.
[21] This is evidence of the multiple 

facets of using polyoxoniobates as molecular building blocks in the solid 

state, as the interaction of the Lindqvist hexaniobate ion with counter ions 
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in solution directly influences the formation – hence functionality – of 

solid-state niobates. 

 5.3 Alkali polyoxoniobate building blocks 

The decaniobate ion ([Nb10O28]
6-, Nb10) is stable at neutral pH, but will 

dissociate to form the hexaniobate species ([Nb6O19]
8-, Nb6) at pH ≥7.5.[27] 

Furthermore, this dissociation occurs rapidly at pH >9.3.[27]  The formation 

of Nb6 from Nb10, relative to an increase in pH proceeds in accordance 

with eq. 5. 1 

3[𝑁𝑏10𝑂28](𝑎𝑞)
6− + 22[𝑂𝐻](𝑎𝑞)

− → 5[𝑁𝑏6𝑂19](𝑎𝑞)
8− + 11𝐻2𝑂(𝑙) 

eq. 5. 1 

In the presence of alkali cations (A = Li, Na, K, Rb and Cs) the dissociation 

of Nb10 to Nb6 proceeds in the same manner, only this time it is possible 

for coordination of the alkali cations to the hexaniobate cluster (eq. 5. 

2).[28] 

3[𝑁𝑏10𝑂28](𝑎𝑞)
6− + 22[𝑂𝐻](𝑎𝑞)

− + 40𝐴(𝑎𝑞)
+

→ 5𝐴8[𝑁𝑏6𝑂19](𝑎𝑞) + 11𝐻2𝑂(𝑙) 

eq. 5. 2 

In the presence of alkali nitrate solutions, with heating to promote 

decomposition of nitrate, it is plausible that the dissociation of Nb10 to Nb6 

proceeds as follows 

3 [𝑁𝑏10𝑂28](𝑎𝑞)
6− + 22 [𝑂𝐻](𝑎𝑞)

− + 40 𝐴𝑁𝑂3(𝑎𝑞)
Δ160 °𝐶
→     5𝐴8[𝑁𝑏6𝑂19](𝑎𝑞)

+ 11 𝐻2𝑂(𝑙) + 40 𝑁𝑂(𝑔) + 40 𝑂2(𝑔) 

eq. 5. 3 

Since the hexaniobate cluster is susceptible to protonation, for a maximum 

of three times over the range 9.3≤ pH ≤14,[28] it is more accurate to depict 



 

165 

 

the coordination of alkali cations to the cluster to account for this – 

henceforth referred to as alkali-Nb6 (eq. 5. 4) 

𝐴8[𝑁𝑏6𝑂19](𝑎𝑞) + 𝐻(𝑎𝑞)
+ ⇌ 𝐴8−𝑥[𝐻𝑥𝑁𝑏6𝑂19](𝑎𝑞) 

eq. 5. 4 

 A plausible route to formation of the alkali niobates (ANbO3) in the solid-

state subsequent to heating (1000 °C) alkali-Nb6 solutions proceeds 

according to eq. 5. 5. Note that the diprotonated hexaniobate, [H2Nb6O19]
6-

, is used merely to satisfy the reaction stoichiometry required to form the 

ANbO3. It is acknowledged, however, that it is possible for intermediary 

species to form prior to the final ANbO3(s) phase; for example, the 

formation of Na2Nb2O6(s) before NaNbO3(s).
[20, 26] 

𝐴6[𝐻2𝑁𝑏6𝑂19](𝑎𝑞)
Δ1000 °𝐶
→       6𝐴𝑁𝑏𝑂3(𝑠) + 𝐻2𝑂(𝑔) 

eq. 5. 5 

It is envisaged that these aqueous alkali-Nb6 solutions can be used to 

deposit layered alkali-polyoxoniobate thin films, which upon 

heating/annealing at 1000 °C will transform to yield the relevant alkali 

niobate thin film. Hence, polyoxoniobates facilitate a facile, benign and 

high-throughput means of depositing alkali niobate thin films from 

aqueous solutions, in lieu of using more energy intensive methods and 

insoluble/moisture sensitive precursors. This accentuates the versatility of 

polyoxoniobates as molecular building blocks in the fabrication of solid-

state niobium oxides, through elucidating the solution chemistry involved 

in this process. 

5.3.1 In-situ Raman spectroscopy of alkali-polyoxoniobate solutions 

To prepare a typical alkali-hexaniobate solution, 0.5 mL of a 0.4 M Nb10 

solution (370 mg) was prepared in a microwave vial. Thereafter 

tetramethylammonium hydroxide (TMAOH, 145 mg) was added, 

followed by 0.5 mL of a 4.0 M solution of the alkali nitrate (ANO3, A = 

Li, Na, K, Rb and Cs) solution was added to the vial, to yield a 1 mL 
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solution with a final concentration of 0.2 M Nb10 and 2 M ANO3. Note that 

the ratio of the moles of Nb10:ANO3 used was 1:10. The Nb10:ANO3 

solution was then microwave irradiated at 160 °C for 15 minutes, where it 

was subsequently used for spin coating. Notably, the mixtures of 

Nb10:LiNO3 (forms LiNb6) and Nb10:NaNO3 (forms NaNb6) were the only 

mixtures to yield a precipitate subsequent to microwave irradiation, and 

this is attributable to the decreased solubility of Nb6 in presence of Na+ and 

Li+, respectively. These precipitated solutions were centrifuged at 4000 

rpm for 15 minutes and the supernatants retrieved for use in spin coating. 

Based on eq. 5. 3, the microwave irradiation (160 °C, 15 minutes) of the 

aqueous decaniobate-alkali nitrate (Nb10:ANO3, A = Li, Na, K, Rb and Cs) 

solutions will yield solutions of alkali cations coordinated to hexaniobate 

(Nb6), i.e. alkali-Nb6. The in-situ formation of the resulting alkali-Nb6 

solutions was detectable through Raman spectroscopy (Figure 5.2).  

The peak at 930 cm-1 corresponds to stretching of the four Nb=O groups 

in Nb10, while the peak at 883 cm-1 is attributable to the stretching of the 

six equivalent Nb=O groups of Nb6.
[23, 29] Instead of an obvious peak at 

883 cm-1 for the Li+ and Na+ –Nb6 solutions, there is a small shoulder with 

low intensity at ca 890 cm-1. This occurrence is likely attributable to the 

protonation of the hexaniobate cluster,[23] a trend that is reproducible with 

DFT calculations.[29] 

The absence of the Raman peak at 930 cm-1 in all of the Nb10:ANO3 

solutions indicates dissociation of the Nb10 to form alkali-Nb6 solutions, in 

accordance with previously reported literature.[30] Also, the presence of the 

Raman peak at 883 cm-1 for the Nb10:KNO3, Nb10:RbNO3 and Nb10:CsNO3 

solutions, corroborates the previous observation regarding Nb10 

dissociating to Nb6; i.e. K8-x[HxNb6O19] (KNb6), Rb8-x[HxNb6O19] 

(RbNb6) and Cs8-x[HxNb6O19] (CsNb6) were formed.  

As for the absence of the Raman peak at 883 cm-1 in the Nb10:LiNO3 and 

Nb10:NaNO3 solutions, this is substantiated from the lower solubility of 

Li8-x[HxNb6O19] (LiNb6), and Na8-x[HxNb6O19] (NaNb6), relative to the 

heavier alkali-Nb6 congeners. Furthermore, considering the ratio of 
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Nb10:ANO3 was 1:10, the ten-fold excess in the concentration of alkali 

cations exacerbates the already poor ion-pairing/association effect 

between Li+ and Na+ relative to Nb6,
[22, 24, 30-31] thereby promoting the 

precipitate in the Nb10:LiNbO3 and Nb10:NaNbO3 solutions, respectively. 

Consequentially, compared to the resulting KNb6, RbNb6 and CsNb6 

solutions, there is significantly less LiNb6 and NaNb6 in solution and this 

is manifested through the absence of a distinct Nb=O Raman signal at 883 

cm-1 for these alkali-Nb6 species. The observed Raman signals therefore 

reiterate the notion of the increased solubility of hexaniobate in presence 

of alkali cations, when descending group I, i.e. Li+ < Na+ < K+ < Rb+ < 

Cs+.[22]  

 

Figure 5.2. In-situ Raman spectra of alkali-Nb6 solutions obtained after microwave 

irradiation of Nb10:ANO3 solutions. Spectra are normalised relative to the 

tetramethylammonium (TMA+) signal at 950 cm-1.  

5.3.2 Formation of alkali niobate powders and films 

5.3.2.1 LiNbO3, NaNbO3 and KNbO3 

The alkali-Nb6 solutions were used to spin coat aqueous solutions of alkali-

polyoxoniobates, which were thereafter annealed at 1000 °C for 2 hours, 

to yield the relevant alkali niobate films. The Raman spectra of the 

annealed films show that there was conversion of the LiNb6, NaNb6, KNb6 

films to yield trigonal LiNbO3
[32] (Figure 5.3a), orthorhombic NaNbO3

[32b, 

33] (Figure 5.3b) and orthorhombic KNbO3
[32b] (Figure 5.3c), respectively, 

in agreement with Raman spectra from the literature. The Raman peaks for 
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the LiNbO3, NaNbO3 and KNbO3 films were assigned based on previous 

spectra of reference samples with 99.99% purity.[32b]  

The peaks at ca 615 – 640 cm-1 and the shoulder at ca 560 – 580 cm-1 

correspond the symmetric Nb-O stretches of NbO6 octahedra in LiNbO3, 

NaNbO3, and KNbO3 films, respectively.[32b] The  Raman bands at ca 870 

– 880 cm-1 correspond to antisymmetric stretching of Nb-O-Nb linkages, 

in both the LiNbO3 and NaNbO3.
[32b] The analogous Nb-O-Nb bending 

modes, however, occur at ca 435 cm-1, 370 cm-1 and 325 cm-1 in the 

LiNbO3 film. Conversely, the Nb-O-Nb bending modes for both the 

NaNbO3 and KNbO3 films in this region are absent. The other Raman 

signals at the low frequency region, 100 – 300 cm-1, are also attributable 

to Nb-O-Nb stretching. 

In powdered reference NaNbO3 and KNbO3 samples, the Nb-O-Nb 

bending modes are significantly diminished in intensity and absent, 

respectively.[32b] The latter is a consequence of the decreased cationic 

radius, in moving from potassium to lithium, rendering distortions that 

confer formation of a non-ideal perovskite structure. This effect is 

altogether attributable to tilting of NbO6 octahedra, displacement of central 

Nb atoms due to the cation and unbalanced interatomic forces present in 

the perovskite structures.[32b, 34] 

Trigonal LiNbO3 contains hexagonal closed packed NbO6 octahedra, 

which are connected via shared corners at a 30° tilt angle between two 

adjacent NbO6 octahedra, and it exhibits a 0.26 Å off-centre displacement 

of the Nb atom.[32b, 34] Furthermore, for the slightly larger Na+ cation, the 

NaNbO3 has a lower tilt angle of 18° between adjacent corner sharing 

NbO6 octahedra.[35] For the even larger K+ cation in the KNbO3 lattice, 

there is insufficient space for the corner sharing of NbO6 octahedra; i.e. 

there is no tilting between adjacent NbO6 octahedra.[36] Hence, a parallel 

orientation predominates among the NbO6 octahedra.[32b]  

The KNb6 film, however, exhibited additional peaks at ca 700 cm-1, 770 

cm-1 and ca 930 cm-1 (Figure 5.3c). It is plausible to assign the Raman 

signal at ca 700 cm-1 to Nb-O stretching of NbO6 octahedra, as they occur 
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over regions spanning 500 – 700 cm-1 in octahedrally coordinated niobium 

oxides.[32b] However, the sharp peak at ca 770 cm-1 is outside this region 

and though the Nb-O stretching associated with the tetrahedrally 

coordinated niobium oxide (NbO4) spans 790 – 830, it would be erroneous 

to assign the peak to this feature. The reason for this is that the monomeric 

niobium oxyanion species (NbO4
3-) does not exist in solution due to the 

high electronegativity and small radius of the oxygen atom.[37]  

Considering the substrate is silicon, then it plausible that a potassium 

niobium silicate has formed upon annealing the KNb6 solution. The sharp 

Raman signals at ca 700 cm-1 and 770 cm-1 are characteristic of 

K3Nb3O6Si2O7 and KNbSi2O7, respectively.[38] While the low intensity 

peak at ca 930 cm-1 is attributable to both potassium niobium silicates.[38] 

The NbO6 octahedra are similarly present in these potassium niobium 

silicates and the peaks at ca 700 cm-1 and 770 cm-1 are attributable Nb-O 

stretching in NbO6 octahedra.[38]  

 

Figure 5.3. Raman spectra of a) LiNb6, b) NaNb6, c) KNb6 and d) Nb10 films annealed at 

1000 °C. Spectra were normalised relative to the silicon peak (substrate) at 522 cm-1. 
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The Nb10 film annealed at 1000 °C yielded a film which showed a Raman 

spectrum corresponding to the monoclinic Nb2O5 (H-Nb2O5) phase 

(Figure 5.3d). It exhibits the Nb=O stretching at ca 990 cm-1, along with 

Nb-O stretching of NbO6 octahedra at 620 and 660 cm-1. This is consistent 

with results from Paper II and serves as reference for pure, undoped 

Nb2O5.
[39] Lastly, the Raman spectra of LiNbO3 (Figure 5.3a) and NaNbO3 

(Figure 5.3b) films, obtained from the annealing LiNb6 and NaNb6 films 

at 1000 °C, were in agreement with the powdered LiNbO3 (Figure 5.4a) 

and NaNbO3 (Figure 5.4b) spectra, obtained from annealing the analogous 

LiNb6 and NaNb6 aqueous solutions. 

The Raman spectra of the KNbO3 film (Figure 5.3c) also agreed with the 

spectra of powdered KNbO3 (Figure 5.4c), with the exception of the 

signals attributable to the potassium niobium silicates. Furthermore, the 

Raman peaks at ca 835 – 870 cm-1 in powdered KNbO3 correspond to 

stretches of a Nb-O-Nb collinear bond characteristic to KNbO3.
[32b] The 

powdered H-Nb2O5 was similarly formed, in accordance with Paper II, 

from annealing the aqueous Nb10 solution at 1000 °C (Figure 5.4).[39] 

 

Figure 5.4. Raman spectra of a) LiNb6, b) NaNb6, c) KNb6 and d) Nb10 solutions annealed 

at 1000 °C to yield powders 
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5.3.2.2 Rb+ and Cs+ doped Nb2O5 

To the best of the author’s knowledge, there are no previously reported 

Raman spectra for rubidium or caesium niobate with the perovskite 

structure associated with the alkali niobates; i.e. RbNO3 and CsNbO3. 

Therefore, the films/powders obtained from annealing RbNb6 and CsNb6 

at 1000 °C will henceforth be referred to as Rb+ and Cs+ doped Nb2O5, 

respectively. The Raman spectra of the Rb+ (Figure 5.5a) and Cs+ (Figure 

5.5b) doped Nb2O5 films showed sharp peaks at ca 850 – 865 cm-1 which 

would correspond to stretches from a Nb=O group, due to Nb=O stretching 

normally occurring at 850 – 1000 cm-1.[32b] The peaks at ca 560, 630 and 

670 cm-1 would similarly correspond to Nb-O stretches of NbO6 octahedra, 

as these are situated at 500 – 700 cm-1 in Nb2O5.
[32b] Notably, the structure 

adapted by the trigonal LiNbO3, orthorhombic NaNbO3 and orthorhombic 

KNbO3 innately do not possess Nb=O groups, and therefore they do not 

exhibit Raman signals of this nature. By process of elimination, it unlikely 

then that the Rb+ and Cs+ doped Nb2O5 films have adapted an 

orthorhombic ANbO3 structure.  

 

Figure 5.5. Raman spectra of a) RbNb6, b) CsNb6 and c) Nb10 films annealed at 1000 °C. 

Spectra were normalised relative to the silicon peak (substrate) at 522 cm-1. 
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The Raman spectra of the analogous Rb+ and Cs+ doped Nb2O5 powders 

(Figure 5.6) were made under the same heating conditions as their film 

counter parts (Figure 5.5). In the case of the Rb+ doped Nb2O5 powder 

(Figure 5.6a), there is no longer a single broad peak between 500 – 700 

cm-1, instead there are three distinct peaks at ca 525, 580 and ca 635 cm-1, 

respectively, which are relatively equal in intensity. These peaks are likely 

due to Nb-O stretches of NbO6 octahedra, as both the broadness of the 

peaks and the frequency at which they appear are symptomatic of Nb-O 

stretches in NbO6 octahedra.[39] There is still evidence, however, of the 

presence of Nb=O groups due to the sharp peak 870 cm-1. The latter 

observation is in agreement with the analogous Rb+ doped Nb2O5 film. 

Furthermore, the shoulder present at 835 cm-1 in the Rb+ doped Nb2O5 

powder is attributable to stretches of a collinear Nb-O-Nb bond, previously 

observed at 836 cm-1 in H-Nb2O5.
[32b] The Cs+ doped Nb2O5 powder 

(Figure 5.6b) was comparable to the Cs+ doped Nb2O5 film (Figure 5.5b); 

albeit some of the peaks were shifted to higher or lower frequencies. 

Nonetheless, the sharp peaks at ca 865 and 610 cm-1 in the Cs+ doped 

Nb2O5 powder, are attributable to Nb=O and Nb-O (NbO6) stretching, 

respectively and are in agreement in compared to the respective film. 

 

Figure 5.6. Raman spectra of a) RbNb6, b) CsNb6 and c) Nb10 solutions annealed at 1000 

°C to yield powders. 
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5.3.2.3 Powder XRD of alkali niobates 

Powder XRD (PXRD) and Rietveld refinement was used to determine the 

phase purity of the alkali niobates derived from the alkali-Nb6 solutions 

annealed at 1000 °C. The LiNbO3 powder obtained from  LiNb6 displayed 

no discernible peaks of H-Nb2O5 in the diffractogram (Figure 5.7a) and 

was determined to consist of trigonal LiNbO3 (ICSD 28294) after Rietveld 

refinement (see Figure S.II.24). This was in agreement with the results 

from Raman spectroscopy (film and powder), and is thereby coherent with 

the formation of LiNbO3 from LiNb6. Similarly, the Rietveld refinement 

(see Figure S.II.25) of the PXRD pattern for powdered NaNbO3 (Figure 

5.7b) determined the presence of orthorhombic NaNbO3 (ICSD 39624). 

While – through Rietveld refinement – powdered KNbO3 (Figure 5.7c) 

was determined to consist of ca 86% wt. orthorhombic KNbO3 (ICSD 

39869), ca 13% wt. triclinic K3Nb7O19 (ICSD 62550) and ca 1% wt. H-

Nb2O5 (see Figure S.II.26). Based on comparison between the Raman 

spectra and PXRD patterns, the NaNb6 exclusively forms the NaNbO3, 

while the KNb6 yields KNbO3 with ca 13% wt. phase impurity from 

triclinic K3Nb7O19.  

As for the Rb+ (Figure 5.7d) and Cs+ (Figure 5.7e) doped Nb2O5 powders, 

the PXRD patterns were noticeably distinct from the preceding alkali 

niobates and H-Nb2O5. Due to a lack of suitable rubidium and caesium 

niobate crystal structures in the ICSD database, Rietveld refinement was 

of little benefit in determining the phase purity with high confidence (see 

Figure S.II.27 and Figure S.II.28). Thus, the notion of the annealed RbNb6 

and CsNb6 yielding Rb+ and Cs+ doped Nb2O5 films/powders, 

respectively, remains unchanged. Note that the diffractogram of H-Nb2O5 

derived from annealing the Nb10 solution at 1000 °C (Figure 5.7f) – 

included as a reference for undoped Nb2O5 – corroborates results from 

Paper II.[39]  
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Figure 5.7. PXRD pattern of a) LiNb6, b) NaNb6, c) KNb6, d) RbNb6, e) CsNb6 and f) Nb10 

solutions annealed at 1000 °C to yield powders 
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5.3.3 Deposition of multiple layers of alkali niobate films 

The repeated deposition of layers of alkali niobate films was also 

investigated, whereby the alkali-Nb6 solution was spin coated onto the 

prepared substrate (silicon wafer pre-treated with plasma) and then 

annealed at 1000 °C. This film was thereafter treated with ambient 

pressure plasma, and another layer of the alkali-Nb6 solution was spin 

coated onto the first layer, followed by annealing at 1000 °C once more. 

This process of repeated spin coating and plasma treatment was done three 

times to deposit three successive layers of alkali niobate film. Notably, the 

incorporation of the plasma treatment in the repeated film deposition was 

done to facilitate good adhesion between the layers successively deposited 

films.[39] This process is described in detail in chapter 3 (Paper II). 

5.3.3.1 Layered LiNbO3, NaNbO3 and KNbO3 films 

After three successive layers of LiNbO3 film was deposited, with 

annealing at 1000 °C, the film obtained has a total thickness 395 ± 31 nm 

(Figure 5.8a). Furthermore, there were two layers of film observed – a 

lower layer (1st layer) with a thickness of 217 ± 15 nm and an upper layer 

(2nd layer) with thickness of 171 ± 42 nm. The first layer was homogenous 

throughout with no visible voids or cracks. The upper layer also did not 

exhibit voids, but it is visible less uniform in thickness compared to the 

lower layer. The presence of two discernible layers of film corroborates 

layered deposition and film densification, which is indicative of good 

adhesion between both the substrate and successive layers of film. The 

surface morphology of the layered LiNbO3 film is given in Figure 5.8b and 

it shows how there is particle sintering on the surface – which normally 

accompanies densification – instead of crystallite formation. The lack of 

crystallite formation is attributable to the low solubility of the LiNb6 

influencing precipitation, rather than a tendency to form nuclei that 

facilitate crystal growth.  

The NaNbO3 film similarly formed two layers of film with a total thickness 

of 341 ± 26 nm, albeit the upper layer (126 ± 27 nm) did not exhibit 

uniform coverage throughout the cross-section (Figure 5.8c). The lower 

layer (219 ± 10 nm), however, was homogeneous and uniform in 
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thickness; thereby indicating sufficient film densification. The lack of 

uniformity in the thickness of the upper layer is attributable to island 

coalescence and formation of crystallites as seen in the surface 

morphology (Figure 5.8d), due to annealing the film at 1000 °C. Though 

both LiNb6 and NaNb6 exhibit low solubility, relative to their heavier alkali 

congeners, the NaNb6 is expected to be more soluble than LiNb6. This is 

based on the premise of increasing alkali-Nb6 solubility in descending 

group I, i.e. LiNb6 < NaNb6 < KNb6 < RbNb6 < CsNb6.
[22] The more 

soluble NaNb6 will thus have a tendency to form nuclei that facilitate 

crystal growth in the formation of NaNbO3, rather than starting from a 

precipitate – in the case of LiNbO3. Hence, this correlates to the formation 

of crystallites seen in the surface morphology of the NaNbO3 film. 

The successive deposition of the KNbO3 film (Figure 5.8e) resulted in a 

film with total thickness of 959 ± 240 nm, which clearly indicates a film 

lacking uniform thickness. This is confirmed on observing the uneven 

grain boundary – due to void formation – between the lower (286 ± 50 nm) 

and upper layer (366 ± 99 nm) of the film. The upper layer of the film also 

exhibits a sloped surface from the cross-section, which further explains the 

large magnitude of the uncertainty associated with the determined 

thickness. Furthermore, the stark difference in thickness between the 

LiNbO3, NaNbO3 and KNbO3 is largely attributable to the different 

concentrations of the alkali-Nb6 in solution. 

Considering the LiNb6 and NaNb6 solutions were retrieved as supernatants 

from the precipitated Nb10:LiNO3 and Nb10:NaNO3 mixtures, respectively, 

this would incur a lower concentration of Nb10 and ANO3 (A  = Li and Na) 

than in the starting material. Hence, the KNb6 innately consisted of a 

higher concentration of the precursors, relative to LiNb6 and NaNb6, which 

contributes to a higher film thickness upon spin coating. Simply put, more 

material was deposited on the substrate, which abodes well for a thicker 

film. This can be substantiated from the niobium content of the LiNbO3 

and NaNbO3 films being lower that the silicon content, relative to the 

KNbO3 films (Figure 5.10). The surface morphology of the KNbO3 film 

(Figure 5.8f) is crystalline and this is in agreement with the greater 



 

177 

 

solubility of KNb6 facilitating crystal growth of KNbO3 without formation 

of precipitate.[20] 

 

Figure 5.8. Cross-section images for LiNbO3 (a), NaNbO3 (c) and KNbO3 (e) films, and 

surface morphology images for LiNbO3 (b), NaNbO3 (d) and KNbO3 (f) films after 

multiple depositions. All films showed layering, with the KNbO3 film possessing 

noticeable grain boundaries and voids. 

5.3.3.2 Layered Rb+ and Cs+ doped Nb2O5 films 

The Rb+ doped Nb2O5 film obtained after successive deposition of RbNb6 

solutions exhibited a layered film with a total thickness of 2113 ± 102 nm 

(Figure 5.12a). The lower and upper layer had thicknesses of 550 ± 25 nm 

and 1286 ± 99 nm, respectively. The grain boundary is noticeably uneven, 

similarly to the KNbO3 film. The lower layer of the film is homogeneous 

with no visible voids, however the upper layer possesses voids and cracks; 

the voids are gathered in regions close to the grain boundary separating the 

upper and lower layers. Furthermore, the presence of sintered crystals on 
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the surface of film (Figure 5.12b), correlates with the high solubility of the 

RbNb6 solutions facilitating nucleation and crystal growth, during the 

annealing process. 

The Cs+ doped Nb2O5 film had a total thickness of 1698 ± 151 nm after 

successive depositions (Figure 5.9c). The upper layer showed voids and 

appeared as a layer formed from coalesced crystals, than a film, and it had 

a thickness of 944 ± 64 nm. The grain boundary separating the upper and 

lower layer of film was not uniform, while the first layer of film had a 

thickness of 673 ± 19 nm and was homogeneous. Evidence of crystal 

formation are clearly visible from the surface morphology of the film 

(Figure 5.9d), which can be substantiated on the basis that the CsNb6 is 

highly soluble like RbNb6. It is also likely that this high tendency for the 

CsNb6 to crystallise has influenced the second layer of the film appearing 

as coalesced crystals rather than a film. 

 

Figure 5.9. Cross-section images of Rb+ (a) and Cs+ (c) doped Nb2O5 films, and surface 

morphology images for Rb+ (b) and Cs+ (d) doped Nb2O5 films after multiple depositions. 

All films showed layering, with the Rb+ doped Nb2O5 film showing a well-defined grain 

boundary and appearing more homogeneous than the Cs+ doped Nb2O5 film. 

+
2 5

1 µm 1 µm

+
2 5

1 µm 1 µm
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5.3.3.3 Elemental composition of alkali niobate films 

The elemental composition of the alkali niobate films after annealing at 

1000 °C is given in Figure 5.10. Note that lithium was not detected in the 

LiNbO3 film, due to an innate limitation of energy dispersive X-ray 

spectroscopy (EDS) measurements, which prevents detection of lithium. 

Lithium K X-rays occur at ca 55 eV, but because the EDS detector absorbs 

100% of ca 55 eV the lithium goes undetected.[40] Furthermore, the 

LiNbO3 and NaNbO3 films, obtained from precipitated Nb10:LiNO3 and 

Nb10:NO3 solutions, respectively, possess a lower content of Nb relative to 

silicon; in comparison to the higher alkali niobate films. As mentioned 

previously, this would yield thinner films in LiNbO3 and NaNbO3, which 

is commensurate with less material being deposited. For the more soluble 

KNb6, RbNb6 and CsNb6 solutions, thicker films would be obtained on this 

basis. Indeed this was observed in the cross-section images of the films 

and the higher niobium content relative to silicon corroborates this trend. 

There was also a consistent increase in the alkali cation (A+) content in 

moving from the NaNbO3 to the Cs+ doped Nb2O5 films. Likewise, this is 

attributable to an increase in solubility of the alkali-Nb6 solutions 

according to the trend Li+ < Na+ < K+ < Rb+ < Cs+. 

 

 

Figure 5.10 Atomic composition of the alkali niobate films annealed at 1000 °C, 

determined from EDS measurements. See Table 5. 1 for details of full atomic composition. 
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Table 5. 1 Atomic composition of annealed alkali niobate powders and films 

Alkali niobate Calculated  

composition (%) 

Atomic composition (%) 

Powder Film 

LiNbO3 4.67 (Li) 

32.48 (O) 

62.50 (Nb) 

Lia 

80.0 (O) 

20.0 (Nb) 

Lia 

48.5 (O) 

43.7 (Si) 

7.8 (Nb) 

NaNbO3 14.0 (Na) 

29.3 (O) 

56.7 (Nb) 

15.9 (Na) 

58.5 (O) 

0.5 (Si) 

24.7 (Nb) 

0.4 (K) 

2.4 (Na) 

47.5 (O) 

45.4 (Si) 

4.7 ( Nb) 

KNbO3 21.72 (K) 

26.67 (O) 

51.61 (Nb) 

16.2 (K) 

58.81 (O) 

0.51 (Si) 

23.02 (Nb) 

1.46 (Na) 

7.9 (K) 

62.2 (O) 

4.3 (Si) 

25.6 (Nb) 

 

Rb+ doped Nb2O5 37.76 (Rb) 

21.20 (O) 

41.04 (Nb) 

8.45 (Rb) 

65.93 (O) 

2.8 (Si) 

18.64 (Nb) 

3.28 (Na) 

0.91 (K) 

8.4 (Rb) 

61.7 (O) 

7.7 (Si) 

22.2 (Nb) 

Cs+ doped Nb2O5 48.54 (Cs) 

17.53 (O) 

33.93 (Nb) 

10.26 (Cs) 

68.18 (O) 

2.39 (Si) 

18.79 (Nb) 

0.38 (Al)b 

10.2 (Cs) 

58.8 (O) 

4.3 (Si) 

26.7 (Nb) 

a Lithium X-rays are undetected due to absorption by the EDS,[40] b Source of Al is from 

the Al2O3 crucible used in annealing. 

The change in film thickness relative to the type of alkali niobate and the 

layer of film, after successive deposition, is given in Figure 5.11 and 

Figure 5.12. There is a general increase in thickness for the lower (first) 

layer of film in moving from KNbO3 to the Cs+ doped Nb2O5 (Figure 5.11). 
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The difference in thickness between LiNbO3 to KNbO3 is alternatively 

attributable to the KNbO3 remaining soluble after mixing the precursors, 

while LiNbO3 and NaNbO3 formed precipitates. However, there is no clear 

trend relative to the change in thickness for the upper (second) layer of 

film, due to the haphazard changes in film thickness (Figure 5.12). 

 

Figure 5.11. Thickness of the first layer of the alkali niobate films, determined from cross-

section images (FIB-SEM). 

 

Figure 5.12. Thickness of the second layer of the alkali niobate films, determined from 

cross-section images (FIB-SEM). 
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5.4 Electrochemical properties of alkali niobates 

5.4.1 Cyclic voltammetry of alkali niobate films 

Cyclic voltammetry (CV) measurements were conducted in 0.1 M LiClO4 

in acetonitrile to assess the ability for alkali niobate films to act as 

pseudocapacitors – and by extension if they are suitable anode materials 

for lithium-ion batteries. Note that the concept of pseudocapacitance is 

described in detail in chapter 4 of this thesis, therefore the intricacies of 

pseudocapacitance will not be repeated in this chapter. 

Using a three-electrode setup consisting of a counter (platinum mesh), 

reference (silver wire) and working electrode (alkali niobate film of 

interest), the potential window of 0.0 – 3.0 (V vs NHE) was scanned at 

varying sweep rates (ν) ranging 0.1 – 1.0 V s-1 to probe lithium 

intercalation in the alkali niobate films. The cell was conditioned at 3.0 V 

(V vs NHE) for three minutes, prior to commencing the cathodic sweep 

from 3.0 V (V vs NHE) down to 0.0 V (V vs NHE), after which was  

followed the anodic sweep back to 3.0 V (V vs NHE). In scanning the 

potential window at different sweep rates, the aim is to determine if the 

CVs will overlap and form a ‘mirror image’, which is symptomatic of a 

pseudocapacitive material. 

The cyclic voltammograms (CVs) of the alkali niobate films are shown in 

Figure 5.13. All of the alkali niobate films exhibited the ‘mirror image’ 

that is characteristic of pseudocapacitive behaviour. It is challenging, 

however, to identify the points where lithium intercalation (cathodic 

sweep) and lithium deintercalation (anodic sweep) occurs because of the 

broadness of the peaks. The current density from the CV of the LiNbO3 

film (Figure 5.13a) gives a broad shape, typical of capacitive behaviour, 

with the current density ranging up ca 0.4 µA cm-2 (anodic sweep) and -

0.6 µA cm-2 (cathodic sweep) at 1.0 V s-1, over the entire potential window. 

Due to absence of peaks which overlap at the same potential, relative to 

sweep rate, it likely then that if is lithiation, the process may not be highly 

reversible. 
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On observing the NaNbO3 (Figure 5.13b) and KNbO3 (Figure 5.13c) films, 

in comparison LiNbO3, their CVs are similarly broad in shape, however 

the width of CV relative to the resulting current in anodic and cathodic 

sweeps has decreased; i.e. the current density spans a shorter range. 

Specifically, the current density successively decreased in moving from 

LiNbO3 to NaNbO3, and NaNbO3 to KNbO3. This trend concurrently 

results in the decreased capacitance of the films. Likewise, it is also 

challenging to decipher the location of peaks in the CVs of NaNbO3 and 

KNbO3, due to the peak broadness. 

A further decrease in current density, occurred when comparing the CVs 

of the KNbO3 and the Rb+ doped Nb2O5 film (Figure 5.13d). There was 

essentially a consistent decrease in the current density from ca 0.4 to -0.6 

µA cm-2 in LiNbO3, to a region less than 0.2 to -0.2 µA cm-2 for the Rb+ 

doped Nb2O5 film. Based on the similarity in current density of the Rb+ 

doped Nb2O5 film and H-Nb2O5 film (Figure 5.13f), it is probable that Rb+ 

as a dopant does not enhance the pseudocapacitive capabilities of H-

Nb2O5.  

On observing the CV of the Cs+ doped Nb2O5 film (Figure 5.13e) there is 

a linear change in current relative to the change in voltage – both anodic 

and cathodic sweeps – at all sweep rates, which indicates this film is 

behaving as a conductor rather than a capacitor. Doping with Cs+ therefore 

does not improve the pseudocapacitive properties of H-Nb2O5; however, 

it changes its pseudocapacitive properties altogether and renders it to 

behave as a conductive material. 
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Figure 5.13. Cyclic voltammograms (CV) of LiNbO3 (a), NaNbO3 (b), KNbO3 (c) Rb+ 

doped Nb2O5 (d), Cs+ doped Nb2O5 (e) and H-Nb2O5 (f) films at varying sweep rates (ν) 

in a 0.1 M LiClO4-acetonitrile electrolyte medium at 25 °C. 

5.4.2 Potentiostatic charge/self-discharge 

The charge and self-discharge behaviour of the alkali niobate films is 

illustrated in Figure 5.14. In the potentiostatic charging process, all films 

were charge to 4.0 V (V vs NHE) for 900 s by applying a small current, 

followed by cessation of the applied current, and monitoring of the open 

circuit potential (OCP) thereafter for another 900 s (ttotal = 1800 s). The 

aim was to determine if alkali niobates or alkali doped Nb2O5 were less 

susceptible to self-discharge than pure, undoped H-Nb2O5. 
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It was possible to charge the alkali niobate films (LiNbO3, NaNbO3 and 

KNbO3) up to 4.0 V (V vs NHE) for 900 s, by applying ca -0.2 to -0.5 µA 

for the same duration of time, for the three charge cycles (Figure 5.14a-c). 

Immediately upon removing the applied current, the voltage dropped 

slightly below 4.0 V (V vs NHE) for all the alkali niobate films. As 

monitoring the OCP progressed for 60 s (960 s in total), the voltage of the 

KNbO3 film already decreased to ca 1.6 V (V vs NHE), which was notably 

less than the charge stored by the other films at this period; i.e. ca 2.6 V 

(V vs NHE). After 300 seconds the OCP of the KNbO3, NaNbO3, LiNbO3 

were ca 1.4, 1.6 and 2.0 V (V vs NHE), respectively. By the end of the 

OCP measurement at 900 s, the charge stored by the LiNbO3, NaNbO3 and 

KNbO3 films was ca 1.7, 1.5 and 1.2 V (V vs NHE), respectively; all of 

which were above the 1.0 V (V vs NHE) stored by H-Nb2O5 up to this 

point. 

Based on the quick self-discharge exhibited by the KNbO3 film, it indicates 

surface capacitive charging through charge adsorption rather than 

pseudocapacitive charging via lithium intercalation.[41] This quick self-

discharge of the KNbO3 was reproducible over the three charge cycles and 

accentuates the notion of charge adsorption (Figure 5.14a-c). During the 

OCP after the first cycle, the voltage stored after 120 s in the NaNbO3 film 

was 2.1 V (V vs NHE). Interestingly, the NaNbO3 became more 

susceptible to self-discharge after each charge cycle (Figure 5.14a-c). 

After 120 s into the OCP of the second and third cycles, the voltage of the 

NaNbO3 film decreased to ca 1.8 and 1.5 V (V vs NHE), respectively. The 

final voltage of the NaNbO3 after the 900 s of self-discharge also decreased 

with repeated cycling, reaching a minimum of ca 1.1 V at the end of the 

third cycle. The LiNbO3 film on the other hand remained unchanged in its 

self-discharge behaviour after the three cycles. On this basis, LiNbO3 

seems promising as a future candidate for pseudocapacitive charge 

storage.  

The self-discharge behaviour of the Rb+ and Cs+ doped Nb2O5 films were 

notably distinct from the other alkali niobates (Figure 5.14d-f). During all 

three potentiostatic charging cycles, the Cs+ doped Nb2O5 film needed a 
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higher current (ca 1.0 µA) – than the Rb+ doped Nb2O5 film (ca -0.2 µA) 

– to be applied to charge it to 4.0 V (V vs NHE). This was another indicator 

of its poor charge storage capabilities. At moment of open circuit, after the 

first charging cycle, the voltage of the Cs+ doped Nb2O5 films dropped to 

ca 2.0 V (V vs NHE) and thereafter it slowly decreased to ca 1.5 V (V vs 

NHE) after 900 s (Figure 5.14d). The self-discharge immediately at open 

circuit continued to increase after the second (ca 1.6 V, V vs NHE) and 

third (ca 1.5 V, V vs NHE) charging cycles (Figure 5.14e and Figure 

5.14f).  

Likewise, the same occurred after the 900 s for self-discharge elapsed, in 

the second (ca 1.1 V, V vs NHE) and third (ca 1.0 V, V vs NHE) cycles 

(Figure 5.14e and Figure 5.14f). This self-discharge behaviour is coherent 

with the CVs of the Cs+ doped Nb2O5 films and indicate properties aligned 

to a conductive material. Conversely, the Rb+ doped Nb2O5 film exhibited 

charge/self-discharge behaviours similar to the undoped H-Nb2O5 film 

over three cycles. The discerning feature between the two films was that 

the Rb+ doped Nb2O5 film remained at ca 1.5 V (V vs NHE) after 900 s of 

self-discharge, over three cycles, while the H-Nb2O5 had stored ca 1.0 V 

(V vs NHE) over the same period. 
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Figure 5.14. Potentiostatic charging and self-discharge of LiNbO3, NaNbO3 and KNbO3 

films at one (a), two (b) and three (c) charge cycles; Rb+ doped Nb2O5 and Cs+ doped 

Nb2O5 films at one (d), two (e) and three (f) charge cycles. Dashed and solid line 

represents applied current and measured voltage, respectively. 

Though the alkali niobates (LiNbO3, NaNbO3 and KNbO3) are already 

known as piezoelectric materials, the results of these electrochemical 

investigations provide insight into their electrochemical – 

pseudocapacitive and self-discharge – properties. Similarly to the CV 

measurements in chapter 4, the potential window needs to be scanned at 

lower scan rates (ν = 0.1 – 20 mV s-1) to allow sufficient time for the 
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intercalation to occur, so the process can be clearly detected.[41-42] More 

so, at lower scan rates charge storage contributions arising from 

intercalation predominate,[43] while if the scan rate exceeds a critical sweep  

rate (ν0), the high reversibility associated with a pseudocapacitive process 

is lost, i.e. non-mirror images are formed.[44] 

From the CV’s of the alkali niobate and Rb+ and Cs+ doped Nb2O5 films, 

LiNbO3, NaNbO3 and KNbO3 films, there is a general decrease in the 

current response in accordance with the series Li+ > Na+ > K+ > Rb+ > Cs+. 

This follows a periodic trend that is commensurate with the increase in 

cation size in descending group I.[45] More so, the alkali cations becomes 

less polarising in descending group I similarly.[46] Note that the cation 

polarisation mentioned in the preceding sentence is in reference to aqueous 

solutions. In terms of the solid state, nonetheless, it is plausible that this 

trend in decreasing size of the alkali cations can influence their ability to 

induce polarisation in alkali niobates; i.e. piezoelectric/ferroelectric 

properties. Although experiments to investigate cation-size dependent 

polarisation on the piezoelectric response are beyond the scope of this 

study, there is an effect of the cation size on the current response, based on 

the electrochemical studies presented herein. 

Conclusion 

This study has demonstrated the viability of using aqueous 

polyoxoniobate-alkali nitrate mixtures as a means of deposition alkali 

niobate (LiNbO3, NaNbO3, KNbO3) thin films, as well as synthesising 

rubidium and caesium doped niobium oxide thin films and powders. 

Although the NaNb6 and KNb6 are known precursors or molecular 

building blocks for fabricating solid-state NaNbO3 and KNbO3 materials, 

respectively, this study has demonstrated the ability to use these and other 

alkali hexaniobate solutions (LiNb6, RbNb6 and CsNb6) for making 

LiNbO3, Rb+ and Cs+ doped Nb2O5 thin films and powders. Synthesising 

solid-state niobates that incorporate other alkali cations, beside Na and K, 

entirely from aqueous polyoxoniobate solutions, confers the ability to 

develop lead-free piezoelectric, ferroelectric and antiferroelectric 
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materials/devices without the use of expensive or energy intensive 

methods. 
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Appendices 

Appendix I: 17O NMR Spectroscopy 

Table S.I.1. Oxygen chemical shifts (ppm) for [Nb10O28]6-, [TiNb9O28]7- and [Ti2Nb8O28]8- 

in unbuffered solutions of recycled 20% 17O enriched H2O. 

 Chemical shift (ppm) 

Site of chemical 

shift 

[Nb10O28]6- [TiNb9O28]7- [Ti2Nb8O28]8- 

µ3-O at B 306.6 299.8 (BNb) Not observed 

  340.2 (BTi)  

µ2-O at D 465.3 452.5 433.3 

µ2-O at C 471.5 458.3 (CTi) 449.8 

  462.2 (CNb)  

µ2-O at E 552.9 545.9 (ENb) 579.8 

  592.6 (ETi)  

η=O at G 703 670.2 (GTi) 644.1 

  672.5 (GNb)  

η=O at F 720.9 690.1 662.8 
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Figure S.I.1. 17O-NMR spectra of [Nb10O28]6- (black line), [TiNb9O28]7- (blue line) and 

[Ti2Nb8O28]8- (red line) in unbuffered 20% 17O enriched H2O. αCarbonate is present at 

180.5 ppm; βthe broad peak at 368.3 ppm is attributable to protonation of the µ2-O at site 

b of [Nb6O19]8- and is a known impurity in the synthesis of TiNb9; δpeaks are attributable 

to [Ti2Nb8O28]8-; *impurities in the NMR solvent which has been recycled. 

 

Figure S.I.2. 17O-NMR spectra of [Ti2Nb8O28]8- enriched at 40 °C for 72 hours (bottom) 

and 160 °C for 1 hour (top) in unbuffered recycled 20% 17O-enriched H2O. αCarbonate 

is present at 180.5 ppm; βthe [Ti12Nb6O44]10- ion; δpeaks are attributable to [TiNb9O28]7-

; *impurities present in the recycled NMR solvent. 
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Figure S.I.3. 
17O-NMR signals of the μ2-O site at b (366.70 ppm) and η=O site at 

c (652.69 ppm) of [Nb6O19]
8-. Broadening of the signal at the μ2-O site at b is due 

to protonation. *Carbonate detected at 172 ppm. 

 

 

Figure S.I.4. 17O-NMR signals of the μ2-O site at b (316.76 ppm) and η=O site at c (511.31 

ppm) of [Ta6O19]8-.  Broadening of the signal at the μ2-O site at b is due to protonation. 

*Carbonate detected at 178.47 ppm. 

 

Figure S.I.5. 17O-NMR spectra of [Nb10O28]6- (black line), [Co(II)Nb9O28]9- (pink line) and 

[Ni(II)Nb9O28]9- (dark-yellow line) in unbuffered 20% 17O enriched H2O. 
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Figure S.I.6. Broadening of the H2
17O water signal from the 17O-NMR spectra of 

[Nb10O28]6- (black line), [Co(II)Nb9O28]9- (pink line) and [Ni(II)Nb9O28]9- (dark-yellow line) 

in unbuffered 20% 17O enriched H2O. 

 

Figure S.I.7. 17O-NMR spectra of [Nb10O28]6- in the presence of free Cr, Mn, Co and Ni, 

in unbuffered 20% 17O enriched H2O. 
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Figure S.I.8. Broadening of the H2
17O water signal of the 17O-NMR spectra of [Nb10O28]6- 

in the presence of free Cr, Mn, Co and Ni, in unbuffered 20% 17O enriched H2O. 

Appendix II: PXRD 

 

Figure S.II.1. Rietveld refinement of the PXRD pattern of [Nb10O28]6- annealed at 800 °C. 

Nb2O5-29 and Nb12O29-24111 are monoclinic phases of Nb2O5; Nb2O5-1840 is the 

orthorhombic phase of Nb2O5. 
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Figure S.II.2. Rietveld refinement of the PXRD pattern of [Nb10O28]6- annealed at 1000 

°C. Nb2O5-29 and Nb12O29-24111 are monoclinic phases of Nb2O5; Nb2O5-1840 is the 

orthorhombic phase of Nb2O5. 

 

Figure S.II.3. Rietveld refinement of the PXRD pattern of [Nb6O19]8- annealed at 800 °C. 

Nb2O5-29 and Nb12O29-24111 are monoclinic phases of Nb2O5; Nb2O5-1840 is the 

orthorhombic phase of Nb2O5. 
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Figure S.II.4. Rietveld refinement of the PXRD pattern of [Nb6O19]8- annealed at 1000 

°C. Nb2O5-29 and Nb12O29-24111 are monoclinic phases of Nb2O5; Nb2O5-1840 is the 

orthorhombic phase of Nb2O5. 

 

Figure S.II.5. Rietveld refinement of the PXRD pattern of [TiNb9O28]7- annealed at 800 

°C. Ti2Nb12O29-22000 and Ti2Nb12O29-15474 are the orthorhombic and monoclinic 

phases of Ti2Nb12O29, respectively, and Nb2O5-1840 is the orthorhombic phase of Nb2O5. 
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Figure S.II.6. Rietveld refinement of the PXRD pattern of [TiNb9O28]7- annealed at 1000 

°C. Ti2Nb12O29-22000 and Ti2Nb12O29-15474 are the orthorhombic and monoclinic 

phases of Ti2Nb12O29 respectively; Nb2O5-29 and Nb12O29-24111 are monoclinic phases 

of Nb2O5. 

 

Figure S.II.7. Rietveld refinement of the PXRD pattern of [Ti2Nb8O28]8- annealed at 800 

°C. Ti2Nb12O29-22000 and Ti2Nb12O29-15474 are the orthorhombic and monoclinic 

phases of Ti2Nb12O29 respectively; TiNb2O7-48109 is the monoclinic phases of TiNb2O7-

48109. 
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Figure S.II.8. Rietveld refinement of the PXRD pattern of [Ti2Nb8O28]8- annealed at 1000 

°C. Ti2Nb12O29-22000 and Ti2Nb12O29-15474 are the orthorhombic and monoclinic 

phases of Ti2Nb12O29 respectively; TiNb2O7-48109 is the monoclinic phases of TiNb2O7-

48109. 

 

Figure S.II.9. Rietveld refinement of the PXRD pattern of [Ta6O19]8- annealed at 800 °C. 

Ta2O5-9112 and Ta2O5-66366 are the orthorhombic phase of Ta2O5. 
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Figure S.II.10. Rietveld refinement of the PXRD pattern of [Ta6O19]8- annealed at 1000 

°C. Ta2O5-9112 and Ta2O5-66366 are the orthorhombic phase of Ta2O5. 

 

Figure S.II.11. Rietveld refinement of the PXRD pattern of anhydrous Nb2O5. Nb2O5-29 

and Nb12O29-24111 are monoclinic phases of Nb2O5; Nb2O5-1840 is the orthorhombic 

phase of Nb2O5. 
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Figure S.II.12. Rietveld refinement of the PXRD pattern of anhydrous Ta2O5. Ta2O5-9112 

and Ta2O5-66366 are the orthorhombic phase of Ta2O5. 

 

Figure S.II.13. PXRD patterns of powdered CBMM niobic acid annealed residues at 600 

– 1200 °C 
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Figure S.II.14. PXRD patterns of powdered TANIOBIS niobic acid annealed residues at 

600 – 1200 °C 

 

 

Figure S.II. 15. Rietveld refinement of the PXRD pattern of TANIOBIS annealed at 900 

°C. H-Nb2O5 (ICSD 29) and Nb2O5 (ICSD 1840) are monoclinic and orthorhombic 

phases of Nb2O5, respectively. 
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Figure S.II.16. Rietveld refinement of the PXRD pattern of TANIOBIS annealed at 1200 

°C. H-Nb2O5 (ICSD 29) and Nb2O5 (ICSD 1840) are monoclinic and orthorhombic 

phases of Nb2O5, respectively. 

 

 

Figure S.II.17. Rietveld refinement of the PXRD pattern of CBMM annealed at 1200 °C. 

H-Nb2O5 (ICSD 29) and Nb2O5 (ICSD 1840) are monoclinic and orthorhombic phases of 

Nb2O5, respectively. 
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Figure S.II.18. Rietveld refinement of the PXRD pattern of Cr3+ doped Nb2O5 powder. H-

Nb2O5 (ICSD 2411) is monoclinic Nb2O5 and CrNbO4 (ICSD 72275) is tetragonal 

chromium(III) niobate. 

 

Figure S.II.19. Rietveld refinement of the PXRD pattern of Mn2+ doped Nb2O5 powder. 

H-Nb2O5 (ICSD 2411) is monoclinic Nb2O5 and MnNb2O6 (ICSD 253818) is 

orthorhombic manganese(II) niobate. 
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Figure S.II.20. Rietveld refinement of the PXRD pattern of Fe3+ doped Nb2O5 powder. H-

Nb2O5 (ICSD 2411) is monoclinic Nb2O5 and FeNbO4 (ICSD 2003006) is orthorhombic 

iron(III) niobate. 

 

Figure S.II.21. Rietveld refinement of the PXRD pattern of Co2+ doped Nb2O5 powder. H-

Nb2O5 (ICSD 2411) is monoclinic Nb2O5 and CoNb2O6 (ICSD 15854) is orthorhombic 

cobalt(II) niobate. 
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Figure S.II.22. Rietveld refinement of the PXRD pattern of Ni2+ doped Nb2O5 powder. H-

Nb2O5 (ICSD 2411) is monoclinic Nb2O5 and NiNb2O6 (ICSD 15853) is orthorhombic 

nickel(II) niobate. 

 

Figure S.II.23. Rietveld refinement of the PXRD pattern of Zn2+ doped Nb2O5 powder. H-

Nb2O5 (ICSD 2411) is monoclinic Nb2O5 and ZnNb2O6 (ICSD 36290) is orthorhombic 

zinc(II) niobate. 
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Figure S.II.24. Rietveld refinement of the PXRD pattern of LiNb6 solution annealed at 

1000°C. H-Nb2O5 (ICSD 2411) is monoclinic Nb2O5 and LiNbO3 (ICSD 28294) is 

trigonal lithium niobate. 

 

Figure S.II.25. Rietveld refinement of the PXRD pattern of NaNb6 solution annealed at 

1000°C. H-Nb2O5 (ICSD 2411) is monoclinic Nb2O5 and NaNbO3 (ICSD 39624) is 

orthorhombic sodium niobate. 
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Figure S.II.26. Rietveld refinement of the PXRD pattern of KNb6 solution annealed at 

1000°C. H-Nb2O5 (ICSD 2411) is monoclinic Nb2O5, NaNbO3 (ICSD 39869) is 

orthorhombic potassium niobate and K3Nb7O19 (ICSD 62550) is triclinic. 

 

Figure S.II.27. Rietveld refinement of the PXRD pattern of RbNb6 solution annealed at 

1000°C. H-Nb2O5 (ICSD 2411) is monoclinic Nb2O5, RbNbO3 (ICSD 200854) is triclinic 

rubidium niobate and Rb1.5Nb10O17 (ICSD 75581) is trigonal. 
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Figure S.II.28. Rietveld refinement of the PXRD pattern of CsNb6 solution annealed at 

1000°C. H-Nb2O5 (ICSD 2411) is monoclinic Nb2O5 and Cs2Nb4O11 (ICSD 26379) is 

orthorhombic. 

 

Figure S.II.29. Transition metal doped Nb2O5 powders. 
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Appendix III: SEM , EDS and XPS 

Table S.III.1. Thickness (by SEM) and roughness (by AFM) of polyoxometalate films 

annealed at 800 °C and 1000 °C 

POM (0.2 M) Temperature 

(°C) 

Oxide 

formed 

Thickness 

(nm) 

Roughness 

(nm) 

[Nb10O28]
6- 800 ortho-Nb2O5 235±5 ±24.0 

 1000 mono-

Nb2O5 

199±6[a] 

442±44 [b] 

±54.9 

[TiNb9O28]
7- 800 Ti2Nb12O29 363±5 ±17.7 

 1000 Ti2Nb12O29 172±3 [a] 

262±18[b] 

±35.3 

[Ti2Nb8O28]
8- 800 TiNb2O7 576±9 ±21.6 

 1000 TiNb2O7 169±1 [a] 

383±23 [b] 

±13.8 

[Nb6O19]
8- 800 ortho-Nb2O5 287±7 ±9.02 

 1000 mono-

Nb2O5 

188±8 [a]
 

228 ±24[b] 

±35.6 

[Ta6O19]
8- 800 ortho-Ta2O5 266±2 ±9.61 

 1000 ortho-Ta2O5 167±5 [a] 

250±4 [b] 

±5.8 

[a] lower layer and [b] upper layer 
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Table S.III.2. Atomic composition of annealed polyoxometalate films determined by EDS. 

POM 

(0.2 M) 
Calculated 

composition 

% 

Atomic composition (%) of films relative to 

temperature (°C) 

200 400 800 1000 

Nb10 4.09 (H) 

15.51 (C) 

4.52 (N) 

25.85 (O) 

50.03 (Nb) 

30.12 (C) 

5.36 (N) 

33.27 (O) 

18.96 (Si) 

12.29 (Nb) 

8.31 (C) 

63.66 (O) 

5.2 (Si) 

22.81 (Nb) 

1.21 (C) 

58.69 (O) 

16.16 (Si) 

23.93 (Nb) 

0.2 (C) 

63.89 (O) 

10.8 (Si) 

25.11 

(Nb) 

TiNb9 4.73 (H) 

17.65 (C) 

5.15 (N) 

26.05 (O) 

2.51 (Ti) 

43.91 (Nb) 

28.16 (C) 

47.37 (O) 

6.55 (Si) 

1.71 (Ti) 

16.21 (Nb) 

7.06 (C) 

60.15 (O) 

10.10 (Si) 

2.44 (Ti) 

20.24 (Nb) 

0.50 (C) 

60.85 (O) 

14.13 (Si) 

2.24 (Ti) 

22.28 (Nb) 

0.88 (C) 

63.71 (O) 

10.03 (Si) 

2.43 (Ti) 

22.95 

(Nb) 

Ti2Nb8 5.44 (H) 

19.33 (C) 

5.64 (N) 

27.38 (O) 

4.82 (Ti) 

37.4 (Nb) 

22.32 (C) 

52.05 (O) 

3.41 (Si) 

6.49 (Ti) 

15.74 (Nb) 

6.17 (C) 

63.4 (O) 

4.08 (Si) 

7.67 (Ti) 

18.68 (Nb) 

2.71 (C) 

64.73 (O) 

3.75 (Si) 

8.29 (Ti) 

20.52 (Nb) 

65.84 (O) 

5.39 (Si) 

8.40 (Ti) 

20.37 

(Nb) 

Nb6 6.71 (H) 

25.78 (C) 

7.52 (N) 

22.56 (O) 

37.42 (Nb) 

25.43 (C) 

32.8 (O) 

30.13 (Si) 

11.64 (Nb) 

3.13 (C) 

49.99 (O) 

29.41 (Si) 

17.46 (Nb) 

1.66 (C) 

47.85 (O) 

32.24 (Si) 

18.25 (Nb) 

56.71 (O) 

24.64 (Si) 

18.64 

(Nb) 

Ta6 4.85 (H) 

19.38 (C) 

5.65 (N) 

15.34 (O) 

54.78 (Ta) 

17.2 (C) 

55.13 (O) 

7.45 (Si) 

20.22 (Ta) 

8.11 (C) 

55.49 (O) 

14.60 (Si) 

21.80 (Ta) 

61.74 (O) 

14.15 (Si) 

24.11 (Ta) 

59.77 (O) 

16.42 (Si) 

23.81 

(Ta) 
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Table S.III.3. Film thickness determined from spectroscopic ellipsometry and Elemental 

composition (EDS and XPS) of transition metal doped films and powders. 

Metal 

oxide 

Film 

thickness 

(nm) 

Atomic 

composition 

(%) of films 

(EDS) 

Atomic 

composition 

(%) of 

powders 

(EDS) 

Atomic 

composition 

(%) of 

powders 

(XPS) 

CrNbO4 163.3 ±3.6 47.27 (O) 

39.75 (Si) 

4.29 (Cr) 

8.69 (Nb) 

71.29 (O) 

8.59 (Cr) 

20.12 (Nb) 

11.65 (C) 

61.83 (O) 

6.76 (Cr3+) 

21.81 (Nb5+) 

0.6 (K)* 

MnNb2O6 232.04±0.6 31.91 (O) 

59.67 (Si) 

1.53 (Mn) 

6.89 (Nb) 

64.27 (O) 

3.94 (Mn) 

31.79 (Nb) 

6.5 (C) 

64.29 (O) 

6.64 (Mn2+) 

21.81 (Nb5+) 

0.77 (K)* 

FeNbO4 184.5±6.02 52.99 (O) 

25.66 (Si) 

7.42 (Fe) 

13.94 (Nb) 

71.14 (O) 

13.08 (Fe) 

15.77 (Nb) 

15.99 (C) 

57.45 (O) 

5.39 (Fe3+) 

13.24 (Nb5+) 

6.41 (Si)* 

0.85 (Na)* 

CoNb2O6 244.92±8.6 30.25 (O) 

63.17 (Si) 

1.05 (Co) 

5.52 (Nb) 

62.21 (O) 

6.93 (Co) 

30.86 (Nb) 

10.88 (C) 

64.4 (O) 

4.63 (Co2+) 

19.46 (Nb5+) 

0.63 (K)* 

NiNb2O6 257.91±4.7 27.81 (O) 

66.53 (Si) 

1.08 (Ni) 

4.59 (Nb) 

67.83 (O) 

4.38 (Ni) 

27.78 (Nb) 

5.5 (C) 

65.83 (O) 

4.2 (Ni2+) 

22.42 (Nb5+) 

0.88 (K)* 

1.14 (Na)* 

ZnNb2O6 287.02±11.3 30.6 (O) 

61.59 (Si) 

0.94 (Zn) 

6.87 (Nb) 

73.54 (O) 

4.36 (Zn) 

22.09 (Nb) 

– 

*Impurities detected 
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Figure S.III.1. XPS spectrum of Cr3+ doped Nb2O5 powder 
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Figure S.III.2. XPS spectrum of Cr3+ in Cr3+ doped Nb2O5 powder. 
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Figure S.III.3. XPS spectrum of Nb5+ in Cr3+ doped Nb2O5 powder. 
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Figure S.III.4. XPS spectrum of Mn2+ doped Nb2O5 powder. 
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Figure S.III.5. XPS spectrum of Mn2+ in Mn2+ doped Nb2O5 powder. 
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Figure S.III.6. XPS spectrum of Fe3+ doped Nb2O5 powder. 
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Figure S.III.7. XPS spectrum of Fe3+ in Fe3+ doped Nb2O5 powder. 

 

 

 



 

222 

 

 

Figure S.III.8. XPS spectrum of Co2+ doped Nb2O5 powder. 
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Figure S.III.9. XPS spectrum of Co2+ in Co2+ doped Nb2O5 powder. 
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Appendix IV: Pseudocapacitance 

 

Figure S.IV.1. (a, b, d, e, g, h) Schematic cyclic voltammograms and (c, f, i) 

corresponding galvanostatic discharge curves for various kinds of energy-storage 

materials. A pseudocapacitive material will generally have the electrochemical 

characteristics of one, or a combination, of the following categories: (b) surface redox 

materials (e.g., MnO2 in neutral, aqueous media), (d) intercalation-type materials (e.g., 

lithium insertion in Nb2O5 in organic electrolytes), or (e) intercalation-type materials 

showing broad but electrochemically reversible redox peaks (e.g., Ti3C2 in acidic, 

aqueous electrolytes). Electrochemical responses in (g–i) correspond to battery-like 

materials. Adapted with permission from Gogotsi and Penner.[22] Copyright 2018 

American Chemical Society. 


