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Abstract 

The exploration and development of safer and less expensive positive electrode materials, 

for high energy density lithium-ion batteries (LIBs), are essential for large-scale applications, 

such as electric vehicles and grid energy storage. Of all the candidates, vanadium-based 

compounds have attracted considerable interest. This is due to vanadium’s ability to adopt a 

range of oxidation states, with oxidation states of III, IV and V being particularly common in 

battery materials. This enables vanadium to undergo multi-electron transfer processes, 

which allow reversible insertion/extraction of more than one Li+ ion per transition metal. 

This thesis explores a range of vanadium-based materials as candidate positive electrode 

materials for LIBs. The materials were separated into three groups (i) phases containing the 

mononuclear [VO]3+ species, AVO(SO4)2 (A = NH4
+, K+), (ii) phases containing the mononuclear 

[VO2]+ species, AVO2SO4 (A = NH4
+, K+), and (iii) V2O3(SO4)2 which contains the [V2O3]4+ species.  

NH4V(V)O(SO4)2 and KV(V)O(SO4)2 were studied initially. While these materials have previously 

been synthesised, their electrochemical properties have not been evaluated before. 

NH4VO(SO4)2 and KVO(SO4)2 were prepared via solution-based methods using low 

temperatures (≤200 °C) and were characterised using X-ray diffraction, infrared 

spectroscopy, scanning electron microscopy and optical microscopy. These compounds are 

isostructural and are made up of distorted VO6 octahedra corner-sharing with five SO4 

tetrahedra, forming layered structures. The thermal stability of these materials was 

examined by means of thermogravimetric analysis. Additionally, the intermediate phases 

identified from thermogravimetric analysis were characterised and this work led to the 

structural study of the layered material, 2VOSO4·H2SO4, in order to determine the positions 

of the hydrogen atoms and evaluate the disorder associated with the H2SO4 layer. The 

electrochemical performance of NH4VO(SO4)2 and KVO(SO4)2 as positive electrode materials 

for LIBs were tested for the first time. Both materials were found to operate at a high voltage 

of 4.05 V versus Li+/Li0 and presented similar discharge profiles and specific discharge 

capacities of <20 mA h g−1. 

Thereafter, the dioxovanadium phases, KV(V)O2SO4 and NH4V(V)O2SO4 were explored. The 

synthesis of the KVO2SO4 phase has previously been reported in literature but its 

electrochemical properties were tested here for the first time. KVO2SO4 was synthesised by 

a solid-state route at 300 – 400 °C, forming a three-dimensional framework structure 
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consisting of corner-sharing VO6 octahedra interconnected by corner-sharing and 

edge-sharing SO4 tetrahedra. This material delivered a discharge capacity of 22 mA h g−1 and 

its discharge profile showed multiple reduction processes at 3.05, 2.32 and 1.97 V versus 

Li+/Li0. Additionally, a new material, NH4VO2SO4, was synthesised for the first time via a 

low-temperature solution-based route. The composition, structure, morphology, thermal 

stability and electrochemical properties of this new material were analysed using a range of 

techniques. Single crystal X-ray diffraction showed NH4VO2SO4 crystallises in a large 

monoclinic unit cell, consisting of two chain types; (i) edge-sharing VO6 octahedra with 

bridging SO4 tetrahedra and (ii) isolated VO6 octahedra interconnected by bridging SO4 

tetrahedra. Despite the structural differences between NH4VO2SO4 and NH4VO(SO4)2, these 

materials exhibited similar thermal stabilities as well as comparable open circuit voltages 

(4.10 V versus Li+/Li0), discharge profiles and specific discharge capacities of <20 mA h g−1. 

Finally, a systematic investigation of the electrochemical and chemical insertion of Li+ into 

V(V)
2O3(SO4)2 was performed. Although the synthesis of V2O3(SO4)2 has previously been 

reported, here it was prepared at a lower temperature of 140 °C and its electrochemical 

performance tested for the first time. This material contains the [V2O3]4+ species which 

consists of pairs of VO6 octahedra linked together by an oxygen bridge. The corner-sharing 

VO6 octahedra are interconnected by bridging SO4 tetrahedra, creating a three-dimensional 

framework with open channels running down the c-axis. A series of electrochemical tests 

were carried out to evaluate the lithiation and delithiation process for this material. 

V2O3(SO4)2 displayed an interesting electrochemical profile, with multiple reversible 

processes occurring between 1.95 and 4.20 V versus Li+/Li0. A discharge capacity of 

160 mA h g−1 was obtained, corresponding to the insertion of 2.0 mol of Li per mol of 

V2O3(SO4)2. Consequently, ex situ studies were carried out to determine the phase evolution 

and structural changes which occurred during of the lithiation and delithiation process. To 

further evaluate the Li+ insertion into this phase, V2O3(SO4)2 was chemically lithiated using 

n-butyllithium. Inductively coupled plasma optical emission spectrometry, X-ray absorption 

spectroscopy, and infrared spectroscopy measurements showed that a composition of 

Li4V2O3(SO4)2 can be attained by chemical lithiation. Interestingly, the structural studies 

evidenced by X-ray and neutron powder diffraction on the lithiated samples showed that a 

significant amount of Li+ can be inserted into V2O3(SO4)2, while it maintains its 

three-dimensional framework structure. 
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Abbreviations 

 

ATR-FTIR Attenuated total reflectance-Fourier transform infrared 

BAG Block Allocation Group 

BSE Backscattered electron 

C65 Carbon Super 65 

CCD Charge-coupled device 

CE Counter electrode 

CN Coordination number 

DFT Density functional theory 

DMC Dimethyl carbonate 

DTG  Differential temperature gradient 

EC/DMC Ethylene carbonate/dimethyl carbonate 

EDS Energy dispersive X-ray spectroscopy 

EM Electromagnetic  

EXAFS X-ray absorption fine structure 

EXPUGUI Experimental Graphical User Interface 

F Occupancy 

FT Fourier transform 

FWHM Full-width at half-maximum 

GEM General Materials Diffractometer 

GITT Galvanostatic intermittent titration technique 

GSAS General Structure Analysis System 

ICP-OES Inductively coupled plasma optical emission spectroscopy 

IR Infrared 
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KIBs Potassium-ion batteries 

LIBs Lithium-ion batteries 

LISICON Lithium super ionic conductors 

NASICON Sodium super ion conductors 

NIBs Sodium-ion batteries 

Ni-Cd Nickel-cadmium 

Ni-MH Nickel-metal hydride 

NPD Neutron powder diffraction 

OCV Open circuit voltage 

ORC Oscillating radial collimator 

Pb-acid  Lead-acid 

PXRD Powder X-ray diffraction 

RE Reference electrode 

Rwp Weighted profile R factor 

SCXRD Single crystal X-ray diffraction 

SE Secondary electron 

SEM Scanning electron microscopy 

SHE Standard hydrogen electrical potential 

T Temperature  

TGA Thermogravimetric analysis 

TGA-MS Thermogravimetric analysis mass spectroscopy 

Uiso Temperature factor 

VTXRD Variable temperature X-ray diffraction 

WE Working electrode 

XANES X-ray absorption near-edge structure 

XAS X-ray absorption spectroscopy 
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1.1. Energy demands 

The depletion of fossil fuels, together with global warming caused by CO2 emissions and our 

ever-increasing demand for energy, makes clean and sustainable energy sources crucial for 

our future. There are several renewable energy sources that can be exploited, like wind, 

solar, tidal, biomass and geothermal. However, most of these renewable energy sources are 

intermittent and localised geographically. To make best use of these energy sources, energy 

storage systems must be used. These allow for the storage and release of energy when the 

supply is not matched with the demand. One of the best options is to make use of the 

conversion of chemical energy to electrical energy via electrochemical devices which include 

supercapacitors, fuel cells and rechargeable batteries. Among these technologies, 

rechargeable batteries are considered a promising option, providing they can deliver an 

efficient, cost-effective, and sustainable storage strategy on a large-scale.1 

Thus far, many battery technologies have been developed for a range of applications, of 

which lithium-ion batteries (LIBs) are the superior choice for portable electronics and electric 

vehicles. However, great challenges need to be overcome to improve their current 

performance and safety. This calls for the exploration and development of better 

electroactive materials, especially positive electrode materials. Of the possible candidates, 

vanadium-based materials have attracted great interest because of the rich electrochemical 

properties of vanadium and it’s structural versatility.2–4 

Therefore, this review will firstly focus on the chemistry of vanadium including the structural 

aspects and its redox behaviour. The subsequent sections will provide a brief overview of the 

basics of rechargeable batteries with focus on vanadium-based positive electrode materials. 

 

1.2. Chemistry of vanadium 

Vanadium compounds exist as various minerals, like patrónite (VS4), carnotite 

(K2(UO2)2(VO4)2·3H2O) and vanadinite (Pb5(VO4)3Cl), which are dispersed throughout the 

Earth’s crust, rivers, and lakes.5,6 Vanadium in the form of vanadium pentoxide is generally 

recovered from iron, titanium, phosphorus and uranium ores. China, Hungary, Japan, 

Kazakhstan, the Russian Federation, South Africa and the USA recover vanadium from ores, 
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slag or petroleum residues. Slag formed during iron ore smelting also contains vanadium 

pentoxide and is used to manufacture vanadium metal. 7–9  

Vanadium is used in the production of metal alloys, resistant carbon steel, and is used in the 

chemical, glass, paint, ceramic and photographic industries.10 Additionally, vanadium 

pentoxide is used as a catalyst for the production of sulfuric acid from sulfur dioxide.9,11 

Compounds containing vanadium show interesting redox, electrochemical and catalytic 

properties.12–14 While the toxicity of vanadium compounds is relatively low, after high 

exposure it has shown to cause respiratory irritation in humans with pentavalent compounds 

being the most toxic.15 Therefore, vanadate [VO2]+ is more toxic than vanadyl [VO]2+.16,17 

Furthermore, the cost of vanadium fluctuates, for example V2O5 with 98% purity was $28.80 

USD/lb as of 04/12/2018 and $4.80 USD/lb as of 04/11/2019 and there is a huge difference 

in price between 95% purity and that of 99.9% purity.18 Therefore, in the U.S., vanadium is 

recovered from industrial waste materials like spent catalysts, petroleum ash and 

manufactured alloys.6,9 

Vanadium is a first-row transition metal with a wide range of oxidation states (0, II, III, IV 

and V). Compounds with oxidation states of III, IV and V are more common, while vanadium 

pentoxide (V2O5) is the most readily available commercial form. The ground state electron 

configuration of vanadium is [Ar]3d34s2. Vanadium can lose up to five electrons upon 

reduction, losing its valence s-electrons before its d-electrons. In aqueous solution, vanadium 

species form coloured metal complexes; lilac [V(H2O)6]2+, green [V(H2O)6]3+, blue [VO(H2O)5]2+ 

and yellow [VO2(H2O)4]+. The different oxidation states of vanadium can adopt a variety of 

coordination numbers (CNs) and coordination geometries.12,19 Its ability to adopt multiple 

coordination geometries is distinct from other first-row transition metals, making it 

structurally versatile.2 

1.2.1. Structural aspects of vanadium 

In this section, the coordination geometries adopted by the more common oxidation states 

of vanadium (III, IV, V) will be discussed. Vanadium can adopt a range of coordination 

geometries, including regular octahedron, distorted octahedron, square pyramidal, trigonal 

bipyramidal and tetrahedral.12 The number of ligands that can surround the vanadium metal 

centre is governed by its ionic radius. For instance, the larger the ionic radius the greater the 

number of ligands that can coordinate to the vanadium metal centre. Table 1.1 summarises 

the ionic radii of different oxidation states of vanadium as a function of CN.20 
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Table 1.1. Summary of the oxidation states of vanadium, their electron configuration, colour in solution and ionic 
radius as a function of their coordination number (CN). Ionic radii reported from R. D. Shannon.20 

Oxidation 
state 

Formula 
Electron 

configuration 
Colour in 
solution 

Ionic radius/ Å 

CN 4 CN 5 CN 6 CN 8 

II [V]2+ [Ar] 3d3 4s0 Violet   0.79  

III [V]3+ [Ar] 3d2 Green   0.64  

IV [VO]2+ [Ar] 3d1 Blue  0.53 0.58 0.72 

V [VO2] 
+ [Ar] 3d0 Yellow 0.355 0.46 0.54  

The common coordination polyhedra from CN four through to six, adopted by vanadium 

complexes are illustrated in Figure 1.1.21 

 

Figure 1.1. The common coordination geometries adopted by the more common oxidation states of vanadium (III, 
IV, V). Modified from 12. 

Commonly, V(V) and V(IV) oxo-species, [VO2]+ and [VO]2+, respectively, contain the vanadyl 

bond, V=O. The oxide, O2− anion is electron rich. It has both a σ-symmetry electron pair and 

a filled orthogonal p-orbital. Thus, it acts as both a σ-donor and a π-donor. It can donate 

electrons to the electron poor V(V)/(IV) metal centre through two π-bonds between p orbitals 

(px, py) of the oxide anion and d orbitals (dxz, dyz) of the vanadium metal centre, along with 

the σ-coordination bond,19 as illustrated in Figure 1.2. In an infrared spectrum, the vanadyl 

bond gives rise to a strong, sharp V=O stretching band at 985 ± 50 cm−1.22  
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Figure 1.2. Molecular orbitals showing the metal-ligand π-bonding between the oxide, O2− ligand which acts as 
both a σ-donor and a π-donor to the electron poor vanadium metal through (a) the px orbital of the oxide anion 
and dxz orbital and (b) the py orbital of the oxide anion and dyz orbital of the vanadium metal centre. 

Schindler et al.,22 have studied the crystal chemistry of vanadium phosphate structures of 

which the bond lengths in VVOn, VIVOn (n = 5, 6) and VIIIO6 polyhedra will be summarised here.  

As shown in Figure 1.1, V(V) can adopt a tetrahedral geometry and this is due to its small ionic 

radius.20 The V(V) tetrahedron, [VO4]3−, as shown in Figure 1.3 (a), exists in very alkaline 

solutions with pH >12 and is more or less a regular tetrahedron with VO bond lengths in the 

range between 1.6 and 2.0 Å.22 In addition to tetrahedral coordination, [5]- and 

[6]-coordinated V(V) are commonly known and characterised as having one and two strong 

vanadyl bonds, respectively, with bond lengths between 1.52 – 1.65 Å.22,23 In [5]-coordinated 

V(V), both square pyramidal and trigonal bipyramidal ([1 + 4] and [2 + 3], respectively) 

geometries are known, with vanadyl bond lengths between 1.52 and 1.78 Å and equatorial 

bond lengths between 1.74 - 2.06 Å, and 1.80 – 2.06 Å for [1 + 4]- and [2 + 3]-coordination, 

respectively.19,22 For [6]-coordinated V(V) a distorted octahedral geometry is very common, as 

shown in Figure 1.3 (b), made by adding another oxygen atom trans to the vanadyl bond 

which forms a weaker V∙∙∙O bond. In a [1 + 4 + 1]- and [2 + 2 + 2]-coordinated V(V) with the 

trans bond lengths between 2.20 and 2.60 Å, and 2.10 and 2.60 Å.19,21,22 
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Figure 1.3. Structures of (a) tetrahedral [VO4]3− and (b) octahedral [VO2]+ in aqueous solutions. 

Vanadium(IV) complexes can adopt both [5]- and [6]-coordination geometries. In 

[5]-coordinated V(IV) complexes, both trigonal bipyramidal and square-based pyramidal are 

observed. Generally, trigonal bipyramidal structures minimise ligand-ligand repulsions, but 

due to the strong bonding induced by the vanadyl bond (V=O), as shown earlier in Figure 1.2, 

oxovanadium [VO]2+ complexes tend to adopt square-based pyramidal geometries. For 

[1 + 4]-coordination, a vanadyl bond is between 1.48 and 1.66 Å and the equatorial bond 

lengths generally between 1.80 and 2.12 Å. In [6]-coordination, an additional anion is 

inserted trans to the vanadyl bond to create a distorted octahedron, with 

[1 + 4 + 1]-coordination, as shown in Figure 1.4. In V(IV) complexes, a vanadyl bond is generally 

shorter than 1.74 Å, the V-O bonds cis to the vanadyl bond are between 1.86 and 2.16 Å, 

while a V-O bond trans to the vanadyl bond can be >2.0 Å.19,21 

 

Figure 1.4. Structure of octahedral [VO]2+ in aqueous solution.  

For the V(III) oxidation state, a [6]-coordinated octahedral arrangement is most common, as 

shown in Figure 1.5, with V-O bond lengths in the range between 1.88 and 2.18 Å.21,22 With 

small ligands, like C≡N, V(III) can accommodate seven cyano ligands, for example [V(CN)7]3− 

with a pentagonal geometry. However, this is uncommon and only applicable for small 

ligands.19,22,24 
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Figure 1.5. Structure of octahedral [V]3+ in aqueous solutions. 

Table 1.2 summarises the bond lengths of the vanadyl (V-OV), equatorial (V-OE) and trans 

(V-OT) bonds in VVOn, VIVOn (n = 5, 6) and VIIIO6 polyhedra.22 

Table 1.2. Bond lengths of the vanadyl (V-OV), equatorial (V-OE) and trans (V-OT) bonds in V-O polyhedra. 

Type of polyhedra Bond type Bond length/ Å 

[6]-coordinated octahedron  VIII-Oall 1.88 – 2.18 

[1+4+1]-coordinated octahedron 

VIV-OV 
VIV-OE 
VIV-OT 
VV-OV 
VV-OE 
VV-OT 

1.48 – 1.74 
1.86 – 2.16 
2.00 – 2.60 
1.50 – 1.70 
1.74 – 2.13 
2.20 – 2.60 

[2+2+2]-coordinated octahedron 
VV-OV 

VV-OE 
VV-OT 

1.50 – 1.74 
1.75 – 2.03 
2.10 – 2.60 

[1+4]-coordinated square pyramids 

VIV-OV 

VIV-OE 
VV-OV 
VV-OE 

1.48 – 1.66 
1.80 – 2.12 
1.52 – 1.66 
1.74 – 2.06 

[2+3]-coordinated square pyramids 
VV-OV 
VV-OE 

1.54 – 1.78 
1.80 – 2.06 

   

1.2.2. Redox behaviour of vanadium 

As mentioned in Section 1.2, vanadium can adopt oxidation states of 0, II, III, IV and V. 

Vanadium in the oxidation states III, IV and V can undergo hydrolytic, acid/base, 

condensation and redox reactions upon dissolution, as illustrated by the Pourbaix diagram in 

Figure 1.6. The chemistries of the three common oxidation states (III, IV, V) vary widely. It 

can be observed in Figure 1.6 that both V(III) and V(IV) species are cationic while V(V) species are 

anionic.21 The Pourbaix diagram for vanadium in water is complex (Figure 1.6), the solid lines 

indicate when two species exist in equilibrium and the vertical and horizontal lines represent 

the phase boundaries as a function of pH (acidity) and applied potential versus the SHE 

(standard hydrogen electrical potential), respectively. The sloping lines represent reactions 
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that are both acid-base and reduction-oxidation. The dashed lines indicate the water 

equilibria, where the upper and lower orange dashed lines are the anodic and cathodic 

reactions, respectively.21,25 Each region of the Pourbaix diagram represents a different 

species and the larger the region the greater the stability of the species. The Pourbaix 

diagram for vanadium in water shows 11 different regions, representing 11 different 

vanadium species of varying charge, oxidation state, and stability. 

This work focused on the exploration of V(V) compounds. V(V) cations commonly exist as 

dioxovanadium ions, also referred to as pervanadyl ion, [VO2]+. In addition to the [VO2]+ 

cation, V(V) can also exist as the mononuclear [VO]3+ species and dinuclear [V2O3]4+ species. 

These three species, [VO2]+, [VO]3+ and [V2O3]4+ are all V(V) cations that contain the vanadyl 

V=O bond and can be related to one another since [VO]3+ + O2− = [VO2]+ and 

[V2O3]4+ = [VO2]+ + [VO]3+.26 As shown in Figure 1.6, the [VO2]+ cation is stable under highly 

acidic conditions (pH ≤ 3). Similarly, the [VO]3+ and [V2O3]4+ species require similar acidic 

conditions. Therefore, as illustrated in Figure 1.6, to prepare compounds consisting of one of 

the V(V) cations, highly acidic conditions must be used. If the acidity of the synthesis were to 

exceed pH 3 then a V(IV) species that contains the vanadyl, [VO]2+ cation would form. 

 

Figure 1.6. Pourbaix diagram showing the oxidation state of vanadium species as a function of pH and reduction 
potential (versus standard hydrogen electrical potential). Boundaries shown as black dashed lines (---) are less 
certain than those shown as solid black lines ( ̶̶   ̶̶    ). The upper and lower orange dashed lines ( ̶   ̶   ̶ ) represent the 
upper and lower limits of the stability of water. Redrawn based on data from.21 

The following section will give a brief overview of the fundamental workings of rechargeable 

batteries and will focus on vanadium-based materials which have been explored as candidate 

positive electrodes for rechargeable batteries in the literature. 
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1.3. Batteries 

Batteries work by using oxidation-reduction (redox) reactions to convert chemical energy 

into electrical energy. There are numerous battery technologies as different applications 

need specific performance requirements. The performance of a battery can be evaluated by 

the following parameters; 

(i) The specific capacity (given as mA h g−1) of a battery is related to the number of 

electrons transferred and the atomic weight of an electrode. It is a measure of 

the amount of charge that is reversibly stored per unit mass. The theoretical 

specific capacity of an electrode can be determined using Equation 1.1.27 

𝐶𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 =
𝑥 𝐹

3.6 𝑛 𝑀
 Equation 1.1 

Where: 

x is the number of electrons transferred per formula unit, 

F is the Faraday constant (96485 C mol−1, 1 C = A s), 

n is number of moles of a chosen electroactive material that take place in the 

reaction, 

M is the molecular mass (g mol−1) of the electroactive material, 

Equation 1.1 demonstrates that the lower the molecular mass and the more 

electrons transferred per formula unit, the greater the specific capacity of a 

battery;27 

(ii) The energy density (also referred to as specific energy, expressed in W h kg−1) is 

a measure of the amount of energy that can be stored and released per unit mass 

of a cell and can be determined using Equation 1.2. 

𝑄𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 =
1

3600 𝑀𝑤
 ∫ 𝑉(𝑡) 𝑖 𝐴 𝛿𝑡
𝑡𝑐𝑢𝑡𝑜𝑓𝑓
0

  Equation 1.2 

Where:  

V(t) is the potential (V) at time t (s), 

i is the discharge current density (A m−2), 

A is the area (m2), 

Mw is the molecular weight (kg) of the electroactive material; 
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(iii) The cyclability of a battery is a measure of the reversibility of the 

insertion/extraction process before it loses considerable energy.27 A parameter 

used to characterise the cyclability is its Coulombic efficiency, also referred to as 

Faradaic efficiency or current efficiency, ƞ, as defined by Equation 1.3. 

𝜂 =  
𝐶𝑑

𝐶𝑐
 Equation 1.3 

Where: 

Cd is the discharge capacity of a battery at a single cycle, 

Cc is the charge capacity of the battery on the same cycle. 

If there are no side reactions the Coulombic efficiency of the battery should be 

1.00 and would likely have a long battery cycle life;28 

(iv) The rate of charge or discharge is a measure of how fast a battery can be charged 

or discharged and is commonly referred to as the C-rate. When a battery is 

operated at 1 C it discharges fully, releasing its full capacity over 1 h;27 

(v) Open circuit voltage (OCV, given in V) is the difference between the chemical 

potential of the negative electrode and the positive electrode when no current 

flows as given by Equation 1.4. 

𝑉𝑂𝐶 = 𝜇𝑁 − 𝜇𝑃  Equation 1.4 

Where: 

μN is the chemical potential of the negative electrode, 

μP is the chemical potential of the positive electrode; 

(vi) Its operating voltage (expressed in V) is the difference between the chemical 

potential of the negative electrode and the positive electrode when a current is 

drawn; 

(vii) The safety of a battery is extremely important and remains to be one of the key 

challenges, especially for batteries in electric vehicles; and 

(viii) The cost of a battery. This includes the price of the electroactive materials and 

other essential components such as binders, conductive enhancers, separators, 

current collectors and the casing but also the manufacturing costs.27,29 
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The batteries used in portable electronics (mobile phones and laptops) and electric vehicles 

must be safe and provide high energy densities to be effective. While the primary concern 

for batteries used for energy storage technologies are their cost due to their large-scale. 

Battery technologies can be split into two main classes: 

a) Primary batteries which are single-use devices that produce electrical energy 

from a chemical reaction that irreversibly changes the cell, and once 

discharged are discarded; and 

b) Secondary batteries which are rechargeable devices that are discharged and 

can be recharged to their original state by reversing the current of flow 

through the cell, making them more economical over their lifetime.29 

Primary batteries tend to be cheap, lightweight and a convenient power source for small, 

portable electronics, including for example watches, toys, and remote controls. The major 

advantage of primary cells is their high-energy density, which is achieved since there are no 

design compromises for recharging. However, this makes them wasteful because once they 

are discharged, they are disposed of. Commonly used primary battery chemistries include 

zinc-alkaline-manganese dioxide, zinc-silver oxide, zinc-air, and lithium.29 

Secondary batteries are electrochemical storage devices that are more cost-efficient over the 

long term. The main characteristics of secondary cells are their high discharge rates and lower 

energy densities.29 They are used to power various applications such as electric vehicles, 

power tools and portable consumer electronics like mobile phones, laptops and cameras. 

The more familiar rechargeable battery chemistries include lead-acid (Pb-acid), 

nickel-cadmium (Ni-Cd), nickel-metal hydride (Ni-MH), and LIBs.29 

Both primary and secondary batteries are made up of one or more cells, connected in series 

or parallel. A single cell consists of three main components: 

1) The negative electrode (commonly referred to as the anode) releases 

electrons to the external circuit and is oxidised during the electrochemical 

reaction. 

2) The positive electrode (known as the cathode) accepts electrons from the 

external circuit and is reduced during the electrochemical reaction. The 

structure of the positive electrode material determines the amount of energy 

a battery can store and potentially deliver. 
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3) The electrolyte which is an ionic conductor and allows the transfer of ions 

through the cell but not the transfer of electrons. Electrolytes can be a liquid, 

a liquid embedded into a porous matrix, an ionomeric polymer, or a solid.29 

When the positive and negative electrode are connected externally, electrochemical 

reactions take place at the electrodes, with electrons passing through the external circuit and 

ions transported in the electrolyte. On discharge, an oxidation reaction occurs at the negative 

electrode, and a reduction reaction occurs at the positive electrode. In secondary batteries, 

this process is reversed on charging.29,30 

1.3.1. Lithium-ion batteries 

Among the current battery technologies, shown in Figure 1.7, LIBs are the best performing 

and most popular systems compared to traditional battery technologies like Ni-MH, Ni-Cd, 

and Pb-acid, and new technologies such as Li-S, Li-air, Al-air, Na/Mg/Ca/Al-ion owing to their 

higher energy densities (210 W h kg−1), higher cell voltages (up to 4 V).1,29–32 However, there 

remains a huge challenge to design technologies which can deliver the performances 

required for the different applications, like portable electronics, electric vehicles and energy 

storage systems. Therefore, electroactive materials which provide high-specific power, high 

energy densities and good cyclability that are abundant, environmentally sustainable and low 

in cost must be used. Therefore, there is great scope to optimise existing materials and 

discover and develop new materials. 

 

Figure 1.7. The energy density per unit volume (W h l−1) and energy density per unit weight (W h kg−1) of various 
secondary batteries. Reproduced and modified from 31. 

The LIB, first commercialised by Sony in 1991,33–35 operates by moving Li+ ions from a lithium 

containing positive electrode material, LiCoO2 mounted on aluminium foil, through an 
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ionically conducting liquid electrolyte, LiPF6 in ethylene carbonate/dimethyl carbonate 

(EC/DMC), and are intercalated between the carbon layers in graphite mounted onto copper 

foil, which acts as the negative electrode material to form LixC6, as illustrated in Figure 1.8.1 

Upon discharge, the reverse reaction occurs. The Sony cell has an average voltage of 3.8 V, 

three times greater than the voltage of Ni-MH and Ni-Cd batteries and an energy density as 

high as 200 W h kg−1, three times that of Ni-Cd batteries.1,32 

 

Figure 1.8. Schematic of a lithium-ion battery under discharge; showing the negative electrode as graphite that 
holds Li+ ions (Li+ as pink spheres) between its layers, with the positive electrode as a Li+ intercalation compound, 
LiCoO2 (Co as orange spheres, O as white spheres), separated by an electrolyte LiPF6 in EC/DMC that transport Li+ 
ions between the electrodes. Reproduced and modified from 1. 

1.3.2. Negative electrode materials 

The negative electrode needs to be capable of accommodating a large quantity of lithium 

without undergoing significant volume expansion and to be able to maintain good electronic 

conductivity. Graphitic carbon remains the most widely used negative electrode material in 

commercial LIBs. The layered structure of graphitic carbon enables the insertion and 

extraction of a large quantity of Li+ ions with minimal irreversibility, providing excellent 

cyclability.36 

Alternatives to carbon-based negative electrode materials include lithium metal alloys like 

lithium-silicon which can provide a capacity that exceeds 2000 mA h g−1, and lithium-tin 

which delivers more than 600 mA h g−1.37,38 These materials have a much higher specific 

capacity compared to lithium-graphite (theoretical capacity of 372 mA h g−1). However, they 
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generally suffer from severe volume expansion/contraction during lithiation 

insertion/extraction, as such results in poor cyclability. 

Lithium metal has also been explored, it exhibited a greater theoretical capacity of 

3860 mA h g−1.39 However, there are two key problems with lithium metal as a negative 

electrode material: (i) on cycling a loss of capacity is observed due to the growth of lithium 

dendrites; and (ii) low Coulombic efficiency. Therefore, this can lead to a short cycle life and 

potential for the cell to short circuit which makes lithium metal unsafe.39 

1.3.3. Electrolyte materials 

As for the electrolyte, it must be able to withstand the redox environment at both the positive 

and negative electrodes. It should be chemically stable over the voltage range used and 

should not undergo decomposition or degradation. Electrolytes should be inert and stable 

over a reasonable temperature range. Ideally, the electrolyte should also be environmentally 

sustainable and easily processed at a low cost. However, the electrolytes which are presently 

used are highly toxic and corrosive.27 

Currently, the Sony cell uses a liquid-based electrolyte which consists of LiPF6 dissolved in a 

mixture of organic solvents soaked into a porous film, commonly made from polethylene.40 

The film is a physical barrier used to separate the positive and negative electrodes, and the 

solution of lithium salts in organic solvents offer high ionic conductivities (> 10−3 S cm−1) and 

provide good contact with the electrodes.36 However, such organic liquid-based electrolytes 

have the potential to catch fire under conditions of thermal runaway due to their volatile and 

flammable nature. Additionally, these electrolytes are highly toxic and difficult to recycle. 

Extensive work is ongoing to explore and develop alternative electrolytes which are safer, 

environmentally benign and stable over wider voltage windows.41,42 

Ionic liquids are a relatively new set of electrolytes under examination. These are 

non-flammable and provide high ionic conductivities at room temperature. Additionally, the 

potential window over which these materials are stable (0 – 5 V) is reasonably large. They 

are also stable beyond 300 °C and non-toxic.43 As a result, they are an attractive alternative 

for a variety of applications. 

Polymer-based electrolytes are also being explored. These contain a lithium salt dissolved in 

a high molecular weight polymer, like LiClO4 or LiCF3SO3 in poly(ethylene oxide).44 Polymer 

electrolytes offer several advantages over liquid electrolytes which include improved safety 
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as there is no need to use flammable organic solvents, acting as both the electrolyte and 

separator and providing good contact with the electrodes.45 

Another family of electrolytes that are being developed are solid-state electrolytes. These 

are attractive candidates owing to their increased safety since they do not use flammable 

solvents. However, these pose many challenges with regards to processing and low ionic 

conductivity. Solid electrolytes are of particular interest for high-temperature batteries as 

the ionic conductivity of solid-state electrolytes tend to increase with increasing 

temperature. A wide range of solid electrolytes have been studied including garnets,46 

lithium super ionic conductors (LISICON),47 and sodium super ion conductors (NASICON).48 

1.3.4. Positive electrode materials 

Ideally the positive electrode material should have a high lithium content, be able to undergo 

reversible delithiation and insertion of Li+ without undergoing severe volume expansion.29,49 

The positive electrode material must offer a large reversible specific capacity and be a good 

electronic conductor.29,49 There are three main groups of positive electrode materials which 

have been reported in literature, these include layered oxides (LiCoO2, Figure 1.9 (a)), spinel 

oxides (LiMn2O4, Figure 1.9 (b)) and polyanionic materials (LiFePO4, Figure 1.9 (c)). 

 

Figure 1.9. Structural frameworks of the three main groups of positive electrode materials (a) the layered oxide, 
LiCoO2, (b) spinel oxide, LiMn2O4, and (c) polyanionic LiFePO4. 

1.3.4.1. Layered oxides 

The layered materials, with general formula AxMO2 (A = alkaline cation, M = transition metal) 

permit Li+ insertion, as the transition metal octahedra are packed into layers leaving large 

empty spaces between the layers in which alkaline cations can diffuse (Figure 1.9 (a)). Among 

them LiCoO2, remains the most widely used positive electrode since its discovery by 

Goodenough and co-workers in 1981.50 LiCoO2 exhibits a reversible capacity of 140 mA g h−1 

at 3.75 V versus Li+/Li0. However, cobalt is toxic and the growing demand for LIBs in electric 
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vehicles will likely put an unsustainable strain on the cobalt reserves. Furthermore, since 

more than half of the World’s cobalt comes from the Democratic Republic of Congo of which 

an estimated 15-20% is mined by children, making this unethical.51 These issues have caused 

cobalt prices to fluctuate ($29.98mUSD/lb as of 03/08/2018 and $14.74 USD/lb as of 

06/06/2019).52 There are also safety concerns with reports of batteries catching fire because 

of a problem in the charging process.53 This causes heat to be released in the presence of the 

delithiated form of the positive electrode material which causes oxidative decomposition of 

the organic electrolyte.32 Therefore, extensive studies have been carried out to explore and 

develop high-capacity positive electrode materials. Additionally, high voltage materials are 

desirable as the energy stored within a material is proportional to the operating voltage of a 

cell. However, operating at high voltages can cause electrolyte decomposition, so electrolyte 

stability must be considered when selecting high voltage positive electrode materials.54 

There have also been extensive studies performed on other layered transition metal oxides 

which include LiMn1/3Ni1/3Co1/3O2 and LiNi0.8Co0.15Al0.05O2.55,56 These materials use Mn/Ni to 

reach higher specific capacities (~200 mA h g−1) compared to that of LiCoO2 (140 mA h g−1). 

Doping with Ni has shown to stabilise the layered structure without being detrimental to the 

diffusion of Li+.57,58 While adding small amounts of Al introduces strong O-Al-O bonds which 

expands and strengthens its structure. Thus, enhancing the mobility of the Li+ ions and the 

stability of the electrode and its cyclability.56 These materials have been commercialised and 

are used in batteries for electric vehicles.55 

1.3.4.2. Spinel-type oxides 

To overcome the structural instability of the two-dimensional layered oxides, 

three-dimensional oxides have attracted interest. One such material is the spinel-type 

phase, LiMn2O4.59 The structure of LiMn2O4 is made up of edge-sharing MnO6 octahedra 

with Li+ ions occupying tetrahedral sites. This creates a three-dimensional network which 

provides pathways for the diffusion of Li+ ions (Figure 1.9 (b)). This material operates at 

4.1V versus Li+/Li0 upon Li+ extraction, exhibiting a capacity of 150 mA h g−1. However, 

LiMn2O4 has shown to undergo irreversible loss of capacity that increases at elevated 

temperatures. This obstacle has been overcome by partial substitution of Mn by Ni. Thus, 

forming a composition which consists of Mn(IV) cations instead of Mn(III) cations which are 

thought to be responsible for the capacity loss.59,60 
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1.3.4.3. Polyanionic materials 

Alternative positive electrode materials to LiCoO2 include polyanionic materials.61 

Polyanionic compounds are built up of MO6 octahedra (M = transition metal) and (XO4)n− 

polyhedra (X = Si, Mo, W, P, S) with open interstitial spaces which enable diffusion of alkali 

ions. LiFePO4 (olivine-type structure, Figure 1.9 (c)) is a popular alternative to LiCoO2 as it is 

cheaper and offers chemical stability, good cycle life and improved temperature tolerance 

(-20 to 70 °C).61,62 However, LiFePO4 exhibits a relatively low capacity (roughly 100 mA h g−1) 

at 3.5 V versus Li+/Li0 as well as poor electronic conductivity (10−10 S cm−1).61,63 Another 

obstacle is that the one-dimensional channels in LiFePO4, which Li+ diffuses through, can 

easily become blocked by defects or impurities.63,64 To improve the electrochemical 

performance of LiFePO4 in LIBs, different strategies have been explored, of which combined 

cation doping with Mg(II), Ni(II), Co(II) or Fe(II) and nanoscale particles have shown to be 

successful.63,64 Another strategy has been to increase the voltage by using fluorine and/or 

sulfate containing materials. Thus, LiFeSO4F has been studied. LiFeSO4F operates at a 

higher potential of 3.6 V versus Li+/Li0 for the tavorite arrangement, and 3.9 V versus 

Li+/Li0 for the triplite arrangement compared to LiFePO4 which operates at 3.5 V versus 

Li+/Li0.65,66 

The commercialisation of the LIB has enabled the development of portable electronics in 

which our day-to-day lives increasingly depend on. LIBs provide both high working potentials 

(up to 4.0 V) and specific capacities of around 150 to 170 mA h g−1 required for portable 

electronic devices.1,22 Despite the growing market of LIBs for portable electronics, there is a 

greater demand for LIBs to power electric vehicles and to be used in large-scale energy 

storage systems which require next-generation lithium-ion technologies.1 They must deliver 

improved performances including high power, high specific capacity, high charging rates, 

good cyclability, be low in cost, stable and importantly, be safer. For energy storage systems 

especially, the material cost and availability are essential. As a result, research efforts have 

focused on the development of alternative, low-cost, abundant positive electrodes.67 

 

1.4. Vanadium-based positive electrode materials 

Vanadium-based compounds have attracted great interest as candidate positive electrode 

materials, owing to vanadium’s ability to display a range of oxidation states (II, III, IV, V) 
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making it one of the most susceptible 3d-metals to undergo multi-electron transfer 

processes.3 They can form open framework structures which facilitate the diffusion and 

accommodation of alkali metal ions. These structures minimise volume expansion on 

insertion of alkali metal ions and provide structural stability on cycling.2,3 Therefore, advances 

made in vanadium containing positive electrode materials for rechargeable batteries will be 

reviewed in the subsequent sections. Of the vanadium-based electrode materials explored 

in the literature, there are two main classes: 

(a)  Vanadium oxides including, for example V2O5, VO2, V2O3 and V6O13 have been 

explored as positive electrode materials.2,68 V2O5 can deliver a theoretical specific 

capacity of 442 mA h g−1. Its structure consists of layers of corner and edge sharing 

VO5 square-pyramids with interlayer spacings of 0.437 nm, as shown in Figure 1.10.  

 

Figure 1.10. Structural model of V2O5, showing the layers of corner and edge sharing VO5 square-based 
pyramids (purple polyhedra).69 

The layered structure of V2O5 facilitates the intercalation of alkali metal ions. 

However, depending on the amount of Li+ (x) intercalated in V2O5 different 

structural modifications have been observed.58 When small amounts of Li+ ions are 

intercalated the -(x < 0.01), -(0.35 < x < 0.7) and -(0.9 < x ≤ 1) phases form and 

the structural integrity of the V2O5 layers is preserved. Therefore, upon 

deintercalation, the pristine V2O5 phase is recovered. Whereas when >1.0 Li+ ion is 

intercalated, V-O bonds are broken forming the -(1 < x ≤ 2) phase, and the pristine 

V2O5 phase can no longer be recovered upon deintercalation. When V2O5 is 

discharged to 1.5 V, up to three Li+ ions per mol can be intercalated, forming the 

-Li3V2O5 phase of which most of the Li+ ions can be deintercalated to give Li0.4V2O5 
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on charging to 3.8 V.70,71 The -phase has further been investigated as an electrode 

material for LIBs and has been found to deliver a specific capacity of 

310 mA h g−1 over 30 cycles between 3.8 and 1.5 V.72 

(b) Polyanionic materials containing (XO4)n− (X = Si, Mo, W, P, S) offer an increased 

electrochemical potential over the corresponding transition metal oxides owing to 

the nature of the transition metal (M) and the polyanion (XO4)n− via the inductive 

effect.56 In transition metal polyanion compounds, the counterions (X = Si, Mo, W, 

P, S) share oxygens with the transition metal cations, like the M-O-X bond shown 

in Figure 1.11. The electronegativity of the counterion influences the strength of 

the M-O covalency via the inductive effect. The greater the electronegativity of the 

counterion (X = Si < Mo ≈ W < P < S), the stronger the X-O bond. This results in a 

decrease in the orbital overlap between the X-O bond and the M-O bond. This 

increases the ionic character of the M-O bonds and thus the electrochemical 

potential of the compound.61,73–75 

 

Figure 1.11. Schematic illustrating the inductive effect. 

However, this is offset by their lower theoretical gravimetric capacity due to the 

heavier (XO4)n− polyanions compared to the corresponding oxides, as defined 

earlier in Equation 1.1. However, most of the polyanionic materials offer a 

three-dimensional framework which is ideal for Li+ ion diffusion and make use of 

vanadium’s multi-electron transfer processes, which is one of the main reasons why 

vanadium-based polyanionic compounds have recently attracted great interest as 

positive electrode materials for LIBs and sodium ion batteries (NIBs).76,77,86,78–85 
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Therefore, the remaining part of this review will focus on the synthesis, structure and 

electrochemical performance of vanadium phosphate and sulfate electrode materials. There 

have been numerous studies of phosphate positive electrode materials, of which LixVPO4F 

(x = 0, 1, 2),78,79,87–92 NaV(III)PO4F,93 LiV(IV)OPO4,4,80,94–97 and Li4V(IV)O(PO4)2,98,99 will be discussed 

as part of this review. In comparison, there have been only a small number of studies made 

on vanadium sulfates. The sulfate materials explored include LixV2(SO4)3 (x = 0, 2),100–102 

-V(IV)OSO4,103,104 and A2V(IV)O(SO4)2 (A = Li+, Na+)105 which will also be reviewed here. 

1.4.1. LixVPO4F 

One material which has been the focus of intense research is the fluorophosphate, 

LiV(III)PO4F.79,87–89 This material benefits from the inductive effect of the PO4
3− polyanionic 

group and F− ions. To synthesise LiVPO4F, a two-step carbothermal reduction method was 

used. V(III)PO4 was prepared as an intermediate product by annealing a stoichiometric mixture 

of V2O5, NH4H2PO4, and carbon at 750 °C for 4 h. The intermediate, VPO4, was then reacted 

with equimolar LiF at 750 °C under Ar to yield LiVPO4F.90 LiVPO4F is isostructural with the 

mineral tavorite, LiFePO4·OH,106 and crystallises in a triclinic, P1̅ unit cell, consisting of VO4F2 

octahedra. The two fluorine atoms sit in the trans position, of which are corner-sharing to 

neighbouring VO4F2 octahedra, forming -V-F-V-F-V- chains along the c-axis. The chains of 

interconnected VO4F2 octahedra are connected by corner-sharing PO4 tetrahedra which 

creates a three-dimensional network with cavities which accommodate Li+ ions, as shown in 

Figure 1.12. There are two lithium sites, Li(1) and Li(2), approximately 0.79 Å apart with 

occupancies of 18 and 82%, respectively.78 

 

Figure 1.12. Structural model of Li1±xVPO4F compounds; (a) VPO4F, (b) LiVPO4F and (c) Li2VPO4F. Each structure is 
made up of chains of corner-sharing VO4F2 octahedra (purple polyhedra) and PO4 tetrahedra (grey polyhedra) with 
Li+ ions (blue spheres) located within the channels. Note this illustration demonstrates the position of the Li+ ions 
but not their occupancies. 
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The extraction/insertion of Li+ in LiVPO4F has shown to be highly reversible. LiVPO4F exhibits 

two distinct redox reactions, at 4.2 V (extraction of Li+) and 1.8 V (insertion of Li+) versus 

Li+/Li0 attributed to the V(IV)/V(III) and V(III)/V(II) redox couples, respectively. At the higher 

potential, Li+ extraction from LiVPO4F gives V(IV)PO4F (Figure 1.12 (a)) showing a reversible 

capacity of 80 mA h g−1 versus Li+/Li0. This reaction proceeds through two voltage plateaux 

(4.24 and 4.28 V versus Li+/Li0) on the first discharge and through a single voltage plateau on 

subsequent discharges, as shown in Figure 1.13.78,87,89 The structure of VPO4F crystallises in 

the same C2/c space group and is structurally related to LiVPO4F. Like LiVPO4F, VPO4F consists 

of corner-sharing VO4F2 octahedra interconnected by PO4 tetrahedra. However, VPO4F has 

vacant channels, and shows a reduced number of reflections in the X-ray diffraction pattern 

compared to LiVPO4F. Additionally, the unit cell volume decreases by as much as 8.5% for the 

transition from LiVPO4F to VPO4F.78 At the lower potential, Li+ can be inserted reversibly in 

LiVPO4F to form Li2V(II)PO4F (Figure 1.12 (c)) via a two-phase reaction mechanism with a high 

reversible capacity of 140 mA h g−1 versus Li+/Li0. X-ray diffraction studies showed a new set 

of reflections and an expansion of the unit cell volume for the transition of LiVPO4F to 

Li2VPO4F by 7.4%.78 As shown in Figure 1.12 (c), the structure of Li2VPO4F is closely related to 

that of LiVPO4F (Figure 1.12 (b)) and VPO4F (Figure 1.12 (a)), even though Li2VPO4F crystallises 

in a different space group, C2/c. The three structures are all made up of the same structural 

motif; chains of VO4F2 octahedra interconnected by PO4 tetrahedra which form 

three-dimensional frameworks, as illustrated in Figure 1.12. Using LiVPO4F and graphite in a 

cell as the positive and negative electrode materials, respectively, a capacity of 140 mA h g−1 

at a rate of C/10 was reached. This cell showed a capacity fade of only 15% after 400 cycles.91 

 

Figure 1.13. Voltage profile of LixVPO4F (a) cycled between 3.0 to 4.6 V versus Li+/Li0 and (b) cycled between 
3.0 to 1.5 V versus Li+/Li0 in galvanostatic intermittent titration technique (GITT) mode. Adapted with permission 
from 80. Copyright 2012 American Chemical Society. 



Chapter 1. Introduction 

22 

1.4.2. NaVPO4F 

The electrochemical behaviour of the sodium counterpart, NaV(III)PO4F has also been studied 

by Barker’s group.93 They tested the electrochemical properties of NaVPO4F in both Li+/Li0 

and Na+/Na0. To synthesise NaVPO4F, NaF was reacted with the intermediate product V(III)PO4 

at 750 °C under argon for 1 h. NaVPO4F and LiVPO4F are not isostructural and although its 

structure has not been determined yet, it has been indexed to a tetragonal unit cell. 

In lithium cells, 1 M LiPF6 solution in EC/DMC was used as the electrolyte and lithium metal 

as the negative electrode. On charging, NaVPO4F versus Li+/Li0, NaVPO4F exhibited a specific 

capacity of 101 mA h g−1, equivalent to the extraction of 0.71 Na+. The voltage profile showed 

that this reaction occurred in two steps at 3.8 and 4.3 V versus Li+/Li0. On discharging, Li+ was 

inserted in two steps at 4.25 and 3.75 V versus Li+/Li0, corresponding to 95 mA h g−1, 

suggesting the process was fairly reversible. Subsequent cycling presented the same steps in 

the voltage profile indicating the structural integrity of NaVPO4F versus Li+/Li0.93 

This material was also tested in a sodium cell. Carbon was used as the negative electrode 

material and a 1 M NaClO4 solution in EC/DMC was used as the electrolyte. Compared to the 

lithium half-cell data, the NaVPO4/hard carbon sodium ion system shows a greater reversible 

specific capacity of 202 mA h g−1 at 3.7 V. This suggests the material favourably 

inserts/extracts Na+.93 

1.4.3. LiVOPO4 

In addition to AV(III)PO4F (A = Li, Na), the electrochemical performance of α-LiV(IV)OPO4.80,94,95 

α-LiV(IV)OPO4 (Figure 1.14 (a)) is structurally similar to LiVPO4F (Figure 1.14 (b)) with two 

exceptions (i) the Li+ ions occupy two different crystallographic sites, Li(1) and Li(2), within 

two distorted pentahedral sites and (ii) the vanadium atoms occupy two different sites in 

both compounds. However, in LiVPO4F the V-F bond length is constant at 1.98 Å, while in 

LiVOPO4 there are alternating long and short V-O bonds of 2.17 Å and 1.71 Å, respectively.80 



Chapter 1. Introduction 

23 

 

Figure 1.14. Structural models of the structurally related LiVPO4X (X = O, F) phases; (a) LiVOPO4 and (b) LiVPO4F. 
Both structures consist of infinite chains of corner-sharing VO4X2 (X = O, F) octahedra (purple polyhedra) connected 
via corner-sharing PO4 tetrahedra (grey polyhedra) which result in three-dimensional frameworks. 

In the high voltage region (3.00 – 4.60 V versus Li+/Li0), the oxidation process occurs via a 

biphasic mechanism between LiV(IV)OPO4 and V(V)OPO4, as shown Figure 1.15 (a).80 This 

process involves the formation of shorter vanadyl bonds (1.59 Å) which are more covalent 

that the vanadyl bonds (1.67 Å) in LiVOPO4. Additionally, one of the V-O bond distances 

increases from 2.2 Å in LiVOPO4 to 2.5 Å in VOPO4 which results in a unit cell expansion of 

4.4% which although still very large is significantly less than the transition or LiVPO4F to 

Li2VPO4F (8.5 %) and the breakage of the -V-O-V-O-V- chains upon Li+ extraction. On 

reduction, three short plateaux at 2.48, 2.21 and 2.03 V versus Li+/Li0 were observed, as 

shown in Figure 1.15 (b). This reduction process involved two intermediate phases, 

Li1.5VOPO4 and Li1.75VOPO4, before the Li2V(III)OPO4 phase formed which does not contain the 

short vanadyl bond.4 This provides a reversible capacity of 120 mA h g−1 at C/20 rate.4,95–97 

 

Figure 1.15. Voltage profile of LixVOPO4 (a) cycled between 3.0 to 4.6 V versus Li+/Li0 and (b) cycled between 
3.0 to 1.5 V versus Li+/Li0 in galvanostatic intermittent titration technique (GITT) mode. Adapted with permission 
from 80. Copyright 2012 American Chemical Society. 
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The vanadium-based fluorophosphate and oxyphosphate, LiVPO4F and LiVOPO4, are both 

attractive positive electrode materials as they offer fast Li+ ion diffusion at high voltages 

(4.2 V and 3.95 V versus Li+/Li0, respectively) and can reversibly exchange two electrons per 

vanadium.71–77 While these materials can exchange two electrons per metal, compared with 

most high-voltage positive electrode materials which can only exchange one electron per 

metal, the voltage difference between their two redox processes exceeds 1.5 V. 

Unfortunately, this voltage gap is too large for practical consideration. Despite this, LiVPO4F 

and LiVOPO4 still deliver high capacities, and remain of interest.71–77 As a result, methods to 

reduce the voltage difference have been explored of which Kang and co-workers partially 

substituted O2− for F− in LiVPO4F.108 

1.4.4. LixV2(SO4)3 

An alternative approach to using fluorophosphates or oxyphosphates to reach high 

potentials has been to substitute the PO4
3− polyanion by the more electronegative SO4

2− 

polyanion. Nanjundaswamy et al., were the first to report the electrochemical behaviour of 

a vanadium-based sulfate material, V2
(III)(SO4)3.100 V2(SO4)3 can be prepared by refluxing V2O3 

with sulfuric acid. V2(SO4)3 crystallises in a rhombohedral system, with the space group R3̅. 

Its structure consists of VO6 octahedra interconnected via corner-sharing SO4 tetrahedra, 

forming a three-dimensional network with channels where Li+ diffuse into, as shown in Figure 

1.16 (a). V2(SO4)3 is isostructural with Fe2(SO4)3 and can insert/extract two Li+ per formula 

unit.109 

On first discharge, V2(SO4)3 exhibits two reduction steps at 2.63 V and 2.59 V versus Li+/Li0, 

attributed to a two-phase insertion process. On first charge, one oxidation step was observed 

at 2.8 V.100,101 Gaubicher et al., showed that the electrochemical behaviour of V2(SO4)3 is more 

complex and that 2 Li+ per formula unit can be inserted, forming Li2V(II)
2(SO4)3, based on 

potentiostatic cycling and X-ray diffraction studies.101 To determine the structure of 

Li2V2(SO4)3, high resolution powder X-ray diffraction data were collected from a sample of 

Li2V2(SO4)3, prepared by chemical lithiation of V2(SO4)3 using n-butyllithium.102 Li2V2(SO4)3 

crystallises in the space group C2/c. As presented in Figure 1.16 (b), Li2V2(SO4)3 consists of 

edge-sharing VO6 octahedra, not observed in V2(SO4)3 (Figure 1.16 (a)), suggesting that 

V2(SO4)3 undergoes a structural rearrangement to form Li2V2(SO4)3.102 
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Figure 1.16. Structural model of LixV2(SO4)3 (a) V2(SO4)3 and (b) Li2V2(SO4)3. Both structures consist of VO6 
octahedra (purple polyhedra) and SO4 tetrahedra (yellow polyhedra) of which V2(SO4)3 forms a three-dimensional 
network of corner-sharing VO6 octahedra and SO4 tetrahedra and Li2V2(SO4)3 consists of edge-sharing VO6 
octahedra interconnected by bridging SO4 tetrahedra. 

1.4.5. -VOSO4 

Gaubicher et al., later reported the intercalation of Li+ ions in -V(IV)OSO4.103 This was 

prepared by reducing V2O5 with sulfur in concentrated H2SO4 at 140 °C. -VOSO4 crystallises 

with an orthorhombic structure, in the space group Pnma. Structurally it forms a 

three-dimensional network, built up of zig-zag chains of corner-sharing distorted VO6 

octahedra along the a-axis, interconnected by bridging SO4 tetrahedra, as presented in Figure 

1.17 (a). This forms channels where the alkali anions can migrate as shown in Figure 

1.17 (b).110 

Potentiostatic cycling of -VOSO4 versus Li+/Li0 showed two reduction peaks at 2.84 V and 

2.62 V and two oxidation peaks at 2.68 and 2.88 V versus Li+/Li0. These data revealed that the 

Li+ insertion/extraction into -VOSO4 occurs in two steps. The first step was a two-phase 

process which involved a structural change which was followed by a solid-solution process. 

These processes were confirmed by ex situ X-ray diffraction. To confirm the electrochemical 

insertion of Li+ into -VOSO4, a chemically lithiated sample was prepared using 

n-butyllithium. This chemically lithiated sample was found to be isostructural to the 

electrochemically intercalated product. The structure of LiV(III)OSO4 has not been published 

to date. Launay et al., have used density functional theory (DFT) calculations to propose a 

structural model for LiVOSO4.104 This study suggested the -LiVOSO4 phase adopted an 
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orthorhombic structure with the space group Pnma, consisting of VO5 square-pyramids 

interconnected by corner-sharing SO4 tetrahedra.104 

 

Figure 1.17. Structural model of -VOSO4 showing (a) parallel zig-zag chains of corner-sharing VO6 octahedra 
(purple polyhedra) interconnected by bridging SO4 tetrahedra (yellow polyhedra) and (b) channels where the alkali 
ions can migrate. 

1.4.6. Li4VO(PO4)2 

The synthesis and electrochemical performance of the novel vanadyl(IV) phosphate, 

Li4V(IV)O(PO4)2 has recently been reported by Kishore et al.98 The Li4VO(PO4)2 phase was 

synthesised by an ion-exchange method starting from V(IV)O(H2PO4)2. To synthesise 

VO(H2PO4)2, V2O3 was reacted with an excess of H3PO4 at 100 °C, the resulting solution was 

then heated to 170 °C to give the V(IV)-species and this was finally washed with acetone and 

dried at 60 °C in air. VO(H2PO4)2 was then refluxed with LiBr dissolved in n-hexanol at 130 °C 

for six days and the product of Li4VO(PO4)2 washed with methanol, then acetone and finally 

dried at 60 °C.98 

The VO(H2PO4)2 phase crystallises in a tetragonal system with the space group P4/ncc and 

unit cell parameters a = 8.9676(1) Å and c = 7.9842(2) Å.99 Its structure consists of chains of 

VO6 octahedra interconnected by PO2(OH)2 tetrahedra, forming channels running along the 

c-axis, as shown in Figure 1.18 (a). The protons sit within the channels which make it possible 

to exchange them with Li+.98 
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As for Li4VO(PO4)2, it crystallises in the P4/n space group with the unit cell parameters 

a = 8.8204(1) Å, c = 8.7614(2) Å. This phase differs to that of VO(H2PO4)2, as it is built up of 

alternating VO6 octahedra and VO5 pyramids interconnected by corner-sharing PO4 

tetrahedra. Thus, forming a layered, two-dimensional structure which is shown in Figure 

1.18 (b). 

The electrochemical charge/discharge of the Li4VO(PO4)2 showed two closely separated 

plateaux at 4.02 V and 4.26 V versus Li+/Li0, associated with the V(IV)/V(V) redox couple which 

was similar to the V(IV)/V(V) redox couple observed for LiVOPO4 (3.95 V versus Li+/Li0). It 

exhibited a good reversible capacity of 70 mA h g−1 with low polarisation when 50 wt.% 

carbon (acetylene black) was used. The ex-situ X-ray diffraction patterns collected after 

different states of charge and discharge showed the samples were all similar to the parent 

phase, suggesting that there were no major structural changes during cycling between 

4.5 – 3.0 V. This demonstrated the structural stability of the Li4VO(PO4)2 phase during 

insertion/extraction of Li+.98 

The Li4VO(PO4)2 phase consists of V(IV) ions which gave rise to the potential for insertion of 

one more Li+ into the structure by reducing Li4V(IV)O(PO4)2, to form Li5V(III)O(PO4)2. Therefore, 

Kishore et al., further investigated the electrochemical insertion of Li+ into Li4VO(PO4)2.99 On 

discharging a cell of Li4VO(PO4)2 to 1.3 V, 1 Li+ (94 mA h g−1) was inserted at 1.67 V versus 

Li+/Li0 which was associated with the V(IV)/V(III) redox couple. Then, on charging the cell to 

4.6 V, 1.8 Li+ was extracted and several small peaks were observed in the derivative dx/dV 

curve at 3.86, 3.96, 4.05 and 4.26 V versus Li+/Li0. The peaks at 3.86 V and 3.96 V were 

associated with a biphasic process in which Li5V(III)O(PO4)2 was oxidised to Li4V(IV)O(PO4)2 since 

there are two crystallographic lithium sites, Li(1) and Li(2), in the structure of Li5VO(PO4)2. 

While the peaks at 4.05 V and 4.26 V have been attributed to the oxidation of Li4V(IV)O(PO4)2 

to Li3V(V)O(PO4)2. However, Li3VO(PO4)2 is unstable and partially decomposes to give Li3PO4 as 

a secondary phase as evidenced by X-ray diffraction data.99 There was a large polarisation of 

the potential between the charge and discharge, likely due to the structural change from the 

two-dimensional Li4VO(PO4)2, to the three-dimensional structure of Li5VO(PO4)2. It was also 

thought that the difference between the structures of these phases limited the cells 

cyclability. 
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Li5VO(PO4)2 can be indexed to a tetragonal system, with the space group I4/mcm and unit 

cell parameters a = 9.185(3) Å, c = 7.967(3) Å. These unit cell parameters are close to those 

of both VO(H2PO4)2 (a = 8.9676(1) Å and c = 7.9842(2) Å) and Li4VO(PO4)2 (a = 8.8204(1) Å, 

c = 8.7614(2) Å). Like VO(H2PO4)2, Li5VO(PO4)2 also formed a three-dimensional framework 

made up of corner sharing VO6 octahedra and PO4 tetrahedra which formed channels running 

along the c-axis, as shown in Figure 1.18 (c).99 

This material demonstrated vanadium’s rich chemistry: it showed the flexibility of V(IV) cations 

to adopt different coordination geometries (square-pyramidal and octahedral) and its ability 

to be reduced to V(III). 

 

Figure 1.18. Structural model of (a) VO(H2PO4)2, (b) Li4VO(PO4)2 and (c) Li5VO(PO4)2, all viewed along the c-axis. 
Each structure is made up of corner-sharing VOx polyhedra (purple polyhedra) and PO4 tetrahedra (grey polyhedra) 
with either H+ (pink spheres) or Li+ ions (blue spheres) located within the channels. 

1.4.7. A2VO(SO4)2 (A = Li, Na) 

To reach higher potentials, the PO4
3− in the Li4VIV)O(PO4)2 phase was replaced with the 

SO4
2− polyanion to yield the Li2V(IV)O(SO4)2 phase.98,105 To prepare Li2VO(SO4)2, α-V(IV)OSO4 was 

first made as an intermediate by dehydration of VOSO4·xH2O under argon at 260 °C.111 Then, 

stoichiometric amounts of α-VOSO4 and LiSO4 were ball-milled, pelletised and annealed 

under argon at 400 °C for 12 h which gave Li2VO(SO4)2.105 The crystal structure of Li2VO(SO4)2 

was determined using both X-ray synchrotron and neutron diffraction data. Li2VO(SO4)2 

crystallises in a tetragonal system, with the I4cm space group. It consists of VO5 square-based 

pyramids linked to four SO4 tetrahedra through vertices. This created a network structure 

with Li+ occupying the channels between the interconnected VO5 square-based pyramids and 

SO4 tetrahedra, as shown in Figure 1.19 (a). This compound exhibited a layered structure 

which is illustrated in Figure 1.19 (b).105 
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Figure 1.19. Structural model of Li2VO(SO4)2 showing (a) network of corner-sharing VO5 square-based pyramids 
(purple polyhedra) and SO4 tetrahedra (yellow polyhedra) with Li+ ions (blue spheres) occupying the channels and 
(b) the layers of alternating polyhedra and Li+ ions.105 

The electrochemical performance of Li2VO(SO4)2 was tested in Swagelok cells and it was 

found that on the first charge 1.1 Li+ was removed at 4.7 V versus Li+/Li0 and on discharge 

only 0.5 Li+ was reinserted at 4.6 V versus Li+/Li0. Li2VO(SO4)2 exhibited a reversible capacity 

of 50 mA h g−1 at 4.7 V that was associated with the oxidation of V(IV) to V(V). To work out the 

extraction-insertion mechanism, Sun et al., used operando X-ray diffraction studies. This 

showed that on charging there were no visible changes in the X-ray diffraction patterns until 

the voltage reached 4.7 V, where additional reflections started to appear. These reflections 

were indexed to a tetragonal system and showed the unit cell volume reduced by 3.1%. It 

was found that the fully charged species was made up of a combination of Li2VO(SO4)2 and 

LiVO(SO4)2 with an 80 to 20% ratio. The X-ray diffraction patterns showed the additional 

reflections attributed to the LiVO(SO4)2 phase disappeared on charging, leaving only the 

reflections corresponding to Li2VO(SO4)2.105 

Additionally, Li2VO(SO4)2‖Li cells were discharged to explore the possibility that Li2VO(SO4)2 

was capable of multi-electron transfer. It was found that Li2VO(SO4)2 can uptake 1 Li+ at 

roughly 2 V versus Li+/Li0. Again operando X-ray diffraction was used and showed a new set 

of reflections formed on discharging to 2.0 V versus Li+/Li0, suggesting a new phase, 

Li3V(III)O(SO4)2, forms.105 
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Both Li4V(IV)O(PO4)2 and Li2V(IV)O(SO4)2 can undergo multi-electron transfer processes owing 

to vanadium’s variable oxidation states. The redox potentials of Li2VO(SO4)2 (4.7 V for V(IV)/V(V) 

and 2.0 V for V(IV)/V(III) versus Li+/Li0) are greater compared to its phosphate counterpart, 

Li4VO(PO4)2 (3.86 V - 4.26 V for V(IV)/V(V) and 1.67 V for V(IV)/V(III) versus Li+/Li0) because of the 

stronger inductive effect of the SO4
2− group, described earlier in Section 1.4,98,99,105 

demonstrating the advantage of using sulfates over phosphate-based materials.112 

Sun et al., have also explored the electrochemical properties of the Na2V(IV)O(SO4)2 phase.105 

To synthesise Na2VO(SO4)2, the same solid-state method used to synthesise Li2VO(SO4)2, as 

described earlier in this section, but Na2SO4 was used as the Na precursor. Structural studies 

found that Na2VO(SO4)2 crystallises in an orthorhombic system, with P212121 space group. 

The structure of Na2VO(SO4)2 consists of corner-sharing VO5 square bipyramids and SO4 

tetrahedra to give a three-dimensional network which is shown in Figure 1.20. Both 

Li2VO(SO4)2 and Na2VO(SO4)2 consist of corner-sharing SO4 tetrahedra and VOn (n = 5, 6) 

polyhedra, but there is no structural relationship between the two compounds. 

 

Figure 1.20. Structural model of Na2VO(SO4)2 showing (a) the position of the Na+ cations (green spheres) in the 
open channels and (b) the network of corner-sharing VO6 square bipyramids (purple polyhedra) and SO4 tetrahedra 
(yellow polyhedra).105 
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As with the electrochemical behaviour of Li2VO(SO4)2, Na2VO(SO4)2 also exhibited a large 

irreversible capacity between the first charge and discharge. This was attributed to 

electrolyte oxidation in both Li2VO(SO4)2 versus Li+/Li0 and Na2VO(SO4)2 versus Na+/Na0. On 

subsequent cycling, Na2VO(SO4)2 delivered a capacity of 60 mA h g−1 at 4.5 V versus Na+/Na0 

corresponding to the insertion of 0.7 Na+.105 

While the materials, Li2VO(SO4)2 and Na2VO(SO4)2,105 presented reasonably low specific 

capacities (50 mA h g−1 versus Li+/Li0 and 60 mA h g−1 versus Na+/Na0, respectively) they 

operated at high voltages (4.7 V and 4.5 V, respectively) compared to the other 

vanadium-based materials discussed in this review. To improve the reversibility of these 

materials and thus extract more Li+ or Na+, electrolytes which can operate at higher voltages 

without undergoing oxidation must be developed.105,112 

1.4.8. Summary of vanadium-based positive electrode materials 

The previous section focused on the synthesis, structure and electrochemical properties of 

vanadium-based polyanionic materials used in LIBs and NIBs. In contrast to the numerous 

reports on vanadium phosphates, the amount of work done on the vanadium materials 

utilising the sulfate polyanion remain underexplored. This is likely, in part, due to their 

air-sensitivity making them more difficult to work with compared with phosphates. 

The electrochemical performance in terms of operating voltage, specific capacity and energy 

density (Figure 1.21) of positive electrode materials commonly used in commercial cells, 

including LiCoO2 and LiFePO4,29 have been compared to the vanadium-based polyanionic 

AVPO4F,78,79,87–91,93 LiVOPO4,4,80,94–97 Li4VO(PO4)2,98,99 LixV2(SO4)3 (x = 0, 2),100–102 -VOSO4,103,104 

and A2VO(SO4)2 (A = Li, Na)105. Figure 1.21, shows the performance of the commercial 

electrode materials exceeds those of the vanadium-based polyanionic compounds. However, 

there is scope to explore other vanadium-based polyanionic compounds that can provide 

either greater specific capacities or higher voltages. 
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Figure 1.21. The electrochemical performance, in terms of operating voltage, specific capacity, and energy density 
of different positive electrode materials for LIBs based on data included in this review. 

 

1.5. Research objectives 

The exploration and development of safer and less expensive positive electrode materials, 

for high energy density LIBs, are essential for large-scale applications, such as electric vehicles 

and grid energy storage. Consequently, great efforts have been devoted to the search of 

crystal structures that would allow a large amount of lithium storage at high redox potentials 

and are structurally stable on cycling in order to compete with existing positive electrode 

materials.67 

Polyanion compounds (specifically phosphates, sulfates) are promising candidates due to 

their structural stability and higher operating potentials compared to oxides.73,109 Among 

them LiFePO4 has been extensively studied, but its energy density (~580 Wh kg-1) is limited 

due to the relatively low operating voltage of 3.45 V.113,114 The compounds, LiFeSO4F,66,115 

LiVPO4F,79,88,89,91 and LiVPO4O,4,94,116 operate at high voltages, are structurally stable and are 

considered attractive alternatives. In particular, the vanadium-based materials have 

attracted considerable interest, due to vanadium’s ability to adopt a range of oxidation 

states, II, III, IV and V, enabling them to reversibly insert/extract more than one Li+ ion per 

transition metal ion. The Li+ extraction/insertion in LiVPO4F is associated with two redox 

processes and when the two-redox reactions are utilised this material can achieve a specific 

capacity of 312 mA h g−1. The insertion of Li+ occurs at 1.80 V vs. Li+/Li0 and is associated with 
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the V(III)/V(II) redox couple and extraction of Li+ occurs via two plateaux at 4.24 V and 4.28 V 

vs. Li+/Li0 associated with the V(IV)/V(III) redox couple.95 As for LiVPO4O, this material also has 

the ability to exploit two redox couples and is capable of delivering a specific capacity of 

318 mA h g−1.117 However, the voltage difference between the two redox processes is too 

great to be considered for practical consideration and the large volume changes causes issues 

with long-term cycling. Other materials of interest the vanadyl phosphate, Li4VO(PO4)2. This 

material operates at a relatively high voltage of 4.1 V versus Li+/Li0 and exhibits a reversible 

capacity of 70 mA g h-1 which is associated with the V(IV)/V(V) redox couple.98,99 The 

PO4
3− polyanion in Li4VO(PO4)2 has been replaced with the more electronegative 

SO4
2− polyanion to give Li2VO(SO4)2.105 Li2VO(SO4)2 shows a plateau at 4.7 V versus Li+/Li0 

associated with the V(V)/V(IV) redox couple and delivers a reversible capacity of 50 mA h g-1.105 

Despite reaching a higher potential, vanadium-based materials that utilise the 

SO4
2− polyanion remain underexplored, presumably due to their air-sensitivity.100,101,103,105 

Vanadium sulfates are attractive candidates and while the search for new crystal structures 

and compositions is ongoing, there are existing vanadium sulfates that should also be 

explored.105,112 

Therefore, this PhD work aimed to take advantage of vanadium’s rich crystal chemistry and 

redox behaviour and explore the electrochemical properties of a series of vanadium-based 

sulfates. The A2O-V2O5-SO3 (A = K+, NH4
+) systems, not previously tested as electrodes for 

rechargeable batteries were studied as candidate positive electrode materials for LIBs. The 

study of the materials, AVO(SO4)2, AVO2SO4 and V2O3(SO4)2 (A = K+, NH4
+) were separated into 

three main Chapters and each Chapter follows the same general format: 

(i) The synthesis of the targeted composition (AVO(SO4)2, AVO2SO4 and V2O3(SO4)2 

(A = K+, NH4
+)) via various low-temperature synthetic methods (including 

solid-state and solution-based techniques) to obtain phase pure materials. 

(ii) The characterisation of materials using diffraction and spectroscopic techniques 

and determination of their thermal stability using thermogravimetric analysis 

and ex situ characterisation. 

(iii) The electrochemical cycling of the materials and the ex situ characterisation of 

the positive electrodes at various states of discharge and charge. 
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2.1. Introduction 

The method used to understand a new compound follows the same general format; initially, 

attempts were made to synthesise a compound, typically using a method based on existing 

literature. The synthesised compound was analysed to determine if the desired substance 

had formed but if the synthesis was unsuccessful, modifications were made to the existing 

method until the desired substance formed. The desired compound was characterised using 

a range of techniques. 

In this work, typical solid-state analysis techniques were used including powder diffraction, 

single crystal X-ray diffraction, X-ay absorption spectroscopy, infrared spectroscopy, optical 

microscopy, scanning electron microscopy and thermogravimetric analysis. These techniques 

are described in the following sections. 

2.2. Synthesis 

Inorganic solids can be synthesised via a range of synthetic methods. The synthetic method 

used tends to depend on the nature of the reagents or its desired physical properties. Factors 

including scalability, efficiency and energy costs of a synthetic method are significant, but 

phase purity is crucial. Whilst it is desirable to employ energy efficient methods which use 

lower temperatures, these may not be as successful as high temperature methods. In this 

study, a combination of traditional higher temperature solid-state reactions and lower 

temperature solution-based methods were used. 

2.2.1. Solid-state synthesis 

The traditional solid-state synthesis route uses stoichiometric ratios of the precursors unless 

there was a need for one reagent to be used in excess. The reagents were weighed on an 

analytical balance and then ground using an agate pestle and mortar until the mixture was 

homogeneous. The samples were then pressed into pellets and heated in a furnace at a given 

temperature. The pellets were then ground into fine, homogeneous powders, phase analysis 

performed, and depending on the purity of the sample the process was repeated until the 

sample was pure.1,2 In this work, due to the hygroscopicity of the samples, the powders were 

ground using an agate pestle and mortar and pelletised in an argon filled glovebox to 

minimise exposure to moisture. 
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The solid-state method was used to synthesise KVO2SO4 and the detailed synthetic conditions 

are described in Section 4.2. Efforts to prepare the new material, NH4VO2SO4 using this 

solid-state route are described in Section 4.5.1. 

2.2.2. Solution-based synthesis 

Low-temperature solution-based methods were also implemented in this study. These 

solution-based methods offered many advantages compared to the solid-state syntheses. 

One of the main advantages was that the liquid phase, usually an aqueous solution, allows 

homogeneous mixing of the precursors at lower temperatures. 

The vanadium concentration and pH of these reactions played a crucial role in the formation 

of the desired vanadium-based material, as previously discussed in Section 1.2.2.3,4 To 

prepare V(V) based materials via a solution route, a very low pH (< 3) was required. Therefore, 

concentrated H2SO4 was used in all the reactions. The solution-based syntheses used 

different synthetic conditions, for instance different vanadium-precursors (NH4VO3, KVO3 or 

V2O5) and temperatures (≤ 200 °C) were employed. Optimisation of the ratio between 

precursors and the reaction temperature were necessary to obtain phase pure products.  

The vanadium-precursor was reacted with concentrated H2SO4 using either the 

stoichiometric amount or a large excess, at a given temperature. Once a solid product was 

obtained, either by evaporation or filtration, the sample was dried by heating at 200 °C 

overnight. Solution-based methods were used to prepare NH4VO(SO4)2 (Section 3.2), 

KVO(SO4)2 (Section 3.5), NH4VO2SO4 (Section 4.5.2) and V2O3(SO4)2 (Section 5.2). 

The chemicals used to synthesise the compounds described in this work are listed in Table 

2.1. Once prepared, the samples were stored and handled in an argon filled glovebox due to 

their hygroscopicity. 

Table 2.1. Summary of chemicals used and their purity. 

Chemical 
Chemical 
formula 

Purity/ % Manufacturer 

Ammonium metavanadate NH4VO3 99.0 Alfa Aesar 
Dimethyl carbonate C3H6O3 ≥99 Sigma Aldrich 

n-Butyllithium 1.6 M in n-hexanes nBuLi  Sigma Aldrich 
n-Hexane nC6H14 95 Sigma Aldrich 

Potassium persulfate K2S2O8 98 BDH 
Sulfuric acid H2SO4 >95 Fischer 

Trifluoroacetic acid C2HF3O2 99 Alfa Aesar 
Vanadium pentoxide V2O5 ≥99.6 Sigma Aldrich 
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2.3. Characterisation techniques 

2.3.1. Diffraction methods 

Diffraction methods are used to determine the positions of atoms and ions that make up a 

solid sample and gives a description of its structure in terms of the bond lengths and bond 

angles.5 Powder X-ray diffraction (PXRD), single crystal X-ray diffraction (SCXRD) and neutron 

powder diffraction (NPD) were all used in this work to analyse samples. To understand these 

techniques the following sections will explain the theory and principles of diffraction.6-9 

2.3.2. Fundamentals of crystallography 

A crystalline material comprises of atoms packed together in a regular repeating array. The 

atoms are arranged in repeating ‘building blocks’, known as the unit cell. To analyse a sample, 

the unit cell is considered, and the structure determined using a diffraction technique.10 

The unit cell is defined by its parameters, which includes the three lengths of sides of the cell 

a, b, c, and its three internal angles   , where  is the angle between b and c,  is the 

angle between a and c, and  is the angle between a and b. The triclinic crystal system, 

illustrated in Figure 2.1, shows these six lattice parameters.10 

 

Figure 2.1. Diagram illustrating the triclinic crystal system showing the six lattice parameters a, b, c,   and . 

Crystal symmetry is divided into seven crystal systems. Each crystal system has a unique 

relationship of the lattice parameters, as listed in Table 2.2, in order of decreasing symmetry. 

Table 2.2. The seven crystal systems and their unit cell geometries.10 

Crystal system Relationship between parameters 

Cubic a = b = c,  =  =  = 90 ° 

Trigonal/Rhombohedral a = b = c,  =  =  ≠ 90 ° 

Hexagonal a = b ≠ c,  =  = 90 °  = 120 ° 

Tetragonal a = b ≠ c,  =  =  = 90 ° 
Orthorhombic a ≠ b ≠ c,  =  =  = 90 ° 

Monoclinic a ≠ b ≠ c,  =  = 90 °  ≠ 90 ° 

Triclinic a ≠ b ≠ c,  ≠  ≠  ≠ 90 ° 
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There are also four different types of three-dimensional unit cells. These cells are illustrated 

in Figure 2.2 which shows the positions of the lattice points within the cell. 

 

Figure 2.2. Illustration of the different types of unit cells. (a) A primitive cell (P) contains one lattice point at each 
corner, (b) a body centred (I) cell contains one point at each corner and one in the centre of the cell, (c) a base 
centred (A, B, or C) cell contains one lattice point at each corner and a pair in opposite faces, and (d) a face centred 
(F) cell contains one lattice point at each corner and one in the centre of each face. 

Together, the seven crystal systems and the four types of unit cells, result in 14 Bravais 

lattices which are listed in Table 2.3. Symmetry requirements of the crystal systems restrict 

the number of lattices, so not all combinations of cell types and systems are allowed. 

Table 2.3. The 14 Bravais lattices.10 

Unit cell system Permitted unit cell type 

Cubic P, I, F 
Trigonal P 

Hexagonal P 
Tetragonal P, I 

Orthorhombic P, I, C, F 
Monoclinic P, C 

Triclinic P 

The position of lattice points within a cell can be described using fractional coordinate 

notation. The position of each lattice is given as a fraction of (x, y, z) which describes the 

coordinates in each direction. The asymmetric unit cell is used, to give the smallest 

combination of lattice points to which a symmetry operation can be applied to produce the 

unit cell, as illustrated in Figure 2.3. The combinations of symmetry elements are referred to 

as the 32 point groups, that when combined with the 14 Bravais lattices give the 230 space 

groups. These describe fully the symmetry of a structure by using symbols which denote the 

different symmetry elements of the group. Together, the space group, atomic positions, and 

unit cell parameters describe the structure of a new compound.10 
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Figure 2.3. Diagram to illustrate the relationship between the asymmetric unit, unit cell and lattice. 

2.3.3. X-ray diffraction 

Diffraction is the interference that occurs because of an object in its path. X-rays are 

elastically scattered by electrons in atoms. Crystals are made up of atoms packed in a periodic 

array that are separated by distances comparable to the wavelength of the radiation used in 

X-ray diffraction (about 1 Å). Diffraction occurs when X-rays are scattered by electrons in 

atoms which gives diffraction maxima, a diffraction pattern. The diffraction pattern gives 

structural information and allows the structure of a compound to be determined.5 

2.3.4. Bragg’s ̶̶Law 

Max von Laue used his experimental work to formulate a series of equations to describe the 

structure of a compound from its XRD pattern.11 He based his equations (Equations 2.1 – 2.3) 

on the concept that a crystal structure is a regular array of atoms with rows of atoms of 

spacing a on the x-axis, spacing b on the y-axis, and spacing c on the z-axis. 

𝑛𝑥𝜆 = 𝑎(𝑐𝑜𝑠 𝛼𝑛 − 𝑐𝑜𝑠 𝛼𝑜) Equation 2.1 

𝑛𝑦𝜆 = 𝑏(𝑐𝑜𝑠 𝛽𝑛 − 𝑐𝑜𝑠 𝛽𝑜) Equation 2.2 

𝑛𝑧𝜆 = 𝑐(𝑐𝑜𝑠 𝛾𝑛 − 𝑐𝑜𝑠 𝛾𝑜) Equation 2.3 

Where: 

λ is the X-ray wavelength (Å), 

n, n, and  n are the angles (°) of the diffracted beam, 

o, o,  o are the angles (°) of the incident beam, 

nx, ny, nz are the integers for the order of diffraction, 

a is the lattice spacing (Å) along the x-axis, 

b is the lattice spacing (Å) along the y-axis and, 

c is the lattice spacing (Å) along the z-axis. 
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This method is long. There are various unknown factors, including six angles, three lattice 

spacings and three integers that must be determined. W. H. Bragg and W. L. Bragg derived a 

simpler method, Bragg’s Law which is illustrated in Figure 2.4.12 Bragg’s Law uses the concept 

that crystals are made up of parallel planes of atoms, characterised by the Miller indices hkl. 

The parallel planes have the same indices and are separated equally by the interplanar 

distance, dhkl. 

 

Figure 2.4. Diagram illustrating Bragg's Law showing an array of lattice points at which X-rays are scattered. 

Bragg’s Law can be derived by considering the conditions to make the phases of the beams 

coincide when the angle of incidence is equivalent to the angle of reflection. The X-rays of 

the incident beam are in phase and parallel. As a result, the first beam is scattered at point z 

(electron cloud) and the second beam propagates to the lower plane and is scattered at point 

B (Figure 2.4). This second beam must travel the additional distance, AB + BC if the two beams 

are to continue traveling adjacent and parallel after being scattered. This additional distance 

must be a multiple n, of the X-ray wavelength,  for the phases of the two beams to be 

equivalent, as given by the following expression: 

𝑛𝜆 = 𝐴𝐵 + 𝐵𝐶 Equation 2.4 

The distance, dhkl, is the hypotenuse of the right-angled triangle, ABz. Trigonometry can be 

used to determine the distance AB + BC. The distance AB is opposite angle  so, 

𝐴𝐵 = 𝑑 𝑠𝑖𝑛 𝜃 Equation 2.5 

The distances AB and BC are equivalent so Equation 2.4 can be expressed as: 

𝑛𝜆 = 2𝐴𝐵  Equation 2.6 

Then by substituting Equation 2.5 for Equation 2.6, Bragg’s Law can be derived: 

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛 𝜃 Equation 2.7 
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Where: 

λ is the wavelength (in Å) of the radiation, 

d is the perpendicular distance (in Å) between the parallel planes, 

 is the angle (given in °) between the incident radiation beam and the parallel plane, 

z and B are the positions at which the incident beam scatters, 

A and C are positions along the incident and scattered beam, respectively, and 

n is an integer. 

The perpendicular distance between the parallel planes, dhkl can be calculated by varying the 

angle,  while the wavelength of radiation, λ is kept constant. This gives a plot of 2 versus 

intensity which is characteristic of the crystalline material under investigation. The scattering 

of X-rays by each element, is given by an atomic scattering factor, f, which is a measure of 

the X-ray scattering strength of an element, as expressed in Equation 2.8. The scattering 

factor depends on the number of electrons, so elements with fewer electrons, like oxygen 

scatter X-rays less strongly than elements like vanadium with more electrons. 

𝑓 =  
𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑤𝑎𝑣𝑒 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 𝑏𝑦 𝑎𝑛 𝑎𝑡𝑜𝑚

𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑤𝑎𝑣𝑒 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑒𝑑 𝑏𝑦 𝑜𝑛𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛
 Equation 2.8 

A diffraction pattern of a material contains many distinct Bragg reflections that occur at the 

measured angle, 2, of a given intensity. The intensity, Ihkl of these reflections are 

proportional to the square of the structure factor, Fhkl, given by the following expression: 

𝐼ℎ𝑘𝑙
𝑐𝑜𝑟𝑟 ∝ |𝐹ℎ𝑘𝑙

𝑜𝑏𝑠|
2

 Equation 2.9 

The space group of the material relates to the intensities and systematic absences in the 

Miller planes observed, and allows for the calculation of the structure factors, Fhkl, that relate 

to the equivalent positions in the space group, based on the following equation: 

𝐹ℎ𝑘𝑙
𝑐𝑎𝑙𝑐 =  ∑ 𝑓𝑗  𝑒

2𝜋𝑖[ℎ𝑥+𝑘𝑦+𝑙𝑧]𝑛
𝑗  Equation 2.10 

Where: 

x, y, and z are the atomic coordinates of atom ‘j’, 

h, k, and l, are the Miller indices and 

fj is the atomic scattering factor of atom ‘j’ (defined in Equation 2.8)  
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2.3.5. Powder X-ray diffraction patterns 

Powder X-ray diffraction was routinely used for phase identification and to determine the 

lattice type and unit cell parameters of the samples synthesised in this work. While PXRD 

allows for easy sample preparation, determination of the structure of an unknown crystalline 

solid from a PXRD pattern can be time consuming. 

A powered sample contains millions of crystallites randomly orientated in all possible 

orientations. When the X-ray beam strikes a powdered sample, it is scattered in all directions. 

Some X-rays are scattered at an angle that satisfies Bragg’s Law (Equation 2.7).5 

The number and positions of the Bragg reflections, 2 corresponds to the unit cell 

parameters, crystal system (Table 2.2) and cell type (Figure 2.2); the intensity of the 

reflections gives information about the atoms present and their positions, occupancies, and 

displacement; the full-width at half-maximum (FWHM) corresponds to the crystallite size and 

strain; and the background provides information about the local structure of the material.5 

However, in order to determine the local structure of a material this usually requires 

experiments at a synchrotron or neutron source. 

To determine the unit cell parameters from PXRD data the most intense reflections are 

typically considered initially. There are several factors that influence the intensity of the 

reflections. The first factor to consider is the number of electrons that diffract the X-rays, the 

more electrons there are the more intense the reflections. Therefore, this can cause 

problems in determining a compound’s structure, if the compound contains a mixture of 

elements with fewer electrons and elements with more electrons, the elements with more 

electrons will generally afford more intense reflections and dominate the PXRD pattern. One 

solution could be to use NPD to help locate the elements with fewer electrons, like lithium, 

as neutrons interact with the nucleus of the atom. Reflection multiplicities also play a large 

role in determining peak intensity. If there is more than one reflection contributing to a given 

peak, the intensity will be greater. 

The size and shape of crystallites also influence the diffraction pattern. As previously 

mentioned, the crystals of the powdered sample are randomly aligned in all possible 

orientations of the unit cell, so data can be collected from each available plane. With samples 

that are made up of large crystallites or those that are planar or acicular, ‘preferred’ 

orientation can occur where the particles align in the same direction when packed into a 
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sample holder, removing the random orientation. Therefore, the resulting powder diffraction 

pattern can show reflection intensities different from those expected, with some much more 

intense and others much less intense than expected. 

External factors can also influence the observed pattern, for example the temperature of the 

data collection, at temperatures greater than absolute zero, the atoms within the molecule 

can vibrate. This vibration, isotropic or anisotropic, can influence the reflection intensities 

and the thermal displacement factors that are calculated during refinement. 

2.3.5.1. Powder X-ray diffractometers 

Laboratory PXRD patterns presented in this thesis were obtained as a service. PXRD patterns 

were collected using two diffractometers in this study. 

(1) PANalytical Empyrean diffractometer with a Ge (110) monochromator, using Cu 

radiation (λCu-Kα1 = 1.5406 Å) and X’celerator RTMS detector. Data were collected for 1 h 

per scan, in the 2 range 5 – 100 ° with a step size of 0.0170 ° and 5588 number of steps 

and a time per step of 0.64 s. The PXRD patterns collected using this instrument were 

recorded in Bragg-Brentano geometry. For air-sensitive samples the powdered samples 

were loaded into zero-background silicon sample holders in an argon filled glove box 

and the samples covered with a Kapton film to protect them during data acquisition. 

(2) PANalytical Empyrean diffractometer equipped with Anton Paar HTK1200N and HP1900 

stage, using Mo radiation (λMo-Kα1,2 = 0.7107 Å) with a Zr -filter and X’celerator detector. 

Data were collected in the 2 range, 3.5 – 35.0 ° over 16 h per scan with a step 

size of 0.0167 ° and 2782 number of steps and a time per step of 20.70 s. For 

air-sensitive samples, powdered samples were filled into glass capillaries (0.7 mm in 

diameter) in an argon filled glovebox and PXRD patterns were obtained in transmission 

geometry. This diffractometer was also used to perform in situ high temperature PXRD 

experiments. The variable temperature measurements were collected in 

Bragg-Brentano geometry, the powdered sample was placed on an alumina sample 

holder which was lined with platinum foil to ensure the sulfate-based material did not 

react with the alumina sample holder. The powder was heated in air from room 

temperature to the target temperature with a ramp rate of 5 °C min−1. A delay of five 

minutes was observed before each pattern was collected in the range 4 ° ≤ 2 ≤ 30 ° for 

approximately 1 h at constant temperature with a step size of 0.0167 ° and 1855 

number of steps and a time per step of 1.94 s. 
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2.3.6. Single crystal X-ray diffraction 

Single crystal XRD is one of the most important methods used to determine the structure of 

unknown crystalline solids.5 For unknown compounds under investigation in this work, 

SCXRD data was collected and used to obtain a structural model. However, for complex 

inorganic oxides it is difficult to prepare single crystals of sufficient size and quality and they 

are often unobtainable.5 Additionally, SCXRD determines the structure of only one crystal 

and is not representative of the bulk material. 

The intensities of the SCXRD pattern have a reciprocal Fourier transform (FT) relationship to 

the arrangement of atoms within the unit cell of the crystal. In SCXRD, diffraction patterns 

are collected from all orientations of the crystal, the angles and intensities of reflections 

observed in the diffraction patterns are measured to construct the reciprocal lattice. The data 

collected corresponds to the Miller planes within the crystal.13 The intensity, Ihkl of these 

reflections (Equation 2.9) are proportional to the square of the structure factor, Fhkl (Equation 

2.10). The calculated structure factors can be used to determine an electron density map, 

xyz which is the reverse FT of the diffraction pattern: 

𝜌𝑥𝑦𝑧 =
1

𝑉
∑ |𝐹(ℎ,𝑘,𝑙)| 𝑒

[𝑖𝜑(ℎ𝑘𝑙)] ℎ,𝑘,𝑙 𝑒[−2𝑖(ℎ𝑥+𝑘𝑦+𝑙𝑧)] Equation 2.11 

Where: 

1

𝑉
 is the reciprocal unit cell volume (Å−3), 

|F(hkl)| is the atomic scattering factors which have been measured, 

[-2πi(hx + ky + lz)] is an exponential term relating to the relative phase shifts and 

φ(hkl) are the intrinsic phases which are unknown.13 

Therefore, since (hkl) is unknown it is impossible to calculate the reverse FT from the 

diffraction pattern. This is known as the ‘phase problem’, which can be solved using one of 

the commonly used methods such as the Patterson method or Direct methods. The Patterson 

method is best applied to structures that contain heavy atoms, while Direct methods is suited 

to equal atom structures that do not contain heavy atoms, like organic molecules.13 

If the Patterson method is applied, a Patterson map, P(xyz), is calculated using: 

𝑃(𝑥𝑦𝑧) =
1

𝑉
∑ |𝐹(ℎ𝑘𝑙)|

2
 𝑒[−2𝜋𝑖(ℎ𝑥+𝑘𝑦+𝑙𝑧)]ℎ,𝑘,𝑙  Equation 2.12 
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The reflections of the Patterson map are proportional to the squares of the atomic numbers 

of the elements within the compound, allowing heavy atoms to be identified. Using this data, 

the atomic coordinates of heavy atoms can be determined, and input into Equation 2.11. 

Calculating the Fhkl values and phases for all Miller planes using this information is an accurate 

technique, as heavy atoms have dense electron clouds and effective at scattering X-rays.13 

Direct methods involve ‘guessing’ the phases of the calculated structure factor by analysis of 

the inequalities within the data. These phases are input into Equation 2.11 to give an electron 

density map of which the recognisable structure fragments can be assigned, so correct 

phases can be calculated. Once a partial structure is obtained from one of these methods, 

the structure must be refined, and further atomic positions assigned. This recalculates the 

structure factors and updates the residual electron density map. If the calculated density 

map is subtracted from the experimental data, further atomic positions can be assigned. This 

process is known as the ‘least squares refinement’. There should be reasonable agreement 

between the calculated structure factors and the experimental data. The two sets of values 

can be compared in various ways, by a residual factor or a weighted residual factor.13 The 

residual factor, commonly referred to as the R factor is defined as: 

𝑅 =
∑|𝐹𝑜𝑏𝑠|−|𝐹𝑐𝑎𝑙𝑐|

∑|𝐹𝑜𝑏𝑠|
 Equation 2.13 

If the R factor is between 2 - 6%, it is likely that the obtained structural model is reasonable 

and careful inspection of the structure is necessary to ensure it is correct. The weighted 

residual factor, wR, uses F2 values as follows: 

𝑤𝑅 = √
∑𝑤(𝐹𝑜𝑏𝑠

2 −𝐹𝑐𝑎𝑙𝑐
2 )

∑𝑤(𝐹𝑜𝑏𝑠
2 )

2  Equation 2.14 

Where: 

F(obs) is the observed atomic scattering factor, 

F(calc) is the calculated atomic scattering factor and 

w is the weight of each reflection. 

This measurement is considered more meaningful than the R factor. A value <5% for wR is 

generally considered reasonable for publications.13 
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2.3.6.1. Instrumentation 

Single crystal X-ray diffraction data were obtained as a service for this work and the data used 

to solve the crystal structure. The single crystal data were obtained at 173 K using a Rigaku 

Oxford Diffraction Xcalibur with Cu Kα radiation (λCu-Kα1 = 1.54184 Å). Intensity data were 

collected using ω steps accumulating area detector images spanning at least a hemisphere 

of reciprocal space. Integration and absorption correction were performed using the 

CrysAliPro program package.14 Structures were solved and refined using SHELX-2016 (as 

implemented in the WinGX suite) and JANA-2006.15–17 

2.3.6.2. Indexing X-ray diffraction patterns 

X-rays must interfere constructively for a reflection to be observed. For an orthorhombic unit 

cell, the d-spacing of these planes is given by the following equation: 

1

𝑑2
=
ℎ2

𝑎2
+
𝑘2

𝑏2
+
𝑙2

𝑐2
 Equation 2.15 

Where: 

d is the perpendicular distance (in Å) between the parallel planes, 

h, k, and l are the Miller indices, 

a, b, c (expressed in Å) are the unit cell parameters. 

The unit cell parameters are to be determined when this equation is combined with Bragg’s 

Law (Equation 2.7). This method can be very time consuming depending on the crystal system 

so indexing software is routinely used. Indexing becomes increasingly harder with increasing 

unit cell size and decreasing symmetry. For indexing PXRD patterns in this work, the indexing 

algorithms (TREOR, ITO, DICVOL)18–20 implemented in WinXPOW were used. For SCXRD, unit 

cell parameters were determined using the CrysAliPro program package.14 

2.3.7. Neutron diffraction 

Neutron powder diffraction is a complementary technique to PXRD. X-rays interfere with the 

electron clouds and are scattered by elements with more electrons. Whereas NPD uses 

neutrons that interact with the nucleus of the atom and can reach low d-spacings for a 

crystalline sample. NPD offers different scattering lengths compared to PXRD. The samples 

studied in this work contain oxygen, sulfur and vanadium. These have 8, 16 and 23 electrons, 

respectively, while the comparable neutron scattering lengths are 5.803, 2.847 
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and −0.382 fm, respectively.21 The difference in scattering lengths offered by NPD can allow 

more accurate oxygen positions, site occupancies and thermal parameters. Vanadium’s 

nuclei hardly scatters neutrons, which is why it is often used as a container material for NPD 

so its atomic positions and thermal parameters must be obtained from PXRD data. However, 

large amounts of sample or longer acquisition times are typically required for a NPD 

experiment due to the weak interactions of neutrons with materials. 

2.3.7.1. Generation of neutrons 

At the ISIS Neutron and Muon Source neutrons are generated using a spallation process. 

Protons are generated from accelerating a beam of negatively charged hydrogen ions which 

are accelerated and injected into a linear accelerator. When the hydride ions reach the 

synchrotron, the beam is passed through an aluminium oxide foil which strips two electrons 

from the hydride ions, generating protons. These protons are accelerated in the synchrotron 

to roughly 84% the speed of light before exiting the synchrotron. The proton beam then 

collides with a tantalum coated tungsten target, producing neutrons. These neutrons have 

very high energies and velocities and must be slowed down to be used for diffraction studies. 

The velocities of the neutrons are slowed down using four hydrogenous moderators; two are 

water (room temperature), one liquid methane (100 K) and one liquid hydrogen (20 K).22 

2.3.7.2. Neutron diffraction data collection 

Time-of-flight NPD was used in this work. The time taken for the neutrons to travel between 

the moderator to sample to the detector is used to determine the wavelength,  of neutrons 

using the de Broglie relationship: 

ℎ

𝜆
= 

𝑚𝑛𝐿

𝑡
 Equation 2.16 

Neutrons are diffracted according to Bragg’s Law (Section 2.3.3) so Equation 2.17 is used. 

𝜆 =
ℎ𝑡

𝑚𝑛𝐿
= 2𝑑 𝑠𝑖𝑛 𝜃 Equation 2.17 

Where: 

h is Planck’s constant (6.626 x 10−34 m2 kg s−1), 

mn the mass of a neutron (1.674929 x 10−27 kg), 

L the total flight path length (in m), 
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t is the time-of-flight (in s). 

The General Materials Diffractometer (GEM) at the ISIS Neutron and Muon Source in the UK 

was used in this project. GEM is a high intensity, medium resolution instrument that can be 

used to study the structures of ordered crystalline materials and disordered materials.23 

GEM receives neutrons from a liquid methane moderator which slows down the neutrons. 

The length of the primary flight path of GEM, from the moderator to sample is 17.0 m.23 This 

flight path results in medium resolution in reciprocal-space by reducing the time-of-flight. 

The primary flight path is evacuated to avoid the attenuation of the beam by air scattering. 

There are two-disc choppers positioned at 6.5 and 9.75 m in the primary flight path from the 

moderator. These help to prevent frame overlap problems caused by fast neutrons from one 

pulse overtaking slow neutrons of the previous pulse. A third chopper is used to remove fast 

neutrons from each pulse, and this helps to reduce the background of the NPD patterns. The 

sample is put into an evacuated sample tank which contains an oscillating radial collimator 

(ORC). This also helps to reduce the background. The detectors on GEM are ZnS/6Li detectors 

and there are eight detector banks on GEM. GEM’s detector array covers a large area and a 

wide range in scattering angle from 1.1 - 169.3 °.23,24 

Only small volumes of samples were obtainable, so 2 mm quartz capillaries were used as 

samples holders. Samples were loaded into quartz capillaries in an argon filled glovebox, 

sealed using vacuum grease and then sealed permanently using glue under ambient 

atmosphere. The quartz capillaries were then loaded into the automatic sample changer. All 

measurements were collected at room temperature over different collection times 

depending on the sample quantity and crystallinity. 

2.3.8. Rietveld refinement 

To understand an observed PXRD or NPD pattern, a pattern is calculated from the space 

group and structural parameters of the structure being examined. This is compared with the 

observed pattern. This method is complex as various factors must be considered to achieve 

an accurate calculated pattern.25 To carry out a refinement, basic crystallographic 

information including the space group, unit cell parameters and the approximate atomic 

positions, as well as the instrumental parameters are required. In this project, GSAS26 

(General Structure Analysis System), EXPGUI27 (Experimental Graphical User Interface) and 

Topas Academic V628 suite of programs were used to perform Rietveld, Le Bail and Pawley 

fits to the PXRD and NPD patterns. 
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The GSAS and EXPGUI programs work together to perform a series of least-squares 

refinement of the structural parameters to fit the calculated pattern to the observed data. A 

refinement is performed in stages. The background is fitted at the start, this is particularly 

important when a Kapton film is used to protect the sample during data acquisition, as this 

gives rise to a broad background reflection centred around 20 ° 2. In this work the 

backgrounds were fitted using a Chebyshev polynomial. Once a suitable fit for the 

background was reached and the unit cell parameters refined, then other parameters were 

refined either one-by-one or in small groups. Constraints can also be introduced to control 

parameters like atomic position, thermal parameters, and occupancies. Other parameters to 

be refined include the peak shape, scale factors, preferred orientation, and if a sample is 

multiphase, the phase fractions. The progress of a refinement can be observed by visual 

inspection of the observed data which is overlaid with the calculated pattern, and the 

difference curve illustrates where the two patterns differ. The phases are indicated below 

the pattern as tick marks to indicate the position of the centre of the reflections for each 

phase. As the parameters are refined, the two patterns should become closer to one another 

and the difference curve smoother. Visual inspection of the fit can show the parameters that 

need to be refined further. The quality of the fit is also represented quantitatively with 

calculated agreement indices, the R factors. These include the profile factor, Rp, the weighted 

profile factor, Rwp, and the expected profile factor Rexp, as expressed in Equation 2.18, 2.19 

and 2.20, respectively. 

𝑅𝑝 =
∑ |𝑦𝑖(𝑜𝑏𝑠)−𝑦𝑖(𝑐𝑎𝑙𝑐)|𝑖

∑ 𝑦𝑖(𝑜𝑏𝑠)𝑖
 Equation 2.18 

𝑅𝑤𝑝 = [
∑ 𝑤𝑖(𝑦𝑖(𝑜𝑏𝑠)−𝑦𝑖(𝑐𝑎𝑙𝑐))

2
𝑖

∑ 𝑤𝑖(𝑦𝑖(𝑜𝑏𝑠))
2

𝑖
]
½

 Equation 2.19 

𝑅𝑒𝑥𝑝 = [
(𝑁−𝑃)

∑ 𝑤𝑖(𝑦𝑖(𝑜𝑏𝑠))
2𝑁

𝑖

]
½

 Equation 2.20 

Where: 

yi(obs) is the observed intensity at point I, 

yi(calc) is the intensity calculated for point I, 

wi is the weight, 

ihkl is the intensity, 
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N is the number of observations and 

P is the number of parameters used in the refinement. 

Another value used to describe the quality of the fit is the Chi2 value, χ2 which is the ratio 

between the Rexp and Rwp values, as expressed in Equation 2.21. The χ2 value should be close 

to one as this implies a good fit, but this value should be used in conjunction with the Rwp and 

Rp to describe the fit. 

𝜒2 = (
𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
)
2

 Equation 2.21 

Once a reasonable fit is achieved, the refined unit cell parameters (a, b, c, , , ), atomic 

coordinates (x, y, z), temperature factors (Uiso) and occupancies (F) are typically reported. The 

standard deviation for each value is also reported.25 

2.3.9. X-ray absorption spectroscopy 

X-ray spectroscopy (XAS) is a technique that is used to investigate the oxidation state and 

local structure surrounding the absorbing atom of a sample. In this work, XAS data were 

collected and used to determine vanadium’s oxidation state and the changes in the 

coordination number.29 The following sections will discuss the pertinent aspects regarding 

the theory, sample preparation, data collection and analysis of XAS data. 

2.3.9.1. Theory 

When a sample is hit with X-rays, some of the X-rays are absorbed by the atoms within the 

sample and this causes an electron to either be excited or ejected. This absorption can be 

quantified by comparing the intensity of the incident beam to that of the transmitted beam. 

Once the absorption is determined for one energy of incident X-rays, the energy is changed 

and the process is repeated, creating a spectrum, like the one illustrated in Figure 2.5.29 As 

shown in Figure 2.5, an X-ray absorption spectrum has some key features which typically 

include: 

(i) The sharp increase of the X-ray absorption spectrum, this is the edge and the energy 

at which this occurs corresponds to the energy required to excite an electron, 

(ii) The feature which occurs at a lower energy to that of the edge is called the pre-edge, 

(iii) The peaks, shoulders and other features near or on the edge are known as X-ray 

absorption near-edge structure (XANES) and are used to determine the oxidation 

state of the absorbing atom, 
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(iv) The oscillations that extend above the edge are known as extended X-ray absorption 

fine structure (EXAFS) and are used quantitatively to determine the bond lengths and 

coordination number surrounding the absorbing atom, 

(v) Most X-ray absorption spectra have a sharp feature at the top of the edge which is 

the white line.29 

 

Figure 2.5. Schematic of a normalised X-ray absorption spectrum. The y-axis corresponds to the absorption of 
X-rays by the sample, and the x-axis is related to the energy of the incident X-ray photons, showing the absorption 
within ca. 50 eV of the edge which is the X-ray absorption near-edge structure (XANES) and the oscillations above 
the edge, extending for >1000 eV which corresponds to the extended X-ray absorption fine structure (EXAFS). 

2.3.9.2. Sample preparation 

Samples (8 mg of active material) were diluted with cellulose (150 mg) and ground by hand 

for 30 minutes in an argon filled glovebox, using a pestle and mortar to ensure a 

homogeneous, uniform sample. The powders were then pressed (five tonnes for three 

minutes) into 13 mm pellets in an argon filled glovebox. The pellets were sealed into 

aluminium bags under argon which were attached to a sample holder with Kapton tape. 

2.3.9.3. XAS measurements 

X-ray absorption spectroscopy measurements were performed as part of the Energy 

Materials Block Allocation Group (BAG) on the B18 beamline at Diamond Light Source in the 

UK. At the Diamond Light Source synchrotron facility, electrons are first generated in an 

electron gun. These electrons are then accelerated to the speed of light through three 

accelerators: the linear accelerator, the booster synchrotron and the large storage ring. The 

storage ring is made up of a series of bending magnets which are used to steer the electrons 

around the ring. When the electrons pass through the magnets, they lose energy in the form 

of light. This intense light is then directed into the different experimental beamlines. The B18 

beamline covers a large energy range (2 to 35 keV).30 The measurement of an X-ray 

absorption spectrum involves measuring the incident (I0) and the transmitted (It) X-rays. This 



Chapter 2. Experimental and characterisation techniques 

59 

is achieved by positioning an incident detector and a transmission detector on either side of 

the sample, as illustrated in Figure 2.6. Ion chambers are used as the detectors. These are 

gas-filled detectors which ionise the X-rays as they pass through. 

 

Figure 2.6. Illustration of a typical experiment setup for XAS measurements. Incident (I0) and transmitted (It) 
intensities are measured. 

To determine the absorption of a sample, the transmitted intensity of the X-ray is compared 

to that of the incident beam, according to the Beer-Lambert law which states: 

𝐼𝑡 = 𝐼0𝑒
−𝜇(𝐸)𝑥 Equation 2.22 

Where: 

It is the transmitted intensity, 

I0 is the incident intensity, 

(E) the absorption coefficient (cm−1), 

x (cm) the thickness of the sample.29 

The absorption coefficient,  (E), is a quantity that expresses the fraction of photons that are 

absorbed when X-rays pass through a sample of thickness, x. It is dependent on the energy 

of the photons absorbed. 

To transform the signals I0 and It measured during a XAS experiment into a X-ray absorption 

spectrum, Equation 2.23 is used and is implemented by Athena:31,32 

𝑙𝑛 (
𝐼0

𝐼𝑡
) = 𝜇(𝐸)𝑥 Equation 2.23 

The spectra were recorded in transmission geometry, for vanadium’s K-edge (5.4651 keV),33 

at room temperature. X-ray absorption spectra of the reference metal foil (vanadium in this 

case) were acquired simultaneously with the standards (V(III)
2O3, V(IV)OSO4·3H2O, V(V)

2O5) and 

experimental samples. Spectra were acquired in triplicate for each sample. 
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2.3.9.4. XAS data processing 

The data were aligned using the same shifts used to align edges of the reference foil. Once 

aligned, data collected on each sample were merged by averaging the scans together. Finally, 

the merged set of reference data were calibrated. In this work, the first peak of the first 

derivative was used to apply an energy shift to the measured data. The data must then be 

normalised, in this process the data is treated with respect to variations in sample 

preparation, thickness, absorber concentration, detector and other measurement 

parameters. Once normalised, the data can be compared directly with one another. The 

software program Athena was utilised to process data in this study.31,32 

2.3.9.5. XANES analysis 

The edge energy, Eo, is routinely used to determine the oxidation state of the absorber. The 

energy of the edge increases as the oxidation state increases since atoms of a higher 

oxidation state require more energy to eject an electron. The energy of the absorption edge 

can either be obtained as the energy at half-height of the edge or the energy of the second 

peak in the first derivative.29,34 In this work, the half-height of the edge energy was used to 

determine the edge energy for each spectrum. 

2.3.9.6. EXAFS analysis 

The EXAFS sections of the X-ray absorption spectrum allows the bond lengths, coordination 

numbers and the absorber-scatterer interactions out to 5 Å to be determined. To understand 

the changes in local structure which occurred upon lithiation of the samples studied in this 

work, EXAFS analysis was performed using the software program, Artemis.31,32 As shown in 

Figure 2.5, the EXAFS region of the X-ray absorption spectrum are the oscillations above the 

absorption edge. To interpret EXAFS data, a series of steps are required which will be 

described below. Firstly, a smooth background function is drawn through the EXAFS region. 

The background is then removed to give the EXAFS, χ(E). Then χ(E) is converted to χ(k) and 

the wavenumber, k is a parameter defined as: 

𝑘 ≡
2𝜋

𝜆
 Equation 2.24 

Where: 

λ is the wavelength of radiation. 
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The following expression describes the relationship between the wavenumber of the 

photoelectron, k (typically measured in Å−1) and the energy of the incident photon: 

𝑘 =
1

ħ
√2𝑚𝑒(𝐸 − 𝐸0) Equation 2.25 

Where: 

E is the energy of the incident photon (eV), 

E0 is the energy required to remove the photoelectron from the absorbing atom (eV), 

me is the mass of an electron (1.704506 x 10−3 eV m2 s−2) and 

ħ is the reduced Planck’s constant (ħ = (
ℎ

2𝜋
) = 6.58212 x 10−16 eV s).29 

Typically, χ(k) falls in amplitude with k. To overcome this problem, χ(k) is usually multiplied 

by k, k2 or k3. This method is referred to as k-weighting and gives a more uniform amplitude. 

However, plots of χ(k) as a function of k tend to be complex. This is because the individual 

terms used to describe the plot are sinusoidal and when multiple sine waves of different 

amplitudes, periods and phases are added together this results in a complex plot. Therefore, 

the EXAFS spectrum is commonly visualised as the FT which is referred to as the R-space. The 

FT can be easier to interpret and can help to understand the system. However, the amplitude 

of the FT does not represent the radial distribution function.29 As mentioned, the EXAFS 

region of the X-ray absorption spectrum can provide information pertaining to the structure 

of the sample. When plotted as χ(k), this gives a series of oscillations. The amplitude of the 

EXAFS oscillations is proportional to the number of scattering atoms and the frequency of 

the oscillations is inversely proportional to the absorber-scatter separation. EXAFS data can 

be described by Equation 2.26 of which there are many parameters that must either be 

determined or defined to understand the chemically relevant information about a material. 

These parameters are explained below.29,34 

A photoelectron can scatter elastically or inelastically off a nearby atom at a distance R, from 

the absorber or fail to scatter off an atom all together. Each of these possibilities has a 

probability which can be described by the proportionality constant, f(k) which depends on 

the wavenumber, k. The dependence of f(k) also depends on the species of the scattering 

atom. For instance, an atom with more electrons is likely to scatter with a higher probability 

compared to an atom with fewer electrons. Moreover, the photoelectron wave is spherical, 
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and the scattering probability f(k) drops as the distance is squared. Therefore, f(k) is defined 

as 
𝑓(𝑘)

𝑘𝑅2
. 

It is likely that there are multiple neighbouring atoms which the photoelectron can scatter 

off and each of these scattering events contribute to the absorption probability. Therefore, 

the different scattering possibilities should be summed together, and the different scattering 

possibilities are represented by the subscript i. 

It is possible that several of the atoms are of the same species at a similar distance away from 

the absorber atom. Therefore, such atoms can be grouped together using the parameter, N. 

When a photoelectron is scattered off an atom and returns to the absorber atom it 

undergoes a phase change. Therefore, the phase shift parameter, δ, is used and depends on 

the species of the scattering atom. 

Once a photoelectron is ejected from an atom, the remaining electrons of that atom are not 

as well shielded from the nucleus. As a result, the amplitude reduction factor So
2 is used. This 

factor, 𝑆𝑜
2 is assumed to be constant and typically has a value between 0.7 and 1.0. 

The photoelectron can undergo several different types of scattering events and will lose 

energy in the process. When a photoelectron loses energy, its wavelength changes so the 

mean free path, λ(k), parameter is introduced. This depends on the distance of the 

photoelectron’s path so is expressed as 𝑒
−2𝑅

𝜆(𝑘). 

Finally, the mean square radial displacement, σ2, is used since the environments surrounding 

the absorbing atom are not identical in a material. For example, the absorber maybe in more 

than one crystallographic site and there could be local differences in the environment of the 

absorbing atoms because of defects in the structure of a material.29 These terms are used in 

the EXAFS equation (Equation 2.26) which is used for quantitative analysis.29 

𝜒(𝑘) = 𝑆𝑜
2∑ 𝑁𝑖

𝑓𝑖(𝑘)

𝑘𝑅𝑖
2 𝑒

−
2𝑅𝑗

𝜆(𝑘)𝑒−2𝑘
2𝜎𝑖
2
𝑠𝑖𝑛[2𝑘𝑅𝑖 + 𝛿𝑖(𝑘)]𝑖  Equation 2.26 

Where: 

k is the wavenumber, 

So
2 is the amplitude reduction factor, 

i corresponds the different scattering possibilities, 
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N is the number of neighbouring atoms surrounding the absorber (the coordination number), 

f(k) is the proportionality constant, which is proportional to the scattering amplitude, 

R is the distance to the neighbouring atom (bond distance), 

(k) is the mean free path of the photoelectron, 

σ2 is the disorder in the neighbouring distance (mean square radial displacement) and 

 is the phase-shift. 

When analysing EXAFS spectra, the parameters fi(k),  i and (k) are determined first using ab 

initio calculations based on the basic crystallographic information including the space group, 

unit cell parameters and approximate atomic positions of a known structure. In this work, 

the FEFF program was implemented as part of the Artemis software program.35–37 

In the compounds studied in this work, the absorber may be coordinated to up to six different 

atoms and interact with a larger number of atoms by longer distance interactions. Each of 

these interactions will contribute to the EXAFS spectrum but it is unrealistic to refine all the 

absorber-scatterer interactions. The absorber-scatterer interactions are commonly grouped 

into ‘paths’. A path is made up of scatterers which interact with the absorber at 

approximately the same distance. A non-linear least-squares fitting algorithm is applied to 

model the experimental data using the EXAFS equation (Equation 2.26). However, the 

number of parameters (So
2, N, R and σ2) and the number of paths included in the fit are limited 

by the number of independent data points and sometimes a better fit can be obtained by 

including more paths and by approximating the parameters.29,34 The details pertaining to the 

structural model, the number of paths and the parameters used to fit the EXAFS spectra will 

be detailed in Chapter five. 

2.3.10. Infrared spectroscopy 

Vibrational spectroscopy is used to study the molecular vibrations within compounds and to 

identify their molecular structures.5 Infrared (IR) spectroscopy can probe the absorption of 

mid-IR radiation (4000 - 400 cm−1) of liquids, solutions, powders, films and gases.38 In this 

study, IR spectroscopy was used to help identify key functional groups in the synthesised 

powdered samples. When a molecule interacts with electromagnetic (EM) radiation, the 

molecule absorbs energy and can be excited to a higher energy state. For absorption to occur, 

the energy of the radiation must match that of the energy difference between the energy 
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levels of the molecule. For example, the energy difference, ΔE = E2 - E1 must match that of 

the incident radiation.39 EM radiation can be characterised by its frequency, v its wavelength, 

 or wavenumber, ῡ, given by the following equations; 

∆𝐸 = ℎ𝑣 =  
ℎ𝑐

𝜆
= ℎ𝑐�̅� Equation 2.27 

Where: 

E is energy (in J), 

h is Planck’s constant (6.626 x 10−32 J s), 

v is the frequency of the radiation (in s−1), 

c is the speed of light (2.998 x 108 m s−1), 

 is the wavelength of the EM radiation (in m) and 

 ῡ is the wavenumber (in m−1).5 

There are various transmittance and reflectance methods which can be used to obtain an IR 

spectrum.38 In this work an attenuated total reflectance-Fourier transform infrared 

(ATR-FTIR) spectrometer was used. An ATR-FTIR spectrometer allows IR spectra to be 

obtained without the need to prepare samples in a matrix like Nujol or potassium bromide 

which can cause problems when studying hygroscopic materials, like the ones used in this 

work.38 ATR-FTIR allows for faster sampling and better sample-to-sample reproducibility but 

only provides surface information of a powdered sample. The sample is placed on the 

ATR-FTIR crystal which can be made from either zinc selenide (ZnSe), germanium, 

thallium-iodide or diamond.38 The IR beam is focused onto the sample at an angle,  and the 

IR beam is internally reflected which creates an evanescent wave, as shown in Figure 2.7.39 

The refractive index of the crystal must be greater than that of the sample to ensure the IR 

beam is internally reflected or the light will be transmitted. The evanescent wave has a 

limited penetration depth of only a few microns (0.5 – 5 μm) so sufficient contact between 

the sample and the crystal surface is required.39 The depth of penetration, dp (measured in 

m) for a non-absorbing medium is given by the following equation: 

𝑑𝑝 = 

𝜆

𝑛1

(2𝜋[𝑠𝑖𝑛 𝜃−(𝑛1/𝑛2)
2]
1
2)

 Equation 2.28 
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Where 

 is the wavelength of the electromagnetic radiation (in m), 

 is the angle of incident radiation (in °), 

n1 is the refractive index of the sample and 

n2 is the refractive index of the crystal.38 

The sample absorbs energy from the beam, and the evanescent beam is attenuated. The IR 

beam propagates along the crystal surface to the detector to give an IR spectrum (Figure 2.7). 

 

Figure 2.7. Diagram illustrating the internal reflection through a high refractive medium, the ATR crystal. 

The absorption of the IR beam by a sample is measured as a function of the frequency or 

wavelength of radiation. IR spectroscopy allows the structure of small molecules to be 

determined.40 However, for complex polyatomic molecules it can be difficult to use group 

theory and symmetry principles to determine a molecules structure but not impossible if 

some structural information is known. Despite this, the vibrational frequencies can 

determine the atoms that are bonded or grouped together. For a vibration to give rise to 

absorption, it must cause a change in the dipole moment. Only these modes are ‘IR active’ 

and contribute to an IR spectrum.5 The dipole moment,  for a molecule is described by: 

𝜇 =  ∑ 𝑒𝑖 𝑟𝑖  Equation 2.29 

Where: 

ei is the magnitude of the atomic charge and 

ri is the distance between the atoms. 

The larger the change in the dipole moment, then the more intense will be the absorption 

band.38 For an uncharged molecule, its dipole moment is made up of the partial charges on 



Chapter 2. Experimental and characterisation techniques 

66 

the atoms. Symmetrical molecules will have fewer ‘IR active’ vibrations than asymmetrical 

molecules and symmetric vibrations are generally weaker than asymmetric vibrations 

because the former will not result in a change in dipole moment. Additionally, the stretching 

or bending of bonds involving atoms which have a large atomic mass difference will give more 

intense bands compared to those which have little to no atomic mass difference.38,39 

2.3.10.1. Vibrations of the SO4
2− ion 

A molecule consists of n atoms connected by (n − 1) bonds. Atoms are fixed in position but 

can move together in a straight-line, rotate, and vibrate about a fixed position. There are two 

fundamental vibrations: stretching, in which the distance between the two atoms increases 

and decreases either symmetrically, vs or antisymmetrically, vas but the atoms stay on the 

same bond axis, and bending,  in the which the position of the atom changes relative to the 

original bond axis. To describe these motions, the position of each atom must be specified 

by 3n degrees of freedom, also referred to as normal modes. Three terms are used to 

describe the translation as a rigid molecule and another three are used to describe the 

rotation of a non-linear molecule (only two are used for a linear molecule).5,38,41,42 

Polyatomic molecules like the sulfate ion, SO4
2−, contain many atoms which have 3n − 6 

internal degrees of freedom (3n − 5 for a linear molecule). The SO4
2− ion has nine possible 

vibrational modes. The tetrahedral SO4
2− ion has two triply degenerate vibrations, 2T2, one 

doubly degenerate vibration, E, and one non-degenerate vibration, A1. In an IR spectrum the 

triply degenerate vibrations, 2T2, give rise to one band each, ν3 and ν4. The A1 and E vibrations 

are symmetrical for this molecular configuration so the modes ν1 and ν2 are IR inactive.41–44  

If one of the oxygen atoms of the SO4
2− group is coordinated to another atom, the symmetry 

of the SO4
2− group is lowered by distortion, and the point group of the molecule is lowered 

to C3v. When the symmetry of the SO4
2− ion is C3v, the T2 vibrations of Td symmetry split into 

two vibrations, A1 and E. The A1 and E vibrations are IR active for this molecular configuration. 

Therefore, the number of IR active bands increases to six with C3v symmetry of which two are 

ν3 bands, one ν1, two ν4 and one ν2 band. When two of the oxygen atoms of the SO4
2− group 

are coordinated to two other atoms, the symmetry of the SO4
2− ion is further lowered to C2v 

and the doubly degenerate vibration, E, is split into two vibrations of which three are IR active 

so the number of IR active vibrations increases to eight. The correlation of the vibrations of 

a tetrahedral molecule, like the SO4
2− ion, with those of lower symmetry point groups C3v, 

and C2v are summarised in Table 2.4.41–44 
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If the symmetry of the SO4
2- ion is further lowered by distortion to Cs, the SO4

2- ion is no longer 

symmetrical so the IR inactive A2 vibration of C2v symmetry now causes a change in the dipole 

moment so is IR active. Therefore, there are nine IR active vibration.41–44 

Table 2.4. – Correlation of the vibration of SO4
2- ion with Td symmetry with those of C3v and C2v symmetry. A and B 

denote nondegenerate species, A represents the symmetric species with respect to rotation about the principal 
axis, B represents the antisymmetric species with respect to rotation about the principal axis; E denotes a doubly 
degenerate species and T denotes a triply degenerate species.41 

 

2.3.10.2. Instrumentation 

The IRAffinity-1 Shimadzu Fourier transform IR spectrophotometer was used to analyse 

solids in this project. This spectrophotometer is fitted with a GladiATR 10 ATR-FTIR crystal 

made of diamond, capable of measuring up to 400 cm−1.39 In this work, IR spectra were 

collected with absorbance as a measure of band intensity. Due to the hygroscopicity of the 

materials studied, small amounts of the powered samples were placed directly onto the 

diamond crystal and pressed down with an adjustable arm to ensure good contact with the 

crystal surface. IR spectra were collected at room temperature for eight scans each between 

4000 and 400 cm−1. 

2.3.11. Microscopy 

Microscopes are used to view samples that are not within the resolution range of the naked 

eye.45 In this work, both an optical microscope and scanning electron microscope were used 

to examine the synthesised samples. 

2.3.11.1 Optical microscopy 

Optical microscopes use visible light and a system of lenses to magnify a specimen. An optical 

microscope consists of two lenses; the objective lens and the eyepiece, which together 

magnify the specimen that can be captured by an imaging device like a charge-coupled device 
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(CCD) camera.45 In order to capture a magnified image of a specimen, the objective lens 

collects the light reflected by the specimen and gives a magnified real image and the 

condenser lens focuses the light from the illuminator onto a small area of the specimen. The 

total magnification is determined by multiplying the values of the objective and eyepiece.46 

2.3.11.2. Instrumentation 

A Meiji Techno microscope fitted with a Canon PowerShot G6 digital camera to capture the 

optical images were used in this work to examine the colour and morphology of the samples 

prepared. All optical images presented in this work were captured using the 40× objective to 

allow comparisons to be made. 

2.3.11.3. Scanning electron microscopy 

The theory and principles of scanning electron microscopy (SEM) have been covered by 

Goldstein et al.47 A brief summary is given here which covers the main aspects of SEM. A SEM 

uses electrons to generate high-resolution micrographs of a sample surface. It has a large 

depth of field and uses EM lenses which allow fine control in the degree of magnification. A 

sample is irradiated with a high-energy electron beam which is scanned in a regular pattern 

across a samples surface to generate micrographs. There are different types of signals 

produced from the interaction of the electron beam with a species which include secondary 

electrons (SEs), backscattered electrons (BSEs), and characteristic X-rays. These signals can 

be used to characterise a sample’s topography, crystallography and composition. 

2.3.11.4. Theory 

The accelerated electron beam carries kinetic energy and produce a range of signals upon 

interaction with the sample surface. Some of the electrons are emitted through the sample 

without interaction in thin samples whilst others undergo elastic and inelastic scattering 

within the sample. As the beam enters the specimen, the electrons interact as negatively 

charged particles with the atoms of the specimen. The electron beam-sample atom 

interaction can deflect the electrons along a new trajectory within a given interaction 

volume, as illustrated in Figure 2.8. This is a form of elastic scattering as the electron beam 

does not lose any kinetic energy in the process and causes a wide-angle directional change 

of the scattered electron. The excitation of the sample’s electrons leads to the generation of 

SEs, which were used in this work to analyse samples. Other signals are produced within the 

interaction volume including BSEs, characteristic X-rays, continuum X-rays and fluorescent 

X-rays which were not used in this work. 
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Figure 2.8. Illustration showing the electron beam sample atom interaction volume. 

When an electron interacts with a samples surface, electrons penetrate through the sample 

for some distance before they encounter and collide with an atom of the sample and a variety 

of signals are produced. The size and shape of this interaction is dependent upon the electron 

beam energy, the atomic number and the density of the sample. For example, the volume 

and depth of penetration increases with increasing beam energy and for samples of higher 

atomic number, the depth of penetration is reduced as the sample has more particles to stop 

the electron penetration. 

2.3.11.5. Secondary electrons 

The electron beam interacts with the sample’s surface and the primary electrons lose energy 

due to inelastic collisions. Loosely bound outer shell electrons can be ejected from the atoms 

if they receive sufficient kinetic energy from the inelastic collisions. These electrons travel 

through the sample, interact with the surface, escape from the sample and are detected as 

SEs. This process is illustrated in Figure 2.9. 

 

Figure 2.9. Inelastic scattering of electrons to give secondary electrons. 
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SEs are generally low in kinetic energy (typically less than 50 eV) due to the interactions of 

the primary and secondary electrons with the sample. For a SE to be ejected from an atom 

they must overcome its surface potential barrier. As a result, SEs generally have a shallow 

escape depth and the probability of them escaping decreases exponentially with depth. 

2.3.11.6. Image formation 

A SEM can produce high resolution micrographs of samples. The interactions between the 

beam electrons and the specimen generate a range of signals. This radiation is detected, 

amplified, and displayed on a screen. SE imaging is most commonly used and will be used in 

this work. This type of imaging provides high resolution and high depth of field micrographs. 

2.3.12. Energy dispersive X-ray spectroscopy 

Energy dispersive X-ray spectroscopy (EDS) is used to determine the chemical composition 

of a sample. When the sample is irradiated with an electron beam, this may excite specific 

electrons in shells causing electrons to be emitted. The vacant site (or electron hole) in the 

electron shell is then filled by an electron of higher-energy, and the excess energy is emitted 

in the form of an X-ray. This exchange balances the difference in energy, and the X-rays 

energy is characteristic of the element from which it was emitted. The detector then 

measures the relative abundance of emitted X-rays versus their energy. The elemental 

composition of a sample can be determined. However, elements of low atomic mass, 

including for example lithium and oxygen, either cannot be detected by the detector or 

cannot be detected accurately. In this work, only approximate vanadium to sulfur ratios were 

obtained from small amounts of the powdered samples. 

2.3.12.1. Instrumentation  

A JSM-5600 scanning electron microscope which has a tungsten filament electron source, a 

SE detector and an Oxford Inca EDS software system for compositional analysis. This was 

used to capture SE micrographs and collect EDS analysis of samples under investigation. 

2.3.13. Inductively coupled plasma optical emission spectroscopy analysis 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis is another 

technique which can determine the chemical composition of a sample and was used to 

determine the amount of lithium in the samples studied as part of this work. It uses the 

emission spectra of a sample to identify and quantify the elements present. Energy is used 

to excite elements in a sample. This energy is produced from passing argon gas through a 
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plasma torch with electrons, the electrons are accelerated and collide with the argon atoms 

and this process creates argon ions. The atoms of the element under investigation are 

introduced into the plasma and some of these atoms are excited to higher energy levels. 

After exciting the atoms, emission rays are released when the atoms return to lower energy 

levels. The emission rays emitted correspond to the photon wavelength which is measured 

and used to determine the concentrations of the elements of interest. The elements within 

the sample are determined based on the position of the photon rays and the amount of each 

element is determined based on the intensity of the emission ray.48 

2.3.13.1. Instrumentation 

ICP-OES analysis was obtained as a service for this work. ICP-OES analyses were performed 

with a Thermo Fisher Scientific ICP-OES iCAP 6000. Standards were prepared for lithium by 

diluting concentrated commercial ICP-OES standards to four different concentrations. Solid 

samples were dissolved using the aqua regia which is a solution of nitric acid and hydrochloric 

acid at a 1:3 ratio by volume. Any residual solid was removed by filtering with glass wool. 

2.3.14. Thermal analysis 

Thermogravimetric analysis (TGA) measures the mass change of a sample continuously as 

temperature is varied. Heating rates can be controlled according to the experimental 

requirements; generally faster heating rates are used to eliminate noise from the observed 

data and slower heating rates are used to provide more experimental detail and can help 

breakdown decomposition routes. A thermocouple is positioned next to the sample to 

measure the sample temperature accurately. The experimental atmosphere can also be 

controlled as well as the gas flow rate. The purpose of controlling the atmosphere is to 

understand a process that occurs within a material. Different experimental programs can be 

performed. For example, the sample can be cycled with various heating and cooling steps or 

by heating and holding the temperature for a set period. 

Temperature is plotted against percentage weight. The initial mass of the sample prior to 

heating is 100%. However, this can be greater for hygroscopic samples like those studied here 

because the samples quickly absorb moisture when exposed to air. Therefore, the initial mass 

losses observed below 200 °C can be attributed to water loss. To help observe weight 

changes, the derivative thermogravimetric gradient (DTG) curve can be plotted to highlight 

temperatures where the greatest weight changes occurred. The weight changes typically 

correspond to water evaporation, decomposition of a material or a phase change. 
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2.3.14.1. Instrumentation 

The TGA instrument used during this project was a Netzsch Thermogravimetric 

Analyser TG 209 (room temperature to 900 °C) equipped with Proteus thermal analysis 

software. Platinum pans were used to ensure no reaction between the materials and the 

holder. Approximately 5 mg of each sample were used. All TGA experiments were carried out 

under air from room temperature up to 500 °C, with a heating rate of 1 °C min−1, to 

understand the thermal decomposition route of the samples synthesised. 

2.3.15. Electrochemical measurements 

To determine the electrochemical performance of active materials, electrochemical 

measurements were performed in half cells, using the synthesised material as the working 

electrode (WE) and lithium metal (Sigma Aldrich) or sodium metal (Sigma Aldrich) as the 

counter electrode (CE) and reference electrode (RE). 

The theoretical capacities (Ctheoretical), based on the exchange of one electron per formula unit 

were calculated using Equation 2.30. 

𝐶𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =
𝑥 𝐹

3.6 𝑛 𝑀
 Equation 2.30 

Where: 

x is the number of electrons transferred per formula unit, 

F is the Faraday constant (96485 C mol−1, 1 C = A s), 

n is number of moles of a chosen electroactive material that take place in the reaction, 

M is the molecular mass (g mol−1) of the active material.49 

The molecular weights and theoretical capacities of the active materials studied in this work 

are given in Table 2.5. 

Table 2.5. Theoretical capacities of the active materials studied in this work, based on the exchange of one electron 
per formula unit. 

Active material Molecular weight/ g mol−1 Theoretical capacity/ mA h g−1 

NH4VO(SO4)2 277.092 96.7 
KVO(SO4)2 298.151 89.9 
KVO2SO4 218.094 122.9 

NH4VO2SO4 197.035 136.0 

V2O3(SO4)2 341.993 78.4 
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2.3.15.1. Electrode preparation 

Polyanionic compounds generally exhibit low electronic conductivities, which limits their 

electrochemical activity. This issue has been overcome by coating the surface of the active 

material with carbon.50 Therefore, for preliminary electrochemical measurements, the active 

materials were ground by hand with 20 wt.% Carbon Super C65 (Imerys) for 30 minutes with 

use of a pestle and mortar in an argon filled glovebox. To enhance the electronic conductivity 

of a material, the particle size can be reduced.51 The active material was ball-milled using 

10 × 10 mm zirconia milling media at 300 rpm, under argon with 20 wt.% C65 for 30 minutes. 

A Fritsch pulverisette ball mill was used in this work. 

2.3.15.2. Cell construction 

Electrochemical tests were performed in Swagelok®-type cells, shown in Figure 2.10, 

assembled in an argon filled glovebox. Lithium (or sodium) metal were used as the negative 

electrode. Roughly 10 mg of the composite (active material and carbon) was used as the 

positive electrode separated from the negative electrode by two sheets of Whatman® GF/F 

borosilicate glass fibre soaked in either a 1 M molar solution of LiPF6 in EC : DMC 1 : 1 weight 

ratio (LP30 electrolyte, BASF) or a 1 M solution of NaClO4 (Alfa Aesar, 98%) in propylene 

carbonate (Aldrich, 99.7%) containing 3 wt.% fluoroethylene carbonate (Sigma Aldrich, 99%). 

 

Figure 2.10. Swagelok-type cells used showing (a) its components and (b) a schematic of an assembled cell. 

2.3.15.3. Electrochemical cycling tests 

Electrochemical tests were performed in a temperature-controlled environment at 30 °C 

using either a Bio-logic Mac Pile II system or Maccor series 2200 system. Two different 

techniques were used, galvanostatic cycling and potentiostatic cycling. 
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2.3.15.4. Galvanostatic cycling 

Cells were operated in galvanostatic mode in which a constant current was applied, and the 

voltage output was recorded. The C-rate is given the nomenclature C/n, which means the 

current is applied so that the complete charge/discharge is reached in n hours. In this work, 

a complete charge/discharge corresponds to the removal/insertion of one Li+ ion (or Na+ ion) 

per transition metal. Initially, different charge/discharge rates were trialled to determine the 

most appropriate rate. As a result of these initial tests, galvanostatic measurements were 

performed using a C-rate of C/20. 

The galvanostatic measurements allow voltage-composition curves to be plotted which 

enable information on the discharge/charge mechanism to be extracted. There are different 

ways in which Li+ (or Na+) insertion can occur. The two main processes usually observed are 

a single-phase “solid solution” or a two-phase mechanism. A single-phase reaction is a 

second-order process in which the lithiated and delithiated phases effectively form one 

composition with a varying lithium content. This results in changes to the unit cell volume 

upon lithium insertion/extraction and a material presenting a single-phase reaction will give 

rise to a characteristic sloping (S-shaped) galvanostatic-composition curve. On the other 

hand, a two-phase reaction is a first-order process where the lithiated and delithiated phases 

are not miscible. The compositions of the lithiated and delithiated phases remain the same 

and therefore, the structures of these phases do not change. The voltage-composition curve 

of a material showing a two-phase mechanism will show plateaux (L-shaped).52 The 

derivative dx/dV of the voltage-composition curve can be calculated and a plot of dx/dV 

versus voltage allows the working potential of the electrode material to be determined. 

2.3.15.5. Potentiostatic cycling 

Alternatively, cells were cycled in potentiostatic mode in which the potential of the WE was 

controlled and the current measured at a desired scan rate. These measurements allowed 

the current versus applied potential to be plotted and are commonly referred to as a 

voltammogram. This data provides information pertaining to the redox processes of the WE. 

 

The techniques described here were used in this work to synthesise the targeted 

compositions and subsequently determine their structure, thermal behaviour and 

electrochemical properties.  
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3.1. Introduction 

As discussed in Chapter one, vanadium can display a range of oxidation states and adopt 

multiple coordination geometries.1,2 Therefore, vanadium-based materials have attracted 

great interest as positive electrodes,3,4 including the vanadyl phosphates, AVOPO4 (A = Li+, 

Na+)5–8 and vanadyl fluorophosphates AVPO4F (A = Li+, Na+),9–13 for both LIBs and NIBs.13–18 

The Li+ extraction/insertion in LiV(III)PO4F has been shown to be highly reversible and 

associated with two plateaus at 4.2 V and 1.8 V versus Li+/Li0 which correspond to the 

V(IV)/V(III) and V(III)/V(II) redox couples, respectively.19 A cell of LiVPO4F versus graphite delivers 

a capacity of around 140 mA h g−1 at an average discharge voltage of 4.06 V.11 An alternative 

approach to using fluorophosphates to reach higher potentials is to substitute the 

PO4
3− polyanion by a more electronegative SO4

2− polyanion. For example, the PO4
3− group in 

the Li4VO(PO4)2 phase has been replaced with the SO4
2− polyanion to yield the Li2VO(SO4)2 

phase.20 This Li2VO(SO4)2 phase displays a capacity of 50 mA h g−1 at a potential of 4.7 V 

versus Li+/Li0 for the V(IV)/V(V) redox couple. Even though the oxysulfate phase presents a 

higher redox potential of 4.7 V over the 4.1 V for the phosphate phase, there are few reports 

of vanadium-based sulfate electrode materials in the literature. 

A series of oxidovanadium sulfates, AV(V)O(SO4)2 (A = K+, Rb+, Cs+, Tl+, NH4
+) that contain the 

[VO]3+ cation have previously been prepared and used as catalysts in the conversion reaction 

of sulfuric dioxide to sulfur trioxide.21–25 These previous studies focused primarily on the 

structures of these oxidovanadium sulfates. The potassium, rubidium, thallium and 

ammonium compounds are all isostructural and crystallise in an orthorhombic P212121 space 

group, while the caesium compound crystallises in a monoclinic system with the space group, 

P21/a. The AVO(SO4)2 compounds are built up of VO6 distorted octahedra which are linked 

into chains by bridging SO4 tetrahedra. These chains are weakly linked with A+ (A = K+, Rb+, 

Cs+, Tl+, NH4
+) cations lying in between the chains, forming layered structures. 

To our knowledge, the electrochemical properties of these oxidovanadium sulfates are 

unexplored. Thus, the aim of the work presented in this Chapter was to study the 

electrochemical properties of the NH4VO(SO4)2 and KVO(SO4)2 materials versus Li+/Li0. 

Herein, the alternative low-temperature synthesis, structure, thermal stability, and 

electrochemical properties of NH4VO(SO4)2 and KVO(SO4)2 are reported. 
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3.2. Solution-based synthesis of NH4VO(SO4)2 

To synthesise ammonium oxosulfatovanadate, NH4VO(SO4)2, small batches of powdered 

NH4VO3 (1.16 g, 9.92 mmol) were reacted with concentrated H2SO4 (1.06 mL, 19.8 mmol) 

according to the following reaction: 

NH4VO3 + 2H2SO4 → NH4VO(SO4)2 + 2H2O Equation 3.1 

The mixture was heated at 200 °C and stirred overnight on a hotplate. The orange solid was 

ground into a fine powder using a pestle and mortar, pelletised and heated at 200 °C for 12 h 

to fully dry the sample. This procedure gave the orange powder shown in Figure 3.1. 

 

Figure 3.1. Orange, powdered NH4VO(SO4)2, synthesised by reacting NH4VO3 with concentrated H2SO4. 

 

3.3. Characterisation of NH4VO(SO4)2 

A range of techniques including PXRD, optical microscopy, SEM, IR spectroscopy and TGA 

were used to examine NH4VO(SO4)2. These analyses are presented in the following sections. 

3.3.1. X-ray diffraction analysis of NH4VO(SO4)2 

A PXRD pattern of the sample was collected over 8 h at room temperature using Cu Kα1 

radiation. To protect the sample during data collection due to its hygroscopicity, NH4VO(SO4)2 

was covered with a Kapton film and a silicon sample holder was used. The PXRD pattern of 

the sample is shown in Figure 3.2. The broad background reflection centred around 20 ° 2 

can be attributed to the Kapton film. The PXRD pattern can be indexed to a primitive, 

orthorhombic system with the unit cell parameters a = 4.9740(2) Å, b = 8.776(6) Å, 

c = 16.837(7) Å. These unit cell parameters correspond well with those previously reported 

for NH4VO(SO4)2 (a = 4.953(1) Å, b = 8.700(2) Å, c = 16.767(4) Å).24
 The reflection conditions 

(h00: h = 2n; 0k0: k = 2n; 00l: l = 2n) are consistent with the P212121 space group. 
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Figure 3.2. PXRD pattern of NH4VO(SO4)2 collected at room temperature over 8 h using Cu Kα1 radiation. 

3.3.2. Structural refinement of NH4VO(SO4)2 

Initial attempts at Rietveld refinements using the published model of Richter et al., resulted 

in significant mismatches in intensities.24 This has been attributed to preferred orientation 

from placing the powdered sample, consisting of acicular crystals in a flat sample holder and 

using Bragg-Brentano geometry. Due to the preferred orientation, a glass capillary (0.7 mm 

diameter) filled with NH4VO(SO4)2 was used to collect a PXRD pattern, at room temperature 

over 16 h using Mo Kα1,2 radiation, to perform a Rietveld refinement of the structure. 

Rietveld refinement was performed using the model reported by Richter et al. to illustrate 

the phase purity of the sample, obtain refined unit cell parameters and atomic positions.24
 

The Rietveld fit is shown in Figure 3.3. The background was modelled using a Chebyshev 

polynomial with 18 terms. Then the zero-error, unit cell parameters, pseudo-Voigt profile 

parameters were allowed to refine, followed by the atomic coordinates. The isotropic 

thermal parameters were then refined. Two different approaches were tested to refine the 

isotropic thermal parameters; the first model tested used one isotropic thermal parameter 

per atom type, and the second model tested used individual isotropic thermal parameters 

for all atoms. However, both models were unsatisfactory. This was unsurprising as the sample 

of NH4VO(SO4)2 does not diffract strongly. This can be seen in the diffraction data in Figure 

3.3, as the intensity is low at high 2 values which represents the small d-spacings. 

Furthermore, these models showed higher than desirable thermal parameters for the sulfur 

and oxygen atoms, suggesting disorder of the SO4 tetrahedra. Therefore, an overall isotropic 

thermal parameter for all atoms was used. This model gave the most stable refinement with 

an overall reasonable isotropic thermal parameter for all atoms. 
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Figure 3.3. Rietveld fit for NH4VO(SO4)2 using structural model published by Richter et al. as the starting model.24 
PXRD data was collected at room temperature for 16 h using Mo Kα1,2 radiation. 

The refined structural parameters obtained from the Rietveld refinement shown in Figure 3.3 

are summarised in Table 3.1. 

Table 3.1. Atomic coordinates and isotropic thermal parameters (Uiso
×100, Å2) of NH4VO(SO4)2 obtained from 

Rietveld refinement shown in Figure 3.3. 

NH4VO(SO4)2     Space Group: P212121 

a = 4.9587(2) Å, b = 8.7416(5) Å, c = 16.8019(13) Å, V = 728.32(10) Å3 

Z = 4, density = 2.490 g cm−3 

Atom 
Wyckoff 

site 
x y z Occupancy 

Uiso
×100 

(Å2) 

V 4a 0.2641(2) 0.1546(4) 0.30724(2) 1 1.42(6) 
S1 4a 0.7382(3) 0.1166(5) 0.42648(3) 1 1.42(6) 
S2 4a 0.7459(3) 0.2542(6) 0.19558(3) 1 1.42(6) 
O1 4a 0.7474(4) 0.2780(2) 0.4397(7) 1 1.42(6) 
O2 4a 0.562(4) 0.0843(2) 0.3658(9) 1 1.42(6) 
O3 4a 0.737(6) 0.0073(11) 0.4909(7) 1 1.42(6) 
O4 4a 0.0199(3) 0.0533(2) 0.3898(9) 1 1.42(6) 
O5 4a 1.011(4) 0.1784(2) 0.2114(12) 1 1.42(6) 
O6 4a 0.243(6) 0.9006(12) 0.2662(6) 1 1.42(6) 
O7 4a 0.6966(3) 0.2566(13) 0.1140(6) 1 1.42(6) 
O8 4a 0.526(4) 0.1440(2) 0.2267(11) 1 1.42(6) 
O9 4a 0.265(6) 0.3204(11) 0.3381(6) 1 1.42(6) 
N 4a 0.2704(4) 0.0967(12) 0.0547(9) 1 1.42(6) 

χ2 = 7.05, Rwp = 3.49%, Rp = 2.67% 
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The Rietveld refinement and agreement factors Rwp = 3.49% and Rp = 2.67% reached are 

good. The corresponding structural model of NH4VO(SO4)2 is shown in Figure 3.4. It has a 

layered structure (Figure 3.4 (a)) consisting of corner-sharing VO6 distorted octahedra and 

SO4 tetrahedra. The nitrogen atoms of the NH4
+ cations are positioned between the chains of 

interconnecting VO6 octahedra and SO4 tetrahedra. 

The structure contains only one vanadium site coordinated to six oxygen atoms (Figure 

3.4 (b)). Of which five oxygens, O(2), O(4), O(5), O(6) and O(8), are corner-sharing to five 

separate SO4 tetrahedra while the sixth oxygen, O(9), is a terminal atom. The interatomic 

distances in the VO6 octahedra are non-equivalent. There are two axial oxygens; O(6) is 

bridging at a long distance of 2.328(9) Å, and O(9) at a short distance of 1.539(10) Å, which is 

typical of a vanadyl bond.26 This vanadyl V=O(9) bond forms the oxovanadate group, [VO]3+. 

The four equatorial oxygen atoms; O(2), O(4), O(5) and O(8) are all bridging at roughly the 

same distances 1.875(2), 2.047(2), 2.121(2) and 1.878(2) Å, respectively. As a result, this 

forms a distorted VO6 octahedron which is commonly observed in V(V) containing 

compounds.26,27 The V-O bond lengths obtained from PXRD analysis are comparable to those 

reported in the literature for NH4VO(SO4)2 which range from 1.546 to 2.304 Å.24 Using the 

calculated bond lengths, bond valence analysis was carried out. The valence of the vanadium 

cation was calculated to be 4.86 which is reasonable for a V(V) species, as expected.26 

Figure 3.4 (c) illustrates the chain of bridging VO6 octahedra and SO4 tetrahedra. The nitrogen 

atoms of the NH4
+ cations are located between these chains. The hydrogen atoms were not 

included in the structural model for NH4VO(SO4)2 published by Richter et al.24 However, the 

observed N···O interatomic distance of 2.710 Å is typical of an N-H bond hydrogen-bonded 

to an oxygen atom.28 Therefore, it can be assumed the layers of chains are interconnected 

by hydrogen-bonds, between the hydrogen atoms of the NH4
+ cations and the oxygen atoms 

of the SO4 tetrahedra. This interatomic distance of 2.807(2) Å is roughly comparable with the 

N···O interatomic distance of 2.942(15) Å observed for the structurally related phase, 

NH4[VO2SO4(H2O)2]·(H2O).29 In order to obtain the atomic coordinates for the hydrogen 

atoms, SCXRD data is required but only polycrystalline materials were obtained. 
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Figure 3.4. Structural model of NH4VO(SO4)2 showing (a) layers of VO6 octahedra (purple polyhedra) coordinated 
to SO4 tetrahedra (yellow polyhedra) through vertices, (b) coordination environment of the VO6 octahedra, 
showing the five SO4 tetrahedra which share corners with the VO6 octahedra and (c) one chain of corner-sharing 
VO6 octahedra and SO4 tetrahedra with nitrogen atoms (blue spheres) positioned between the chains. 

3.3.3. Optical and scanning electron microscopy analysis of NH4VO(SO4)2 

The previous works on NH4VO(SO4)2 did not include optical images or SEM micrographs.23,24 

Here, optical microscopy, SEM and EDS were used to examine the phase purity and 

morphology of NH4VO(SO4)2. 

All the optical images shown in this Chapter are representative of the bulk samples and were 

captured using the same 40× objective. Similarly, the SEM micrographs of the samples 

represent the typical morphologies and were obtained at the same magnification so direct 

comparisons could be easily made between the different samples presented in this Chapter. 

The optical image and SEM micrograph of NH4VO(SO4)2 are shown in Figure 3.5 (a) and (b), 

respectively. The optical image (Figure 3.5 (a)) shows yellow/orange coloured crystallites. 

The uniformity of the sample colour suggests that the sample is phase pure. The SEM 

micrograph of NH4VO(SO4)2 (Figure 3.5 (b)) shows the sample consists of acicular crystallites 
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(approximately 35 x 5 x 5 μm). This acicular morphology coincides with the preferred 

orientation observed from the PXRD pattern of NH4VO(SO4)2 (Figure 3.2). 

 

Figure 3.5. (a) Optical microscopy image and (b) SEM micrograph of NH4VO(SO4)2. 

To obtain approximate V : S ratios, EDS data (atomic%) was collected over six different 

regions of the same powdered sample. These data are given in Table 3.2. These data agree 

with the theoretical atomic V : S ratio (0.33 : 0.66) of NH4VO(SO4)2. However, the regions 

showed variations in the vanadium and sulfur content since a powdered sample with a 

non-homogenous sample surface was analysed. A polished pellet would probably give more 

consistent analysis but due to the hygroscopicity of NH4VO(SO4)2 this would cause exposure 

to the air in the process. 

Table 3.2. EDS data of NH4VO(SO4)2. 

Element V S 

Atomic% 35.2 
36.5 
36.4 
36.0 
36.0 
36.7 

64.8 
63.5 
63.6 
64.0 
64.0 
63.3 

Average atomic% 36.1 63.9 

Experimental ratio 0.36 0.64 

Theoretical ratio 0.33 0.66 

   

3.3.4. Infrared spectroscopy of NH4VO(SO4)2 

The wavenumbers for the IR absorption bands reported in the literature for NH4VO(SO4)2 

were used in this work for reference.23,24 IR spectroscopy has been used to confirm the phase 

purity of the sample, as it is possible that there may be amorphous impurities in the sample 

which are not visible in the PXRD pattern (Figure 3.2). 
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Infrared spectra of commercial powders of V2O5, (NH4)2SO4 and (NH4)HSO4 were collected 

and are shown in Figure 3.6 (a), (b) and (c), respectively. These compounds contain similar 

functional groups (NH4
+, VOx polyhedra and SO4

2− groups) to those present in NH4VO(SO4)2. 

Therefore, the bands observed for the commercial powders were used to distinguish the 

bands observed in the IR spectrum for NH4VO(SO4)2 shown in Figure 3.6 (d). 

The IR spectrum of commercial V2O5 (Figure 3.6 (a)) shows four absorption bands. The band 

at 1000 cm−1 can be attributed to the V=O vibration. The bands at 790 and 505 cm−1 

correspond to V-O stretching vibrations and the band at 420 cm−1 the V-O bending vibration. 

As shown in Figure 3.4, NH4VO(SO4)2 consists of distorted VO6 octahedra. The vanadium atom 

is off-centred from the centre of the octahedra, resulting in one short vanadyl bond, V=O(9) 

and one much longer bond, V-O(6). Since V2O5 consists of heavily distorted VO6 octahedra, 

similar V-O stretches in the IR spectrum of V2O5 and NH4VO(SO4)2 were observed. For 

NH4VO(SO4)2, the band at 960 cm−1 corresponding to the V=O stretching vibration occurs at 

a lower wavenumber compared to that of V2O5 (1000 cm−1), which suggests the V=O bond in 

NH4VO(SO4)2 is weaker. The bands at 800 and 490 cm−1 correspond to V-O stretching 

vibration and V-O bending vibration, respectively. An additional band at 890 cm−1 was 

observed and can be attributed to the V-O-S stretching vibration which has similarly been 

observed by Richter et al. and Krasil’nikov et al.23,24 

The IR spectrum of NH4VO(SO4)2 (Figure 3.6 (d)) shows multiple bands that correspond to the 

SO4
2− group. The appearance of these multiple bands is due to the reduced symmetry of the 

SO4
2− group in NH4VO(SO4)2. Table 3.3 summarises the number of IR active vibrations of the 

SO4
2− as a function of its molecular symmetry, as previously discussed in Section 2.3.10.1.31 

Table 3.3.Vibration of the SO4
2− ion as a function of molecular symmetry.31 

Molecular 
point group 

Number of infrared active vibrations 
ν3 ν1 ν4 ν2 

Td 1 0 1 0 
D2d 2 0 2 0 
C3v 2 1 2 1 
C2v 3 1 3 1 
Cs 3 1 3 2 
C1 3 1 3 2 
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As discussed in Section 2.3.10.1 (Table 2.4) the only IR active modes in an ideal Td symmetry 

state are the two triply degenerate, T2 vibrations. The IR spectrum of (NH4)2SO4 (Figure 

3.6 (a)) shows two bands; one at 1060 cm−1 and another at 610 cm−1, which correspond to 

the asymmetric stretching vibration, ν3 and asymmetric bending vibration, ν4, respectively. 

Therefore, the SO4
2− groups in (NH4)2SO4 have Td symmetry. 

The IR spectrum of (NH4)HSO4 (Figure 3.6 (b)) shows eight bands that correspond to the 

SO4
2− groups, three ν3

 vibrations (1280, 1140, 1040 cm−1), one ν1 vibration (1010 cm−1), three 

ν4 vibrations (865, 605, 580 cm−1) and one ν2 vibration (440 cm−1). Therefore, according to 

Table 2.4, the symmetry of the SO4
2− group is C2v. 

The IR spectrum of NH4VO(SO4)2 (Figure 3.6 (d)) shows an additional absorption band, a total 

of nine bands, three ν3 vibrations (1330, 1255 and 1185 cm−1 ), one ν1 vibration (1030 cm−1), 

three ν4 vibrations (650, 630, 600 cm−1) and two ν2 vibrations (470, 450 cm−1). This suggests 

that the SO4
2− groups in NH4VO(SO4)2 has Cs symmetry. The experimental IR spectrum of 

NH4VO(SO4)2 (Figure 3.6 (d)) is consistent with the IR spectra shown in the literature. It shows 

the same number of absorption bands as observed by Richter et al. and Krasil’nikov et al., 

and the corresponding wavenumbers are similar.23,24 This suggests the sample prepared 

using the modified synthesis route reported in this work is phase pure and does not contain 

any additional amorphous phase. 

The IR spectra collected on the samples of NH4VO(SO4)2 made during preliminary synthetic 

studies showed absorption bands at 3755, 3660 and 1595 cm−1, which correspond to H2O.30 

This was unsurprising considering that the by-product of the synthesis reaction (Equation 3.1) 

is water and that the compound is very hygroscopic. The intensity of the H2O absorption 

bands (3755, 3660, 1595 cm−1) suggested the initial samples contained a considerable 

amount of water. As previously mentioned, this work aimed to study the electrochemical 

properties of NH4VO(SO4)2. Therefore, it was crucial the material was dry. Consequently, the 

powdered sample was heated in a furnace at 200 °C overnight. The IR spectrum of 

NH4VO(SO4)2, after drying at 200 °C, showed no absorption bands corresponding to H2O. 

Therefore, the sample had been successfully dried. 
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Figure 3.6. IR spectra of (a) V2O5, (b) (NH4)2SO4, (c) (NH4)HSO4, and (d) NH4VO(SO4)2. All spectra were collected at 
room temperature. 
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The wavenumbers of the absorption bands and their assignments for the IR spectra of 

(NH4)2SO4, (NH4)HSO4, V2O5 and NH4VO(SO4)2 shown in Figure 3.6 (a) are summarised in Table 

3.4. 

Table 3.4. The wavenumbers of the absorption bands and their assignments for V2O5, (NH4)2SO4, (NH4)HSO4 and 
NH4VO(SO4)2. 

V2O5/ 

cm−1 

(NH4)2SO4/ 

cm−1 

(NH4)HSO4/ 

cm−1 

NH4VO(SO4)2/ 

cm−1 

Assignment 

 3205 3220 3200 ν(N-H) 

 3015 3080 3085 ν(N-H) 

 1405 1420 1420 (N-H) 

   1330 ν3(S-O) 

  1280 1250 ν3(S-O) 

   1185 ν3(S-O) 
  1140 1120 ν3(S-O) 

 1060 1040  ν3(S-O) 

  1010 1005 ν1(S-O) 
1000   970 ν(V=O) 

   890 ν(V-O) 
  865  ν4(S-O) 

790   800 ν(V-O) 

   665 ν4(S-O) 

   650 ν4(S-O) 

 610 605 630 ν4(S-O) 

   600 ν(V-O-S) 

  580  ν4(S-O) 

   490 ν2(S-O) 
505    ν(V-O) 

  440 470 ν2(S-O) 
420   420 δ(V-O) 

     

3.3.5. Thermal analysis of NH4VO(SO4)2 

Thermogravimetric analysis was carried out in air to understand the thermal behaviour and 

thermal stability of NH4VO(SO4)2. While the thermal behaviour of NH4VO(SO4)2 has previously 

been reported by Krasil’nikov et al.32 However, the thermal decomposition route was 

determined based on TGA data and the phases present after each stage were not identified.32 

In this work, TGA was performed on NH4VO(SO4)2 in air up to a temperature of 500 °C at a 

rate of 1 °C min−1. The resulting TGA data are shown in Figure 3.7 (a). The derivative 

thermogravimetric gradient (DTG) curve obtained from the TGA experiment is presented in 

Figure 3.7 (b) and the peaks correspond to the temperature at which the sample loses weight 

on heating. The percentage mass loss and DTG curves show there are three different events 

occurring at 350, 405 and 470 °C. 
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Figure 3.7. Thermogravimetric analysis of NH4VO(SO4)2 in air, (a) mass loss and (b) derivative thermogravimetric 
gradient curves. 

The mass loss curve (Figure 3.7 (a)) shows an initial mass loss of <10%, which can be 

attributed to water loss. NH4VO(SO4)2 is very hygroscopic and it likely absorbed moisture on 

transferring the sample to the TGA instrument. 

The first decomposition step occurs at 350 °C and shows a large mass loss (26.7%, 

161.4 g mol−1) which possibly corresponds to the loss of sulfur dioxide, oxygen and two moles 

of ammonia. This measured weight loss is in reasonable agreement with the calculated mass 

loss (23.5%, 130.1g mol−1) for sulfur dioxide, oxygen and two moles of ammonia. The 

experimental mass loss was higher than the value calculated which could be due to additional 

moisture because of the samples hygroscopicity and due to overlap between the second and 

third decomposition steps. The second step, observed at 405 °C, shows a smaller mass loss 

(12.6%, 76.5 g mol−1) which likely corresponds to the loss of water and sulfur trioxide. This 

experimental mass loss is in reasonable agreement with the calculated mass loss (17.7%, 

98.1 g mol−1) for water and sulfur trioxide. The third decomposition step at 470 °C shows a 

large mass loss (21.4%, 129.6 g mol−1) which probably corresponds to the loss of sulfur 

trioxide and sulfur dioxide. Assuming the loss of sulfur dioxide and sulfur trioxide, the 

calculated mass loss (26.0%, 144.1 g mol−1) is in reasonable agreement with the experimental 

mass loss. At 500 °C, the residual percentage mass (30.0%) corresponds with V2O5 as the final 

phase. The percentage mass loss and DTG curves (Figure 3.7) show there is no further mass 

loss on prolonged heating at 500 °C, suggesting this phase is stable. 
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Table 3.5 summaries the experimental mass losses (not including the initial <10% loss of 

water) and calculated masses obtained from the TGA data. As shown in Table 3.5, there is 

roughly a 5% difference between the experimental and calculated mass losses. Additionally, 

the TGA data reported by Krasil’nikov show three mass losses of 17.29, 23.85 and 25.90% 

which occurred at 405, 409, and 610 °C, respectively.23 Therefore, due to the differences 

between the experimental and calculated mass losses and the discrepancies between the 

experimental TGA data and the data reported in the literature, the thermal decomposition 

of NH4VO(SO4)2 was explored further. It would be ideal to use a TGA paired with a 

mass-spectrometer (MS) to identify the compounds given off and thus the identity of the 

intermediate products. However, this data was unattainable due to the volatility of vanadium 

compounds which risk contaminating the instrument and because vanadium sulfates can 

react with the alumina crucibles used in the TGA-MS. 

Table 3.5. Mass losses obtained from the TGA of NH4VO(SO4)2 in air, shown in Figure 3.7 

T/ °C 
Experimental mass 

loss/ % 

Experimental mass 

loss/ g mol−1 
Calculated mass 

loss/ % 
Tentative 

Assignment 

380 26.7 161.4 23.5 2NH3 + SO2+ O2 
420 12.6 76.5 17.7 H2O + SO3 
490 21.4 129.6 26.0 SO3 + SO2 

     
As a result, alternative methods were employed to characterise the intermediate products. 

Initially, variable temperature X-ray diffraction (VTXRD) was used to identify the phases 

which formed as NH4VO(SO4)2 was heated. Data were collected from 25 °C to 500 °C in 50 °C 

steps upon heating above 300 °C and again at 25 °C upon cooling. The VTXRD patterns were 

collected for 1 h per pattern, using Mo Kα1,2 radiation and are shown in Figure 3.8. 

The room temperature PXRD pattern for NH4VO(SO4)2 could be indexed to an orthorhombic 

system with the unit cell parameters a = 4.902(5) Å, b = 8.824(9) Å, c = 16.846(2) Å, as 

expected from Section 3.3.2. On heating to 300 °C the PXRD pattern showed a mixture of two 

phases. The main phase could be indexed to an orthorhombic cell with the unit cell 

parameters a = 4.985(8) Å, b = 8.829(9) Å, c = 16.877(9) Å which correspond to that of 

NH4VO(SO4)2 but shows there is a small thermal expansion of the unit cell volume on heating, 

as expected.24
 The secondary phase observed corresponds to the phase formed at 350 °C. 

On heating NH4VO(SO4)2 to 350 °C, the PXRD pattern shows that a different phase formed. 

This was indexed to a tetragonal system with the unit cell parameters a = 8.884(6) Å and 

c = 15.472(12) Å. These unit cell parameters corresponded well to those of 2VOSO4·H2SO4, 
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suggesting 2VOSO4·H2SO4 forms after heating the NH4VO(SO4)2 sample at 350 °C.33 This 

observation agrees with the TGA experiment (Figure 3.7), which shows there was a significant 

mass loss centred around 350 °C. 

After heating NH4VO(SO4)2 to 400 °C, a different tetragonal phase with the unit cell 

parameters a = 6.305(5) Å and c = 4.205(3) Å was observed. These unit cell parameters 

correspond to those of α-VOSO4.34 After heating the sample of NH4VO(SO4)2 at 450 °C, a 

combination of two phases were observed; the tetragonal α-VOSO4 phase observed at 400 °C 

remained and the orthorhombic V2O5 phase formed at 500 °C began to appear. On further 

heating to 500 °C, only the orthorhombic phase with the unit cell parameters a = 11.52(6) Å, 

b = 3.508(2) Å and c = 4.373(2) Å was observed. These unit cell parameters correspond to 

those of V2O5.35 

 

Figure 3.8. VTXRD patterns of NH4VO(SO4)2 were collected for 1 h each using Mo Kα1,2 radiation at room 
temperature (black), 300 °C (red), 350 °C (green), 400 °C (cyan), 450 °C (pink) and 500 °C (blue). 

The unit cell parameters obtained from indexing the VTXRD patterns (Figure 3.8) using 

WinXPOW and their corresponding phases are given in Table 3.6.36,37 

Table 3.6. Unit cell parameters obtained from indexing the VTXRD patterns shown in Figure 3.8. 

Phase T/ °C 
Unit cell parameters/ Å Unit cell  

volume/ Å
3
 

V/Z 
a b c 

NH4VO(SO4)2 25 4.902(5) 8.824(9) 16.846(2) 740.1(2) 185.0 

NH4VO(SO4)2 300 4.985(8) 8.829(9) 16.877(9) 742.9(2) 185.7 

2VOSO4·H2SO4 350 8.884(6) 15.472(12) 1221.2(2) 152.7 

α-VOSO4 400 6.305(5) 4.205(3) 167.2(3) 41.8 

V2O5 500 11.52(6) 3.508(2) 4.373(2) 176.7(2) 44.2 
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3.3.5.1. Ex situ characterisation of thermally decomposed NH4VO(SO4)2 

To identify the products formed after each mass loss shown in the TGA experiment (Figure 

3.7), NH4VO(SO4)2 samples were heated in air for 12 h at 365, 440 and 500 °C. These 

temperatures correspond to the temperatures obtained from the TGA experiment. The three 

products; 2VOSO4·H2SO4, α-VOSO4 and V2O5 were then characterised using PXRD, optical 

microscopy, SEM, EDS and IR spectroscopy. 

3.3.5.1.1. 2VOSO4·H2SO4 

Heating NH4VO(SO4)2 in air at 365 °C for 12 h resulted in a colour change of the solid from 

orange (Figure 3.1) to blue (Figure 3.9). The change in colour, likely corresponds to a change 

in oxidation state of vanadium, from V(V) to V(IV). 

 

Figure 3.9. Blue, powdered sample after heating NH4VO(SO4)2 at 365 °C for 12 h in air. 

The PXRD, shown in Figure 3.10, of the thermal product was indexed to a tetragonal system 

with the unit cell parameters a = 8.9769(10) Å and c = 15.5516(7) Å. Le Bail fitting of the PXRD 

pattern was carried out using the space group P42/mnm and unit cell parameters of 

2VOSO4·H2SO4 reported by Tachez et al.33 The background was fitted manually with 12 terms, 

the zero-error, unit cell parameters and profile parameters were all refined to obtain a Rwp 

value of 5.16%. The Le Bail fit gave the unit cell parameters a = 8.9797(3) Å and 

c = 15.5619(10) Å. The Le Bail fit of 2VOSO4·H2SO4 is shown in Figure 3.10. All the reflections 

and the intensity of the reflections were fitted, suggesting the product phase pure with the 

space group P42/mnm and the unit cell parameters obtained. Rietveld refinements using the 

structural model published by Tachez et al., were unsatisfactory, and there were several 

problems with the existing model, such as large thermal parameters for the sulfur and oxygen 

atoms (S(3) and O(6)) and exclusion of the hydrogen atoms.33 Therefore, the deuterated 

phase, 2VOSO4·D2SO4 was studied by PXRD and NPD at room temperature. 
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Figure 3.10. Le Bail fit of 2VOSO4·H2SO4. PXRD data collected for 16 h at room temperature using Mo Kα1,2 
radiation. 

2VOSO4·D2SO4 was prepared using the synthesis described in Section 3.2 and by heating the 

product at 365 °C. Sulfuric acid-d2 (96-98 wt. % in D2O, Sigma Aldrich) was used instead of 

H2SO4. This work was undertaken to determine the positions of the deuterium atoms (i.e., 

hydrogen atoms) and to understand the disorder associated with the S(3) and O(6) which 

make up the D2SO4 layer. A combined Rietveld refinement was performed using TOPAS 

Academic V6 in collaboration with J. L. Payne.38 The backgrounds were fitted using Chebyshev 

polynomials, the unit cell parameters and pseudo Voigt parameters were all refined and since 

vanadium’s nuclei hardly scatters neutrons, the atomic position and isotropic thermal 

parameter of vanadium were obtained from PXRD data. Several approaches were tested to 

refine the atomic positions and isotropic thermal parameters for the sulfur and oxygen 

atoms. The best fit was obtained from refining the atomic positions and isotropic thermal 

parameters of the atoms which make up the α-VOSO4 layer. Then the S(3) and O(6) atoms 

which make up the D2SO4 layer were removed from the structural model to obtain a 

better-quality fit. The atomic positions of the sulfur, oxygen and deuterium atoms were 

determined from Fourier difference maps. Inclusion of one sulfur and one oxygen site did not 

lead to a good fit to the data, and therefore, the split site approach was used.39 This method 

has been previously used to model the structural disorder around a sulfur atom of the 

langbeinite structure.39 This suggested that there was some local displacements of the sulfur 

atom which resulted in multiple oxygen sites. Sulfur and oxygen split sites were used, with 

the SO4 group split into four tetrahedrons with partial occupancies of ½, ¼ and ¼ in order to 

model the disorder of the SO4 group. The S-O bond lengths were allowed to refine, giving 

reasonable bond lengths for a D2SO4 unit.40 Isotropic thermal displacement parameters were 
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constrained to be the same for the oxygen atoms. This approach gave an improved Rwp value 

of 5.16% and the Rietveld fit reached is shown in Figure 3.11. A sensible structural model was 

obtained but Figure 3.11 shows intensity mismatch, associated with the D2SO4 layer, which 

could be accounted for by using additional split sites. 

 

Figure 3.11. Combined Rietveld fit of (a) laboratory X-ray and (b) neutron diffraction pattern from bank five and 
(c) neutron diffraction pattern from bank four for 2VOSO4·D2SO4, using the structural model published by Richter 
et al., as the starting model.33 The PXRD pattern was collected over 16 h at room temperature using Mo Kα1,2 
radiation and the NPD pattern was collected for 4 h at room temperature on the GEM diffractometer. 

The structural model of 2VOSO4·D2SO4 obtained is shown in Figure 3.12. 2VOSO4·D2SO4 forms 

a three-dimensional structure made up of alternating layers of α-VOSO4 interconnected by 

molecules of D2SO4. The α-VOSO4 layer is made up of VO6 distorted octahedra which share 

its vertices with four SO4 groups and each SO4 group shares its four vertices with four VO6 

octahedra. The O(2) atom of the SO4 group shares its vertices with the vanadium atom at a 

long distance of 2.1651(9) Å, linking the D2SO4 unit to the α-VOSO4 layer. The deuterium atom 

is bonded to the O(6) atom by 0.9899(5) Å which is reasonable for an O-D bond length.40 

 

Figure 3.12. Structural model of 2VOSO4·D2SO4 showing the layers of α-VOSO4 interconnected by a D2SO4 molecule. 
The α-VOSO4 layers are made up of distorted VO6 octahedra (purple polyhedra) interconnected via bridging SO4 
tetrahedra (yellow polyhedra). While the D2SO4 layer consists of the SO4 unit modelled through the use of split 
sites for both the sulfur and oxygen atoms, with the partial occupancy of each site indicated and the deuterium 
atoms are shown in black. 
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The optical microscope and SEM were also used to examine the morphology of 

2VOSO4·H2SO4. The optical microscopy image of 2VOSO4·H2SO4 (Figure 3.13 (a)) is 

representative of the bulk and shows small blue crystallites. The uniformity of the sample 

colour suggests the sample is likely phase pure. The SEM micrograph (Figure 3.13 (b)) shows 

rounded crystallites which has a different morphology to NH4VO(SO4)2 (Figure 3.5 (b)), thus 

supports the PXRD data which indicated that a different phase formed. 

 

Figure 3.13. (a) Optical microscopy image and (b) SEM micrograph of 2VOSO4·H2SO4. 

EDS data of powdered 2VOSO4·H2SO4 were collected and are given in Table 3.7. The V : S ratio 

obtained (0.39 : 0.61) suggests each formula unit of the phase contains two vanadium atoms 

to three sulfur atoms. This is consistent with the theoretical ratio (0.40 : 0.60) for the phase, 

2VOSO4·H2SO4 as found from PXRD analysis. 

Table 3.7. EDS analysis of 2VOSO4·H2SO4. 

Element V S 

Atomic% 39.3 
38.5 
38.3 

60.7 
61.5 
61.7 

Average atomic% 36.1 63.9 

Experimental ratio 0.36 0.64 

Theoretical ratio 0.40 0.60 

   
IR spectroscopy was also used to study the product. The IR spectrum is shown in Figure 3.14. 

Like the IR spectrum of NH4VO(SO4)2, the spectrum of this product shows absorption bands 

at 3260, 3040 and 1425 cm−1 which can be attributed to the NH4
+ group.30 These bands are 

less intense compared to the absorption bands of NH4VO(SO4)2 (Figure 3.6). This suggests 

that the thermal product, 2VOSO4·H2SO4, contains some residual NH4
+ cations and, therefore, 

that it is not phase pure. The IR spectrum shows an absorption band at 970 cm−1 which 

corresponds to the V=O bond. Additionally, it shows bands at 920, 525 and 420 cm−1 which 
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can be attributed to V-O vibrations, as discussed in Section 3.3.4. Figure 3.14 also shows five 

absorption bands associated with the SO4
2− group, two ν3 vibrations (1330, 1210cm−1), one 

ν1 vibration (1095 cm−1), two ν4 vibrations (710, 635 cm−1) and one ν2
 vibration (470 cm−1). 

Therefore, as previously explained in Section2.3.10.1 (Table 2.4), the symmetry of the 

SO4
2− group in the thermal product is C3v.31 

 

Figure 3.14. IR spectrum of 2VOSO4·H2SO4, formed after heating NH4VO(SO4)2 at 365 °C in air for 12 h. The IR 
spectrum was collected at room temperature. 

The wavenumbers of the absorption bands and their assignments for the IR spectrum of 

2VOSO4·H2SO4, shown in Figure 3.14, are given in Table 3.8. 

Table 3.8. The wavenumbers of the absorption bands and their assignments for 2VOSO4·H2SO4 shown in Figure 
3.14. 

2VOSO4·H2SO4/ cm−1 Assignment 

3260 
3040 
1430 
1330 
1210 
1095 
970 
920 
710 
635 
590 
525 
470 
420 

ν(N-H) 
ν(N-H) 
δ(N-H) 
ν3(SO4) 
ν3(SO4) 
ν3(SO4) 
ν(V=O) 
ν(V-O) 
ν4(SO4) 
ν4(SO4) 

ν(V-O-S) 
ν(V-O) 
ν2(SO4) 
δ(V-O) 
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3.3.5.1.2. α-VOSO4 

The sample of NH4VO(SO4)2 changed colour after heating in air at 440 °C for 12 h. As shown 

in Figure 3.15, the sample is green. This suggests the sample is either a V(III) species or a mixed 

V(IV/V) species, as both can be green in colour. The VTXRD data (Figure 3.8) suggested α-VOSO4 

and V2O5 formed at 400 and 500 °C, respectively. Therefore, it is reasonable to assume that 

the sample contains a mixture of the V(IV) (α-VOSO4) and V(V) (V2O5) species. 

 

Figure 3.15. Green, powdered sample after heating NH4VO(SO4)2 at 440 °C for 12 h in air. 

A PXRD pattern of the sample after heating at 440 °C was collected over 1 h using Cu Kα1 

radiation, at room temperature. The PXRD pattern is shown in Figure 3.16. This pattern shows 

that two phases are present, a crystalline tetragonal V(IV) phase with the unit cell parameters 

a = 6.2702(1) Å and c = 4.1052(10) Å and a poorly crystalline phase with reflections at 11.64, 

16.73 and 3.73 Å, as indicated with blue arrows. The tetragonal V(IV) phase was identified as 

α-VOSO4 belonging to the Pnma space group.34 The secondary phase does not correspond to 

2VOSO4·H2SO4 or V2O5, the phases which form at 365 and 500 °C, respectively. The secondary 

phase could not be identified from search a of published compounds or the literature. 

Further attempts made to isolate α-VOSO4 were unsuccessful. PXRD data after heating 

NH4VO(SO4)2 in air at 400 and 420 °C were also collected. These PXRD patterns are shown in 

Figure 3.16. The patterns show the same crystalline phase, α-VOSO4, and a poorly crystalline 

phase, as indicated by blue arrows. The intensity of reflections that correspond to the poorly 

crystalline phase remain consistent at 400, 420 and 440 °C. While the intensity of the 

reflections that correspond to the α-VOSO4 phase increase in intensity with increasing 

temperature. The product after heating NH4VO(SO4)2 in air at 440 °C contains α-VOSO4 as the 

predominant phase. However, this data suggests α-VOSO4 is stable over a narrow 

temperature range. 
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Figure 3.16. PXRD patterns of α-VOSO4 formed after heating samples of NH4VO(SO4)2 in air at 400, 420 and 440 °C. 
The blue arrows indicate the secondary unidentified poorly crystalline phase. PXRD data were collected for 1 h 
each at room temperature using Cu Kα1 radiation. 

The optical microscopy image of this sample is shown in Figure 3.17 (a), and is representative 

of the bulk material. The optical image shows transparent/sparkly aqua green crystallites. 

The consistency of the sample colour suggests the sample is phase pure and upon further 

examination of the product using the optical microscope only the aqua green crystallites as 

shown in Figure 3.17 (a) were observed. The SEM micrograph is shown in Figure 3.17 (b) 

which shows the product consists of platelet-like crystallites. The shapes of these crystallites 

are very different compared to the rounded crystallites of the 2VOSO4·H2SO4 phase (Figure 

3.13). This suggests the 2VOSO4·H2SO4 phase is not present in this thermal product which is 

consistent with the PXRD data (Figure 3.16). 

 

Figure 3.17. (a) Optical microscopy image and (b) SEM micrograph of α-VOSO4. 
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The approximate V : S ratio of this sample were collected using EDS. The vanadium and sulfur 

atomic percentages are given in Table 3.9. The V : S ratio (0.51 : 0.49) obtained was almost 

one sulfur to one vanadium. This data coincides with the main phase being α-VOSO4, which 

has one sulfur atom to one vanadium atom. Therefore, it is possible that the secondary 

phase, identified in the PXRD pattern (Figure 3.16), similarly contains one sulfur atom to one 

vanadium atom. 

Table 3.9. EDS analysis of α-VOSO4. 

Element V S 

Atomic% 53.6 
53.8 
51.4 
53.2 

46.4 
46.3 
48.6 
46.8 

Average atomic% 51.2 48.8 

Experimental ratio 0.51 0.49 

Theoretical ratio 0.50 0.50 

   
The IR spectrum of α-VOSO4 was collected and is presented in Figure 3.18. It shows different 

absorption bands to NH4VO(SO4)2 (Figure 3.6) and 2VOSO4·H2SO4 (Figure 3.14). Absorption 

bands corresponding to N-H vibrations were not observed. Therefore, NH4
+ has been 

completely removed on heating NH4VO(SO4)2 at 440 °C. The spectrum shows an absorption 

band at 970 cm−1 which corresponds to the vanadyl V=O bond. It shows two absorption bands 

associated with the SO4
2− group, one ν3 vibration (1090 cm−1) and one ν4 vibration (690 cm−1). 

Therefore, the symmetry of the SO4
2− group is Td, as discussed earlier in Section 2.3.10.1 

(Table 2.4).31 

 

Figure 3.18. IR spectrum of α-VOSO4, formed after heating NH4VO(SO4)2 at 440 °C in air for 12 h. The IR spectrum 
was collected at room temperature. 
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The wavenumbers of the absorption bands and the assignments for the IR spectrum of 

α-VOSO4, shown in Figure 3.18, are given in Table 3.10. 

Table 3.10. The wavenumbers of the absorption bands and their assignment for α-VOSO4, as shown in Figure 3.18. 

α-VOSO4/ cm−1 Assignment 

1090 
970 
950 
690 
600 
420 

ν3(SO4) 
ν(V=O) 
ν(V-O) 
ν4(SO4) 

ν(V-O-S) 
δ(V-O) 

  

3.3.5.1.3. V2O5 

On further heating of NH4VO(SO4)2 to 500 °C for 12 h in air, a yellow material formed, as 

shown in Figure 3.19. Based on its colour (Section 1.2.1), this product is a V(V) species. 

 

Figure 3.19. Yellow, powdered sample after heating NH4VO(SO4)2 in air at 500 °C for 12 h. 

The PXRD pattern of this sample could be indexed to an orthorhombic cell with the unit cell 

parameters a = 11.545(3) Å, b = 3.5844(11) Å, c = 4.3862(1) Å, which corresponds to V2O5. A 

Rietveld refinement was performed using the structural model published by Enjalbert et al., 

as the starting phase, to illustrate the phase purity of the sample.35 The background was fitted 

using a Chebyshev polynomial with 26 terms, zero-error, unit cell parameters and profile 

parameters were all refined to obtain a Rwp value of 4.27%. The Rietveld fit is shown in Figure 

3.20. This fit gave the unit cell parameters a = 11.5068(6) Å, b = 3.5623(2) Å, c = 4.3687(3) Å, 

V = 179.08(2) Å3 and since all the reflections and their intensities were fitted, this confirms 

that V2O5 forms after heating NH4VO(SO4)2 in air at 500 °C. 
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Figure 3.20. Rietveld fit for V2O5 using structural model published by Enjalbert et al., as the starting model.35 PXRD 
data collected at room temperature for 16 h using Mo Kα1,2 radiation. 

The optical microscopy image in Figure 3.21 (a) is representative of the bulk sample and 

shows a yellow powder. The SEM micrograph in Figure 3.21 (b) shows a fine powder-like 

morphology. The uniformity of the samples colour and morphology suggest the product is 

phase pure. 

The SEM micrographs of NH4VO(SO4)2 (Figure 3.5), 2VOSO4·H2SO4 (Figure 3.13), α-VOSO4 

(Figure 3.17) and V2O5 (Figure 3.21) show there are morphological changes on heating 

NH4VO(SO4)2. NH4VO(SO4)2 consists of acicular crystallites, while 2VOSO4·H2SO4 is made up of 

rounded crystallites, α-VOSO4 shows platelet-like crystallites and V2O5 has a powder-like 

morphology. The micrographs illustrate that three different phases form on heating 

NH4VO(SO)2, which coincides with the TGA data (Figure 3.7). 

 

Figure 3.21. (a) Optical microscopy image and (b) SEM micrograph of V2O5. 
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The EDS data for this sample were also collected and are given in Table 3.11. The approximate 

V : S ratio (1.0 : 0.0) shows there is little to no sulfur present in the sample. These data agree 

with the theoretical atomic V : S ratio (1.0 : 0.0) of V2O5, as identified from the PXRD data. 

Table 3.11. EDS analysis of V2O5. 

Element V S 

Atomic% 99.4 
99.7 

100.0 
99.2 

0.6 
0.3 
0.0 
0.8 

Average atomic% 99.6 0.4 

Experimental ratio 1.00 0.00 

Theoretical ratio 1.00 0.00 

   
The IR spectrum of the thermal product formed at 500 °C is shown in Figure 3.22. It exhibits 

four absorption bands at 1014, 815, 505 and 420 cm−1. These absorption bands correspond 

to the absorption bands (1000, 790, 505 and 420 cm−) of commercial V2O5 (Figure 3.6 (a)), 

confirming the identity of this thermal product as V2O5. 

 

Figure 3.22. IR spectra of V2O5, collected at room temperature. 

The wavenumbers of the absorption bands and their assignments for NH4VO(SO4)2, 

2VOSO4·H2SO4, α-VOSO4 and V2O5, shown in Figure 3.22, are summarised in Table 3.12. 

Table 3.12. The wavenumbers and the assignments for NH4VO(SO4)2, 2VOSO4·H2SO4, α-VOSO4 and V2O5. 

V2O5/ cm−1
 Assignment 

1015 
815 
505 
420 

ν(V=O) 
ν(V-O) 
ν(V-O) 
δ(V-O) 
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3.3.5.1.4. Summary of thermal analysis of NH4VO(SO4)2 

In the preceding sections the characterisation of the ex situ thermally treated samples of 

NH4VO(SO4)2 has been presented. The experimental mass losses obtained from the TGA 

experiment (Figure 3.7) and the unit cell parameters obtained from the PXRD patterns (Figure 

3.10, Figure 3.16, Figure 3.20) of the thermal products are summarised in Table 3.13. 

Table 3.13. Mass losses obtained from the TGA experiment and their corresponding unit cell parameters obtained 
from ex situ PXRD analysis. 

Compound 
T/ 
°C 

Mass 
loss/ % 

Space  
group 

Unit cell parameters/ Å 

a b c 

NH4VO(SO4)2 -  P212121 4.96676(3) 8.7503(4) 16.8242(9) 

2VOSO4·H2SO4 365 26.65 P42/mnm 8.9797(3) 15.5619(10) 

α-VOSO4 440 12.63 Pnma 6.2702(1) 4.1052(10) 

V2O5 500 21.41 Pmmn 11.5190(3) 3.5632(1) 4.3689(1) 

       
The TGA data together with the PXRD data, optical microscopy images, SEM micrographs, 

EDS and IR spectra of the thermal products suggest the thermal decomposition of 

NH4VO(SO4)2 can be expressed by the following scheme: 

 

The thermal decomposition scheme presented in this work is different to the decomposition 

scheme previously published by Krasil’nikov.32 The decomposition scheme reported by 

Krasil’nikov was based solely on TGA data and their work did not analyse the phases formed 

after each mass loss. Their TGA data showed the intermediate products to be 

(NH4)2V2O2(SO4)3, VOSO4 and V2O5.32 In comparison, the decomposition scheme presented in 

this work is based on a combination of TGA data, PXRD analysis, optical images, SEM 

micrographs and IR spectra. Together they show the intermediate products are 

2VOSO4·H2SO4, α-VOSO4 and V2O5. The ex situ characterisation of the thermal products 

provides strong evidence to support this decomposition scheme. 
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3.4. Electrochemical properties of NH4VO(SO4)2 

The electrochemical properties of NH4VO(SO4)2 have not been reported in the literature thus 

far and its structure may facilitate the insertion of Li+. Therefore, the electrochemical 

performance of NH4VO(SO4)2 versus Li+/Li0 were evaluated with Swagelok-type cells using a 

lithium metal disc as the negative electrode, and Whatman GF/D borosilicate glass fibre sheet 

saturated with 1 M LiPF6 in EC/DMC (1:1 w/w) as the electrolyte. The positive electrode was 

ground by hand with 20 wt.% carbon black (C65) for 30 minutes in an argon filled glovebox. 

Cells of NH4VO(SO4)2‖Li were cycled at 30 °C using a Bio-logic Mac Pile II system in 

galvanostatic mode between 1.8 V and 4.1 V at a rate of C/20 (Section 2.3.15.4). Figure 

3.23 (a) shows the galvanostatic discharge-charge curve of a typical cell cycled between 

4.1 to 1.8 V and Figure 3.23 (b) shows the corresponding derivative dQ/dV curve. 

NH4VO(SO4)2 has a theoretical capacity of 97 mA h g−1. The galvanostatic curve (Figure 

3.23 (a)) shows NH4VO(SO4)2 has little electrochemical activity within the voltage window 

employed. On discharge, there was a short plateau at roughly 4.0 V followed by a decrease 

in voltage until a gradual sloping plateau starting at approximately 2.25 V. Only a specific 

capacity of approximately 11 mA h g−1 corresponding to 0.11 Li+ was reached. Upon 

subsequent charge, the voltage increased with no noticeable plateau. The derivative dQ/dV 

curve (Figure 3.23 (a)) shows one reduction peak at 3.95 V and the beginning of one oxidation 

peak at 4.1 V which suggests the process fairly reversible. NH4VO(SO4)2 delivered a low 

capacity suggesting that there are no channels or vacant sites for Li+ to diffuse into. 

 

Figure 3.23. (a) Typical voltage-specific capacity curve for a NH4VO(SO4)2‖Li cell cycled between 4.1 V to 1.8 V 
started on discharge at C/20 and (b) the corresponding derivative curve dQ/dV of the first cycle.  
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3.4.1. Structural analysis of electrochemically lithiated NH4VO(SO4)2 

To understand if NH4VO(SO4)2 had undergone any structural changes post-discharge, the 

positive electrode was recovered from the NH4VO(SO4)2‖Li cell, washed with dimethyl 

carbonate (DMC) three times in an argon filled glovebox, and dried under vacuum overnight. 

A PXRD pattern was collected in transmission geometry for 16 h at room temperature using 

Mo Kα1,2 radiation. The PXRD pattern of the post-discharged sample is like that of the pristine 

phase (Figure 3.3). There were no additional reflections observed. This suggests there was 

no structural change or formation of a secondary phase. 

Le Bail fitting of the PXRD pattern of the post-discharge electrode was carried out using the 

space group, P212121 and unit cell parameters of NH4VO(SO4)2.24 The background was fitted 

using a Chebyschev polynomial with 36 terms, the unit cell parameters, zero-error and profile 

parameters were all refined to give a Rwp value of 3.13%. The Le Bail fit, Figure 3.24, gave the 

unit cell parameters a = 4.9333(7) Å, b = 8.6864(9) Å, c = 16.988(2) Å, V = 728.0(2) Å3. This 

analysis shows there was virtually no change (0.04%) in the unit cell volume between the 

pristine phase (Figure 3.3, Table 3.1) and the post-discharge phase (Figure 3.24). This 

coincides with the galvanostatic data (Figure 3.23) and implies that very little Li+ was inserted 

into the structure of NH4VO(SO4)2 under the conditions used. Due to the limited capacity 

presented by NH4VO(SO4)2, this material was not studied further as part of this work. 

 

Figure 3.24. Le Bail fit of NH4VO(SO4)2 post-discharge. PXRD data collected at room temperature for 16 h using Mo 
Kα1,2 radiation. 
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3.5. Solution-based synthesis of KVO(SO4)2 

KVO(SO4)2 was synthesised by a solution-based method as described by Richter et al.24 

Powdered KVO3 (3.11 g, 22.5 mmol) was dissolved in 300 mL deionised water and stirred until 

the solution became transparent. Concentrated H2SO4 (25 mL, 470 mmol) was then added, 

and the resulting clear, yellow solution was stirred at 150 °C, on a hotplate until roughly 

50 mL remained, and an orange precipitate was visible. Once cooled to room temperature, 

the product was filtered, washed first with ice-cold concentrated H2SO4 followed by a further 

washing with CF3COOH. These chemicals were used to wash KVO(SO4)2 because they did not 

cause V(V) to be partially reduced which was the case when ethanol or acetone were used. 

The orange solid was then dried overnight at 200 °C in a Buchi oven, affording the orange 

powder shown in Figure 3.25. The heating at 200 °C was used to dry the powdered sample 

and was not included in the original method reported by Richter et al.24 Like NH4VO(SO4)2, 

KVO(SO4)2 is also hygroscopic, so was handled and stored in an argon filled glovebox. 

 

Figure 3.25. Orange powdered KVO(SO4)2, synthesised by reacting a saturated solution of KVO3 with concentrated 
H2SO4 at 150 °C. 

 

3.6. Characterisation of KVO(SO4)2 

As with NH4VO(SO4)2, the sample of KVO(SO4)2 was examined using PXRD, optical microscopy, 

SEM, EDS and IR spectroscopy. The thermal stability of this phase was also studied using TGA. 

3.6.1. X-ray diffraction analysis of KVO(SO4)2 

A PXRD pattern was first collected over 1 h using Cu Kα1 radiation. The PXRD pattern of 

KVO(SO4)2 is shown in Figure 3.26. The PXRD pattern was indexed to a primitive, 

orthorhombic system with the unit cell parameters a = 16.259(5) Å, b = 8.741(2) Å, 

c = 4.9640(12) Å. The reflection conditions (h00: h = 2n; 0k0: k = 2n; 00l: l = 2n) are consistent 
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with the P212121 space group. These unit cell parameters for KVO(SO4)2 correspond well with 

those previously reported in the literature.24,25 

 

Figure 3.26. PXRD pattern of KVO(SO4)2 collected at room temperature for 1 h using Cu Kα1 radiation. 

3.6.2. Structural refinement of KVO(SO4)2 

Initial attempts at Rietveld refinements of KVO(SO4)2 using the PXRD data shown in Figure 

3.26, using the published model of Richter et al., resulted in significant mismatches in 

intensities.24 These mismatches in intensity were attributed to preferred orientation. 

Therefore, a PXRD pattern of a capillary filled with KVO(SO4)2 was collected over 16 h using 

Mo Kα1,2 radiation. A Rietveld fit was obtained to illustrate the phase purity of the sample 

and to determine the refined unit cell parameters. The background was refined first using a 

Chebyshev polynomial with 15 terms. Then the zero-error, unit cell parameters, profile 

parameters were refined, followed by the atomic coordinates. Initially the isotropic thermal 

parameters were refined. However, a stable refinement was not achieved, as this model 

showed higher than desirable thermal parameters for the sulfur and oxygen atoms, 

suggesting disorder of the SO4 tetrahedra. Therefore, the isotropic thermal parameters of 

the oxygen sites were constrained in sets to give a stable refinement; O1-O4 (O sites 

coordinated to the S2 atom), O5-O8 (O sites coordinated to the S1 atom). The Rietveld fit 

obtained for KVO(SO4)2 is shown in Figure 3.27. A good fit was obtained and shows the 

sample is phase pure. Moreover, the refined unit cell parameters obtained correspond well 

with those previously reported for KVO(SO4)2.24 The structure of KVO(SO4)2 is isostructural 

with NH4VO(SO4)2. The structure of NH4VO(SO4)2, presented earlier in Figure 3.4, has been 

discussed (Section 3.3.2). The potassium cations of KVO(SO4)2 sit in the same positions as the 

nitrogen atoms of the ammonium cations in NH4VO(SO4)2. The unit cell volume of 
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NH4VO(SO4)2 is approximately 4% larger than that of KVO(SO4)2. This is due to the larger 

effective radius of ammonium cations (146 pm) compared to that of potassium cations 

(138 pm).41,42 

 

Figure 3.27. Rietveld fit for PXRD for KVO(SO4)2 using the structural model published by Richter et al. as the starting 
model.24 PXRD data collected at room temperature for 16 h using Mo Kα1,2 radiation. 

The refined structural parameters obtained from the Rietveld fit, shown in Figure 3.27 are 

summarised in Table 3.14. 

Table 3.14. Atomic coordinates and isotropic thermal parameters (Uiso
×100, Å2) of KVO(SO4)2 from X-ray 

diffraction. 

KVO(SO4)2     Space group: P212121 

a = 4.9566(5) Å, b = 8.7253(8) Å, c = 16.234(2) Å, V = 702.1(2) Å3 

Z = 4, density = 2.821 g cm−3 

Atom 
Wyckoff 

site 
x y z Occupancy 

Uiso
×100 

(Å2) 

V 4a 0.256(1) 0.1473(4) 0.3033(2) 1 0.63(8) 
K 4a 0.743(3) 0.5830(4) 0.4481(2) 1 1.82(10) 
S1 4a 0.737(2) 0.1195(4) 0.4252(3) 1 1.63(12) 
S2 4a 0.751(2) 0.2501(6) 0.1913(3) 1 1.10(11) 
O1 4a 0.731(4) 0.2822(9) 0.4379(7) 1 0.88(12) 
O2 4a 0.561(3) 0.079(2) 0.3561(8) 1 0.88(12) 
O3 4a 0.720(3) 0.0237(9) 0.4957(5) 1 0.88(12) 
O4 4a 0.017(2) 0.073(1) 0.3874(8) 1 0.88(12) 
O5 4a 1.005(3) 0.680(2) 0.2931(9) 1 1.21(11) 
O6 4a 0.226(4) 0.8912(10) 0.2648(6) 1 1.21(11) 
O7 4a 0.708(3) 0.2642(9) 0.1024(6) 1 1.21(11) 
O8 4a 0.514(3) 0.136(2) 0.2286(9) 1 1.21(11) 
O9 4a 0.276(4) 0.3154(8) 0.3304(5) 1 0.48(3) 

χ2 = 4.91, Rwp = 2.85%, Rp = 2.26% 
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3.6.3. Optical and scanning electron microscopy analysis of KVO(SO4)2 

Previous reports on KVO(SO4)2 did not include optical microscopy images or SEM 

micrographs.24,25 Therefore, optical microscopy and SEM were used to confirm the sample’s 

phase purity and examine it’s morphology. 

The optical microscopy image and SEM micrograph of KVO(SO4)2 are shown in Figure 3.28 (a) 

and (b), respectively. Figure 3.28 (a) shows KVO(SO4)2 is made up of yellow/orange 

crystallites. The uniformity of the sample colour suggests the sample is phase pure. The SEM 

micrograph (Figure 3.28 (b)) is representative of the bulk sample. It shows the sample has a 

platelet-like morphology, with flat, rectangular shaped crystallites. The platelet shape of the 

crystallites explains the preferred orientation observed in the PXRD pattern (Figure 3.26). 

 

Figure 3.28. (a) Optical microscopy image and (b) SEM micrograph of KVO(SO4)2. 

The approximate V : S : K ratios were established from EDS analysis and are listed in Table 

3.15. These data agree reasonably well with the theoretical atomic V : S : K (0.25 : 0.5 : 0.25) 

ratio of KVO(SO4)2. These data suggest that the sample is pure, which is consistent with the 

PXRD analysis (Figure 3.27), the optical microscopy image and SEM micrograph (Figure 3.28) 

of KVO(SO4)2. 

Table 3.15. EDS data of KVO(SO4)2. 

Element V S K 

Atomic% 23.6 
24.3 
22.2 
25.9 
24.6 
24.9 

50.0 
49.2 
50.2 
47.9 
48.4 
49.2 

26.4 
26.5 
27.7 
26.2 
27.0 
25.8 

Average atomic% 24.2 49.2 26.6 

Experimental ratio 0.24 0.49 0.27 

Theoretical ratio 0.25 0.50 0.25 
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3.6.4. Infrared spectroscopy of KVO(SO4)2 

As with NH4VO(SO4)2, the IR spectrum of KVO(SO4)2 was collected to confirm the phase purity 

of the sample. The IR spectra of NH4VO(SO4)2 and KVO(SO4)2 are compared in Figure 3.29 (a) 

and (b), respectively. Excluding the N-H vibrations at 3190, 1540 and 1420 cm−1, the IR 

spectra of NH4VO(SO4)2 and KVO(SO4)2 exhibit similar absorption bands. However, it is worth 

noting that most of the absorption bands for KVO(SO4)2 are shifted to higher wavenumbers 

(by approximately 5-10 cm−1 each) compared to NH4VO(SO4)2. This shift of the absorption 

bands to higher wavenumbers suggests the bonds present in KVO(SO4)2 are stronger than the 

bonds in NH4VO(SO4)2. These same shifts have also been reported in the literature.23–25 

The experimental IR spectrum KVO(SO4)2 is consistent with the experimental IR spectrum of 

NH4VO(SO4)2 (discussed in Section 3.3.4) and the IR spectra of KVO(SO4)2 previously reported 

in the literature.24,25 Therefore, this data supports the PXRD data (Figure 3.27) and together 

they indicate that the sample of KVO(SO4)2, is phase pure. 

 

Figure 3.29. IR spectrum of (a) NH4VO(SO4)2 and (b) KVO(SO4)2. All spectra were collected at room temperature. 
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The wavenumbers of the absorption bands and their assignments for the IR spectra of 

KVO(SO4)2 and NH4VO(SO4)2, shown in Figure 3.29 are listed in Table 3.16. 

Table 3.16. The wavenumbers of the absorption bands and their band assignments for AVO(SO4)2 (A = NH4
+, K+), 

as shown in Figure 3.29. 

NH4VO(SO4)2/ cm−1 KVO(SO4)2/ cm−1 Assignment 

3200 
3085 
1420 
1330 
1250 
1185 
1120 
1005 
970 
890 
800 
665 
650 
630 
600 
490 
470 
415 

 
 
 

1345 
1270 
1190 
1120 
1010 
970 
880 
805 
655 
645 
630 
600 
495 
475 
420 

ν(N-H) 
ν(N-H) 
δ(N-H) 
ν3(SO4) 
ν3(SO4) 
ν3(SO4) 
ν3(SO4) 
ν1(SO4) 
ν(V=O) 
ν(V-O) 
ν(V-O) 
ν4(SO4) 
ν4(SO4) 
ν4(SO4) 

ν(V-O-S) 
ν2(SO4) 
ν2(SO4) 
δ(V-O) 

   

3.6.5. Thermal analysis of KVO(SO4)2 

KVO(SO4)2 was prepared at a low temperature (150 °C, Section 3.5) and as a result it may 

have a low thermal stability. According to Krasil’nikov and co-workers,25 KVO(SO4)2 

undergoes the following reversible reaction at 400 °C: 

KVO(SO4)2 ⇌ KVO2SO4 + SO3  Equation 3.2 

However, there is no data reported in the literature to show that this reversible reaction 

occurs.25 For these reasons, the thermal stability of KVO(SO4)2 was explored as part of this 

work. A TGA was performed on KVO(SO4)2 in air up to a temperature of 500 °C at a rate of 

1 °C min−1. The TGA data is shown in Figure 3.30 (a). The derivative thermogravimetric 

gradient (DTG) curve obtained from this TGA experiment is presented in Figure 3.30 (b) which 

shows peaks that correspond to the temperature at which KVO(SO4)2 losses weight. The 

percentage mass loss and DTG curves show there are two main features centred at 300 and 

375 °C. 
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Figure 3.30. Thermogravimetric analysis of KVO(SO4)2 in air (a) mass loss and (b) derivative thermogravimetric 
gradient curves. 

The first decomposition step begins at 300 °C and shows a small mass loss (10.2%, 

30.4 g mol−1) which likely corresponds to the loss of oxygen. This measured weight loss 

agrees well with the calculated mass loss (10.7%, 32.0 g mol−1) for oxygen. The second mass 

loss begins at 375 °C, this shows one large mass loss (17.5%, 52.2 g mol−1) and a smaller mass 

loss (6.1%, 18.1 g mol−1). Together, a total a mass loss of 23.6% (70.3 g mol−1) was observed, 

which coincides with the loss of sulfur dioxide. This experimental mass loss is in reasonable 

agreement with the calculated mass loss (21.5%, 64.1 g mol−1) for sulfur dioxide. At 500 °C, 

the sample continues to lose mass which suggests the phase formed is not thermally stable. 

However, the sample was not heated to temperatures greater than 500 °C in the TGA for risk 

of contaminating the instrument due to the volatility of vanadium. Additionally, a TGA-MS 

was not used for reasons discussed earlier in Section 3.3.5. 

This TGA data suggests KV(III)OSO4 forms after heating KV(V)O(SO4)2 up to 500 °C in air, as given 

by the following equation: 

KVO(SO4)2 → KVOSO4 + O2 + SO2 Equation 3.3 

The experimental and calculated mass losses obtained from the TGA data (Figure 3.30) are 

summarised in Table 3.17. 

Table 3.17. Mass losses obtained from the TGA of KVO(SO4)2 in air, shown in Figure 3.30. 

T/ °C 
Experimental 
mass loss/ % 

Experimental 

mass loss/g mol−1 

Calculated mass 
loss/ % 

Tentative 
Assignment 

335 10.2 30.4 10.7 O2 
420 23.6 70.3 21.5 SO2 
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3.6.5.1. Ex situ characterisation of thermally decomposed KVO(SO4)2 

To characterise the thermally decomposed product, a pellet of KVO(SO4)2 was heated in air 

to a temperature of 450 °C for 12 h. This temperature corresponds to the temperature 

obtained from the TGA experiment (Figure 3.30). The pellet of KVO(SO4)2 melted on heating 

to 450 °C in air, as shown in Figure 3.31 (a), to give a dark green sample. The dark green 

colour of the product (Figure 3.31 (b)) suggests either partial reduction of KV(V)O(SO4)2 to a 

mixed V(V) (orange) and V(IV) (blue) species, or full reduction of KV(V)O(SO4)2 to a V(III) (green) 

species. As discussed in Section 3.3.5, the ammonium counterpart, NH4V(V)O(SO4)2, 

decomposes at 365 °C and 440 °C to give 2V(IV)OSO4·H2SO4 and α-V(IV)OSO4, respectively. 

Therefore, it is possible that KVO(SO4)2 breakdowns on heating to 450 °C to give V(IV)OSO4 and 

the melt, K2S2O7 (m.p. 325 °C),43 according to the following equation: 

2KVO(SO4)2 
450 °𝐶
→     2VOSO4 + K2S2O7 + ½O2 Equation 3.4 

This decomposition route has previously been observed with the sodium counterpart, 

NaVO(SO4)2 but has not been reported for KVO(SO4)2.44 To characterise the thermal product, 

PXRD, optical microscopy, SEM and IR spectroscopy were employed. 

 

Figure 3.31. Dark green sample after heating KVO(SO4)2 at 450 °C in air for 12 h showing (a) the melted pellet and 
(b) the powdered material which was crushed for PXRD analysis. 

A PXRD pattern of the thermally decomposed product was collected over a 16 h scan using 

Mo Kα1,2 radiation and is shown in Figure 3.32. The PXRD pattern shows the sample consists 

of three phases, KVO(SO4)2, KVO2SO4 and V2O5. A Rietveld refinement was performed to 

determine the phase ratios of the thermally decomposed product. The three phases show 

similar peak shapes (Figure 3.32) and therefore, the phase ratios can be determined with 

reasonable confidence. However, it is not possible to determine the amount of amorphous 

component. 
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The following approach was used to perform the Rietveld refinement. The background was 

fitted using a Chebyshev polynomial with 36 terms due to the featured background profile 

and the zero-error refined. Then the unit cell parameters and profile parameters of the three 

phases (KVO(SO4)2, KVO2SO4 and V2O5) were refined.24,35,45 This gave a reasonable fit, as 

shown in Figure 3.32, with a Rwp value of 2.39%. 

 

Figure 3.32. Rietveld fit for the thermal product of KVO(SO4)2. PXRD data collected for 16 h at room temperature 
using Mo Kα1,2 radiation. 

The refined unit cell parameters and their %weight fractions are summarised in Table 3.18. 

These data suggest that on heating KVO(SO4)2 to 450 °C, KVO(SO4)2 remains as the main 

crystalline phase but KVO(SO4)2 also begins to decompose and the KVO2SO4 and V2O5 

crystalline phases form. However, it is clear from the significant features observed in the 

background of the PXRD pattern that the sample contains an amorphous component. The 

synthesis, thermal stability, and electrochemical properties of KVO2SO4 will be presented in 

Chapter four, together with the studies related to NH4VO2SO4. 

Table 3.18. Unit cell parameters obtained from ex situ PXRD analysis shown in Figure 3.32. 

Compound 
Space 
group 

Unit cell parameters/ Å Weight 
fraction/ % a b c 

KVO(SO4)2 P212121 16.173(5) 8.717(3) 4.946(1) 61.7(6) 
KVO2SO4 P212121 11.252(13) 8.158(9) 5.430(9) 30.6(9) 

V2O5 Pmmn 11.512(7) 3.544(2) 4.369(3) 7.6(4) 
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Optical microscopy and scanning electron microscopy were used to probe the thermal 

product colour and morphology. The optical image, Figure 3.33 (a), shows a mixture, 

comprising of small yellow/orange crystallites and larger red coloured crystallites. This 

suggests the thermal product is made up of two or more V(V)-based phases. While the SEM 

micrograph, Figure 3.33 (b), shows irregular shaped crystallites. 

 

Figure 3.33. (a) Optical microscopy image and (b) SEM micrograph of the thermal product of KVO(SO4)2. 

IR spectroscopy was also used to examine the thermal product. Figure 3.34 (a) and (b) show 

the IR spectra of KVO(SO4)2 and its thermal product, respectively. Both the IR spectra of 

KVO(SO4)2 and its thermal product show similar absorption bands, but the absorption bands 

of the thermal product are less intense compared to the bands of KVO(SO4)2. This suggests 

the number of specific bonds which give rise to those absorption bands has reduced. 

Furthermore, the spectra of the thermal product show fewer absorption bands which 

correspond to S-O bonds. This indicates a loss of some S-O bonds after heating. This 

observation coincides with the TGA data (Figure 3.30), which indicates a sulfate group is given 

off on heating KVO(SO4)2 up to 500 °C. The TGA data for NH4VO(SO4)2 (Figure 3.7), showed 

molecules of sulfur dioxide are given off at similar temperatures (350 – 490 °C). Additionally, 

the IR spectra (Figure 3.22) of its thermal products (2VOSO4·H2SO4, α-VOSO4 and V2O5) 

showed the number of S-O absorption bands decreased with increasing temperature, as 

more sulfur dioxide was given off. 
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Moreover, it is worth noting that the IR spectrum of the thermal product show an absorption 

band at 970 cm−1 which can be attributed to the short, vanadyl V=O stretching vibration. The 

presence of this V=O bond in the IR spectrum suggests the thermal product has not 

completely been reduced to a V(III) species, as vanadyl V=O bonds do not form in V(III) species. 

These data coincide with the PXRD analysis (Figure 3.32) which showed that the thermal 

product consists of a combination KV(V)O(SO4)2, KV(V)O2SO4 and V(V)
2O5, all of which contain 

short vanadyl V=O bonds. 

 

Figure 3.34. IR spectra of (a) KVO(SO4)2 and (b) its thermally decomposed product after heating at 450 °C in air. 
All data were collected at room temperature. 

The wavenumbers of the absorption bands and their assignments for the IR spectra of 

KVO(SO4)2 and its thermally decomposed product, as shown in Figure 3.34, are listed in Table 

3.19. 
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Table 3.19. The wavenumbers of the absorption bands and their assignments for KVO(SO4)2 and its thermally 
decomposed product as shown in Figure 3.34. 

KVO(SO4)2/ cm−1 Thermal product/ cm−1 Assignment 

1345 
1270 
1190 
1120 
1010 
970 
880 
805 
655 
645 
630 
600 
495 
475 
420 

1345 
1250 

 
1130 

 
970 
890 
805 
660 

 
630 
585 
480 
470 
430 

ν3(SO4) 
ν3(SO4) 
ν3(SO4) 
ν3(SO4) 
ν1(SO4) 
ν(V=O) 
ν(V-O) 
ν(V-O) 
ν4(SO4) 
ν4(SO4) 
ν4(SO4) 
ν4(SO4) 
ν2(SO4) 
ν2(SO4) 
δ(V-O) 

   

The TGA data (Figure 3.30) of KVO(SO4)2 shows a mass loss (33.76%, 100.66 g mol−1) which 

corresponds to the loss of one molecule of sulfur dioxide and oxygen. This suggests the 

thermal product is KV(III)OSO4. However, the PXRD analysis of the thermally decomposed 

product (Figure 3.32) shows it consists of the crystalline phases, KVO(SO4)2, KVO2SO4 and V2O5 

and an amorphous component. While the IR spectrum of the thermal product (Figure 

3.34 (b)) shows fewer S-O absorption bands which suggests the sample contains fewer S-O 

bonds compared to KVO(SO4)2. These data indicate that some sulfur dioxide is given off on 

heating KVO(SO4)2 to 450 °C but that KV(III)OSO4 is not the thermal product, as first expected 

from the TGA data. 
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3.7. Electrochemical properties of KVO(SO4)2 

Like NH4VO(SO4)2, the electrochemical properties of KVO(SO4)2 have not been studied in the 

literature. Thus, the electrochemical properties of KVO(SO4)2 versus Li+/Li0 were tested. 

KVO(SO4)2 has a theoretical capacity of 90 mA h g−1 on the insertion of one Li+ ion. 

Powdered KVO(SO4)2 was hand-ground with 20 wt.% carbon black (C65) for 30 minutes in an 

argon filled glovebox. Swagelok-type cells using a lithium metal disc as the negative 

electrode, and Whatman GF/D borosilicate glass fibre sheet saturated with 1 M LiPF6 in 

EC/DMC (1:1 w/w) as the electrolyte were assembled in an argon filled glovebox. Cells were 

cycled at 30 °C using a Bio-logic Mac Pile II system in galvanostatic mode between 4.1 and 

1.8 V at a rate of C/20. The galvanostatic discharge-charge curve is shown in Figure 3.35 (a) 

and the corresponding derivative dQ/dV curve is shown in Figure 3.35 (b) for the first cycle. 

The galvanostatic curves (Figure 3.23, Figure 3.35) of NH4VO(SO4)2 and KVO(SO4)2 versus 

Li+/Li0 show similar discharge-charge profiles, which is reasonable since these compounds are 

isostructural. On first discharge, Figure 3.35 (a) shows a plateau at 4.0 V followed by a 

staircase of short plateaux between 3.5 to 2.5 V and a sloping plateau down to 1.8 V. A 

specific capacity of 18.9 mA h g−1 was obtained which corresponds to approximately 0.2 Li+. 

On charging the cell no noticeable plateau was observed suggesting that the process is 

irreversible. 

The derivative dQ/dV curve (Figure 3.35 (b)) shows one large reduction peak at 3.95 V, which 

was similarly observed in the derivative dQ/dV curve of NH4VO(SO4)2 (Figure 3.23 (b)) and 

probably corresponds to the same process. It also shows minor reduction peaks at 3.55, 3.10 

and 2.40 V and one small oxidation peak at 4.00 V. These data imply that, like NH4VO(SO4)2, 

KVO(SO4)2 also presents an irreversible process on charging. 
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Figure 3.35. (a) Typical voltage-capacity curve for a KVO(SO4)2‖Li cell cycled between 4.1 V and 1.8 V started on 
discharge at C/20 and (b) the corresponding derivative curve dQ/dV of the first cycle. 

3.7.1. Structural analysis of electrochemically lithiated KVO(SO4)2 

To examine if there were any structural modifications, a PXRD pattern of the electrode 

material post-discharge was collected. The positive electrode was recovered from the 

KVO(SO4)2‖Li cell after being discharged to 1.8 V, washed with DMC three times in an argon 

filled glovebox, and dried under vacuum. The PXRD pattern was collected in transmission 

geometry for 16 h at room temperature using Mo Kα1,2 radiation. The pattern is shown in 

Figure 3.36, which was similar to the pristine phase (Figure 3.26). 

 

Figure 3.36. Ex situ PXRD pattern of positive electrode post-discharge. PXRD data collected at room temperature 
for 16 h using Mo Kα1,2 radiation. The red arrow indicates an additional reflection not observed for KVO(SO4)2 
shown in Figure 3.27. 
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The reflections had neither shifted to higher or lower 2 values relative to the pristine phase 

implying that the unit cell volume remained unchanged. The only difference was at low 

angles, where an additional reflection at 9.18 Å, as highlighted with a red arrow in Figure 

3.36, was observed. A similar low angle reflection has also been observed by Lander and 

co-workers.46 Electrochemical in situ PXRD measurements, using Cu Kα1 radiation, of KFeSO4F 

versus Li+/Li0 showed the growth of a low angle reflection at 7.82 Å on charging in conjunction 

with intensity loss of the (002) reflection at 7.49 Å. This change was attributed to the removal 

of K+ which resulted in the expansion along the c-axis due to the electrostatic repulsion 

between the [FeSO4F]− layers.46 

There are structural similarities between KVO(SO4)2 and KFeSO4F.24,46 The structural model of 

KVO(SO4)2 and KFeSO4F are presented in Figure 3.37 (a) and (b), respectively. The two 

compounds form layers of either [VO(SO4)2] − or [FeSO4F] − with potassium cations positioned 

between the layers. The [FeSO4F] − layers consist of corner-sharing FeO4F2 distorted 

octahedra interconnected by corner-sharing SO4 tetrahedra. 

It is possible that a somewhat similar process is occurring here, as the PXRD pattern of the 

post-discharge sample (Figure 3.36) similarly shows the appearance of a low angle reflection 

at 9.14 Å next to the KVO(SO4)2 (002) reflection at 8.22 Å. The KVO(SO4)2‖Li cell was started 

on discharge. Therefore, a small amount of Li+ could have been inserted between the 

[VO(SO4)2]− layers and caused an electrostatic repulsion with the K+ ions. 

 

Figure 3.37. Layered structures of (a) KVO(SO4)2 consisting of corner-sharing VO6 octahedra (purple polyhedra) and 
SO4 tetrahedra (yellow tetrahedra) with K+ (blue spheres) positioned between the chains and (b) KFeSO4F 
comprising of FeO4F2 octahedra (brown polyhedra) interconnected by bridging SO4 tetrahedra with K+ positioned 
between the chains.24,46 
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Le Bail fitting of the PXRD pattern was carried out using the space group, P212121 and unit cell 

parameters of KVO(SO4)2.24 However, the reflection at 9.14 Å was not included in the fit. This 

suggests that either there was a change in the space group or that a secondary phase began 

to form which could not be identified from one single reflection. 

Since KVO(SO4)2 exhibited poor electrochemical behaviour, this material was not pursued 

further for use in LIBs. However, attempts were made to exchange the K+ ions with Li+ ions 

to form, LiVO(SO4)2, via a molten-salt method. A eutectic mixture of LiNO3 (88 mol.%) and 

LiCl (12 mol.%) was used. A series of experiments were performed between 280 – 330 °C.47 

As shown in Figure 3.30, KVO(SO4)2 begins to decompose at 330 °C. Therefore, it is 

unsurprising that these experiments were unsuccessful and gave amorphous products. 
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3.8. Conclusions 

Two vanadium-based sulfate materials have been investigated, NH4VO(SO4)2 and KVO(SO4)2. 

While both materials have previously been reported in the literature their electrochemical 

properties were tested here for the first time.  

NH4VO(SO4)2 was synthesised by reacting small amounts of powdered NH4VO3 with 

concentrated H2SO4 at 200 °C. The thermal stability of NH4VO(SO4)2 was studied and the 

phases that formed at 365, 440 and 500 °C were characterised and identified as 

2VOSO4·H2SO4, α-VOSO4 and V2O5, respectively. Structural studies, evidenced by X-ray and 

neutron powder diffraction, on 2VOSO4·D2SO4 allowed an improved structural model to be 

achieved which includes the positions of the deuterium atoms (i.e., hydrogen atoms) and 

modelled the disorder of the SO4 unit of the D2SO4 molecule by use of split sites. 

As for KVO(SO4)2, a solution-based method was also used. An excess of concentrated H2SO4 

was added to a saturated solution of KVO3 and the mixture heated at a lower temperature 

of 150 °C. Like NH4VO(SO4)2, KVO(SO4)2 also exhibited a low thermal stability and began to 

decompose at just 330 °C and subsequently melted after heating at 450 °C. Ex situ PXRD 

analysis of the thermal product showed it consists of the crystalline phases KVO(SO4)2, 

KVO2SO4 and V2O5. 

The two compounds, NH4VO(SO4)2 and KVO(SO4)2, showed similar electrochemical activity 

versus Li+/Li0 likely because they are isostructural. Both compounds exhibited a reduction 

peak below 4.0 V. Similarly, the vanadium oxyphosphate phase, LiVOPO4, exhibited a 

reduction process at 3.95 V associated with the V(V)/V(IV) redox couple. Therefore, it is 

reasonable to assume that the reduction peak at roughly 4.0 V can also be associated with 

the partial reduction of V(V) to V(IV). 

It can be concluded that these materials do not possess the necessary structural features, in 

other words vacant sites or open channels to permit the insertion of Li+ ions. Therefore, these 

are not viable electrode materials for LIBs. While they are already used as catalysts, they may 

be of some interest for other electrochemical applications, such as vanadium redox flow 

batteries. 
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4.1. Introduction 

In addition to the oxidovanadium sulfates AV(V)O(SO4)2 (A = K+, Rb+, Cs+, Tl+, NH4
+),1–5 the 

dioxovanadium sulfates A(V)VO2SO4 (A = K+, Rb+, Cs+), that contain [VO2]+ cations, have also 

been studied in literature because they model the active component of the catalyst used in 

the manufacture of sulfuric acid.6–11 Previous reports focused on the synthesis and structure 

of AVO2SO4 (A = K+, Rb+, Cs+), to understand the catalytic mechanism. However, the 

electrochemical properties of these vanadium-based sulfate materials remain unreported in 

the literature. Consequently, the electrochemical properties of AVO2SO4 (A = K+, NH4
+) were 

studied for the first time. 

The compounds, KVO2SO4 and RbVO2SO4 are isostructural (Figure 4.1 (a)), and are made up 

of zig-zag chains of corner-sharing VO6 distorted octahedra linked via SO4 tetrahedra which 

crystallise in the orthorhombic P212121 space group.10,11 In comparison, the caesium 

counterpart forms two polymorphs, I- and II-CsVO2SO4, that are both structurally different to 

KVO2SO4 and RbVO2SO4. 

The structure of I-CsVO2SO4 (Figure 4.1 (b)) crystallises in the orthorhombic Pbca space group 

and is built up of corner-sharing VO5 tetragonal pyramids linked via bridging SO4 tetrahedra.8 

In comparison, the structure of II-CsVO2SO4 (Figure 4.1 (c)) crystallises in the monoclinic P21/c 

space group, and consists of edge-sharing VO6 distorted octahedra with bridging SO4 

tetrahedra.9 

 

Figure 4.1. Structural models of AVO2SO4 (A = K+, Rb+, Cs+) showing (a) zig-zag chains of corner-sharing VO6 
octahedra (purple polyhedra) interconnected by SO4 tetrahedra (yellow polyhedra) with K+ or Rb+ (blue spheres) 
positioned in the cavities to give KVO2SO4 or RbVO2SO4, (b) layers of corner-sharing VO5 tetragonal pyramids 
(purple polyhedra) linked via corner-sharing SO4 tetrahedra with Cs+ (dark blue spheres) positioned between the 
chains of I-CsVO2SO4 and (c) the edge-sharing VO6 octahedra with bridging SO4 tetrahedra of II-CsVO2SO4. 
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In this Chapter, the synthesis, thermal stability and electrochemical properties of KVO2SO4 

are presented. Moreover, for the sake of completion of this study and since the existence of 

the ammonium counterpart, NH4VO2SO4, is unreported, the structural relationship between 

these two phases was explored. Therefore, the synthesis, structure and electrochemical 

properties of the new material, NH4VO2SO4, were also studied for the first time. 

 

4.2. Solid-state synthesis of KVO2SO4 

KVO2SO4 was synthesised by a solid-state method as described by Glazyrin et al.6 K2S2O8 and 

V2O5 were used as potassium- and vanadium-based precursors for the targeted phase 

KVO2SO4. K2S2O8 was first thermally decomposed at 300 °C for 30 minutes under nitrogen in 

a tube furace to prepare K2S2O7.12 Once prepared, K2S2O7 was stored and handled in an argon 

filled glovebox. To confirm K2S2O7 formed, a PXRD pattern of K2S2O7 was collected over 1 h at 

room temperature using Cu Kα1 radiation. PXRD patterns of commercial powders of K2S2O8 

and V2O5 were also collected over 1 h at room temperature using Cu Kα1 radiation and the 

PXRD patterns of K2S2O8, V2O5 and K2S2O7 are shown in Figure 4.2. 

 

Figure 4.2. PXRD patterns of the precursors K2S2O8, K2S2O7 and V2O5 used to prepared KVO2SO4. Data were 
collected at room temperature for 1 h each using Cu Kα1 radiation. 

The PXRD patterns of K2S2O8, K2S2O7 and V2O5 were indexed using WinXPOW and their unit 

cell parameters are summarised in Table 4.1.13 The PXRD pattern of K2S2O7 was indexed to fit 

a monoclinic cell with the unit cell parameters a = 12.359(9) Å, b = 7.310(6) Å, c = 7.283(5) Å, 

 = 93.12(4) ° which correspond well to those of K2S2O7, as reported by Lynton et al.14 
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Table 4.1. Unit cell parameters from indexing the PXRD patterns of K2S2O8, K2S2O7 and V2O5 shown in Figure 4.2. 

Compound 
Space 
group 

Unit cell parameters 

a/ Å b/ Å c/ Å / ° / ° / ° 

K2S2O8 P1̅ 5.1185(6) 7.0388(6) 5.5087(7) 106.271(6) 90.222(7) 106.077(7) 

K2S2O7 C2/c 12.359(9) 7.310(6) 7.283(5) 90.0 93.12(4) 90.0 
V2O5 Pmmn 11.513(1) 3.5650(3) 4.3740(4) 90.0 90.0 90.0 

        

To synthesise KVO2SO4, stoichiometric amounts of K2S2O7 (0.583 g, 2.29 mmol) and V2O5 

(0.417 g, 2.29 mmol) were used according to the solid-state reaction given in Equation 4.1. 

V2O5 + K2S2O7 → 2KVO2SO4 Equation 4.1 

In an argon filled glovebox, K2S2O7 and V2O5 were mixed using a pestle and mortar, pelletised, 

and the pellets heated at 300 °C for 12 h at a time. Intermediate grindings were made, and 

the progress of the reaction was monitored by PXRD. Impurity phases (K4V2O3(SO4)4 and V2O5) 

were observed in the intermediate PXRD patterns. To remove these impurities, the sample 

was heated at 400 °C for 1 h. This was an additional heating step to that described by Glazyrin 

et al., who prepared KVO2SO4 at 300 °C via the same solid-state route using the precursors, 

K2S2O7 and V2O5.6 This gave the orange/brown powdered sample shown in Figure 4.3. 

 

Figure 4.3. Orange/brown powdered sample of KVO2SO4, prepared by solid-state synthesis. 

Efforts were made to remove the V2O5 impurity from KVO2SO4. Additional experiments, 

following the same procedure as detailed above were performed using different ratios of the 

vanadium and potassium precursors to reduce the amount of V2O5 remaining. Initially, 

stoichiometric amounts of K2S2O7 (2.29 mmol) were used and the amount of V2O5 was 

reduced by 5, 10 and 25 mol% (2.18, 2.06, 1.12 mmol, respectively). However, the products 

of these experiments all contained residual V2O5. Therefore, stoichiometric amounts of V2O5 

(2.29 mmol) were used and the amount of K2S2O7 was increased by 5, 10 and 25 mol% (2.41, 

2.52, 2.87 mmol, respectively). Again, V2O5 remained in these products as identified by PXRD 

analysis.  
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4.3. Characterisation of KVO2SO4 

The phase purity of KVO2SO4 was studied using a range of techniques including PXRD, optical 

microscopy, SEM, EDS and IR spectroscopy. Additionally, the thermal stability of KVO2SO4 was 

analysed by TGA and ex situ characterisation of the thermally decomposed phase. These 

analyses are discussed in the following sections.  

4.3.1. X-ray diffraction analysis of KVO2SO4 

Powder X-ray diffraction was used to examine progress of the solid-state reaction. PXRD 

patterns were collected at room temperature for 1 h each using Cu Kα1 radiation. Figure 4.4 

shows the PXRD patters of the products after heating the mixture of K2S2O7 and V2O5 at 300 °C 

for a total of 70 h and after heating at 400 °C for 1 h. The PXRD pattern after heating at 300 °C 

shows the product contains KVO2SO4 and the impurity phases, K4V2O3(SO4)4, as indicated by 

pink arrows and V2O5, as indicated by blue arrows. The PXRD pattern (Figure 4.4) after 

heating at 400 °C for 1 h shows reflections which correspond to the desired phase, KVO2SO4 

and residual V2O5, as indicated by blue arrows. This PXRD pattern was indexed to fit a 

primitive, orthorhombic system with the unit cell parameters a = 11.112(3) Å, 

b = 8.2748(2) Å, c = 5.4835(12) Å and the reflection conditions (h00: h = 2n; 0k0: k = 2n; 

00l: l = 2n) are consistent with the P212121 space group.  

 

Figure 4.4. PXRD patterns of the products from heating the mixture of K2S2O7 and V2O5 at 300 °C for 70 h and then 
at 400 °C for 1 h. PXRD patterns were collected at room temperature for 1 h each using Cu Kα1 radiation. The pink 
arrows indicate the K4V2O3(SO4)4 impurity phase and blue arrows indicate the residual V2O5 precursor. 
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4.3.2. Structural refinement of KVO2SO4 

A Rietveld refinement was performed to examine the purity of the sample i.e., determine the 

amount of V2O5 in the sample. The background was refined first using a Chebyschev 

polynomial with 18 terms. The unit cell parameters, zero-error, pseudo Voigt profile 

parameters were all refined followed by the atomic coordinates. Initially, individual isotropic 

thermal parameters were used. However, this model showed higher than desirable thermal 

parameters for the sulfur and oxygen atoms, suggesting disorder of the SO4 tetrahedra.  

Therefore, a second model was tested. Due to the structural complexity of this material the 

thermal isotropic parameters were refined per atom type, with a different isotropic thermal 

parameter for the potassium, vanadium, sulfur and oxygen atoms. This model gave the most 

stable refinement with reasonable values for the thermal isotropic parameters. 

Finally, the impurity phase, V2O5 was added and the phase fractions of the two phases were 

refined. The Rietveld fit obtained is shown in Figure 4.5. 

 

Figure 4.5. Rietveld fit for KVO2SO4 using structural model published by Krasil’nikov et al., as the starting model.11 
PXRD data were collected at room temperature over 16 h using Mo Kα1,2 radiation. 

The refined structural parameters obtained from the Rietveld refinement shown in Figure 4.5 

are summarised in Table 4.2.  

5 10 15 20 25 30 35 40 45 50

In
te

n
s

ty
 (

a
.u

.)

2 ()

 Obs

 Calc

 Obs-calc

 KVO2SO4

 V2O5



Chapter 4. Investigation of KVO2SO4 and NH4VO2SO4 for electrochemical applications 

135 

Table 4.2. Atomic coordinates and isotropic thermal parameters (Uiso×100, Å2) of KVO2SO4 obtained from Rietveld 
refinement shown in Figure 4.5. 

KVO2SO4     Space group P212121 

a = 11.0922(12) Å, b = 8.2628(10) Å, c = 5.4778(7) Å, V = 502.0(2) Å3 

Z = 4, density = 2.88(5) g cm−3 

Atom 
Wyckoff 

site 
x y z Occupancy 

Uiso×100 
(Å2) 

K 4a 0.8937(4) 0.0662(5) 1.222(12) 1 2.02(13) 

V 4a 0.8156(3) 0.4097(4) 0.2805(8) 1 0.81(10) 

S 4a 0.0414(5) 0.3002(6) 0.2123(11) 1 2.16(2) 

O(1) 4a 0.7559(9) 0.2442(12) 0.209(3) 1 2.10(2) 

O(2) 4a 0.0660(11) 0.1464(12) 0.133(2) 1 2.10(2) 

O(3) 4a 0.1460(8) 0.397(2) 0.270(3) 1 2.10(2) 

O(4) 4a 0.9551(12) 0.366(1) 0.038(2) 1 2.10(2) 

O(5) 4a 0.0392(12) 1.199(2) 0.064(2) 1 2.10(2) 

O(6) 4a 0.7393(10) 0.552(2) 0.094(2) 1 2.10(2) 

χ2 = 5.73, Rwp = 3.07%, Rp = 2.42% 

 

The agreement factors (Rwp = 3.07%, Rp = 2.42%) and fit obtained were good. This analysis 

showed the sample was almost phase pure, with only approximately 6% weight percent of 

V2O5. The refined structural model of KVO2SO4 is illustrated in Figure 4.6. As previously 

mentioned (Section 4.1) the structure of KVO2SO4 is isostructural with RbVO2SO4.11 The 

structure of KVO2SO4 consists of infinite zig-zag chains of corner-sharing VO6 distorted 

octahedra linked via bridging and edge-sharing SO4 tetrahedra. This forms a spatial 

framework in which the cavities accommodate K+, as illustrated in Figure 4.6 (a). In the 

structure of KVO2SO4, the vanadium atoms are coordinated by six oxygen atoms. The 

coordination of the VO6 octahedra to neighbouring VO6 octahedra and SO4 tetrahedra is 

shown in Figure 4.6 (b). There are two axial oxygen atoms, O(1) is terminal at a short distance 

of 1.568(10) Å which is typical of a vanadyl bond,15 and O(2) bridging to the SO4 tetrahedra 

at a much longer distance of 2.402(9) Å. There are four equatorial oxygen atoms, two O(6) 

atoms are coordinated to two vanadium atoms at roughly the same distance of 1.771(2) and 

1.854(13) Å, and O(4) and O(5) are edge-sharing with one SO4 tetrahedra at longer distances 

of 2.069(13) and 2.033(13) Å, respectively. The dioxovanadium group [VO2]+, is made up of 

the V, O(1) and O(6) atoms. Both of the V=O(1) (1.568(10) Å) and V=O(6) (1.771(2) Å) bonds 

are typical of vanadyl bond lengths.15 This results in a distorted octahedron which is 

commonly observed in V(V) containing compounds.16 Using the calculated bond lengths, bond 
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valence analysis was carried out. The valence of the vanadium cation was calculated to be 

5.07 which is reasonable for a V(V) species, as expected. 

In the SO4 tetrahedra, the S-O bond lengths are also non-equivalent. The edge-sharing O(4) 

and O(5) atoms are bonded at longer distances of 1.458(13) and 1.516(11) Å, respectively. 

While the bridging O(2) atom is at a shorter distance of 1.369(10) Å and the terminal O(3) 

atom is at 1.446(10) Å. These S-O bond lengths are all typical for a sulfate group.17 

The structures of KVO2SO4 (Figure 4.6) and AVO(SO4)2 (A = NH4
+, K+) (Figure 3.4) contain 

distorted VO6 octahedra and SO4 tetrahedra. However, KVO2SO4 and AVO(SO4)2 (A = NH4
+, K+) 

are structurally different because the connectivity between the polyhedra are different. 

KVO2SO4 consists of corner-sharing VO6 octahedra which are linked via SO4 tetrahedra which 

are edge-sharing with one VO6 octahedra and corner-sharing with a second VO6 octahedra. 

Therefore, this combination of edge-sharing and corner-sharing polyhedra forms a 

three-dimensional framework. Whereas AVO(SO4)2 (A = NH4
+, K+) form layered structures 

because they consist of VO6 octahedra interconnected by corner-sharing SO4
 tetrahedra. 

 

Figure 4.6. Structural model of KVO2SO4 showing (a) zig-zag chains of VO6 octahedra (purple polyhedra) 
interconnected by SO4 tetrahedra (yellow polyhedra) with potassium ions (blue spheres) positioned in the cavities, 
(b) the coordination around the VO6 octahedra and (c) the framework structure. 
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4.3.3. Optical and scanning electron microscopy analysis of KVO2SO4 

There are no optical images or SEM micrographs of KVO2SO4 in the literature.6 To characterise 

KVO2SO4, optical microscopy, SEM and EDS were used to examine the sample morphology 

and its composition. The optical microscopy image and SEM micrograph of KVO2SO4 are 

shown in Figure 4.7 (a) and (b), respectively, and are representative of the bulk material. The 

optical image shows a fine, orange powdered material. The SEM micrograph shows small 

crystallites of ill-defined shape. The small crystallites could be a result of the intermediate 

grindings as part of the solid-state synthesis. The uniformity of both the sample colour and 

its morphology suggest this that material was probably phase pure. However, the PXRD 

analysis (Figure 4.5) shows the sample contains a small amount of V2O5 which was not evident 

in the optical microscopy image or SEM micrograph of KVO2SO4 (Figure 4.7). 

 

Figure 4.7. (a) Optical microscopy image and (b) SEM micrograph of KVO2SO4. 

EDS data were collected, and these data are listed in Table 4.3. These data are in fair 

agreement with the theoretical atomic K : V : S (0.33 : 0.33 : 0.33) ratio for KVO2SO4. 

However, the sulfur (30.61 atomic%) content was slightly lower than expected which could 

be due to the V2O5 impurity. It is reasonable to consider that some sulfur dioxide or sulfur 

trioxide were given off after heating KVO2SO4 at 400 °C. 

Table 4.3. EDS analysis of KVO2SO4. 

Element K V S 

Atomic% 34.8 34.6 30.7 

35.0 33.0 31.0 

35.2 34.5 30.4 

34.6 35.1 30.3 

Average atomic% 35.0 34.4 30.6 

Experimental ratio 0.35 0.34 0.31 

Theoretical ratio 0.33 0.33 0.33 
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4.3.4. Infrared spectroscopy of KVO2SO4 

Infrared spectroscopy has previously been used to examine the phase purity of KVO2SO4.6,11
 

The IR spectrum of KVO2SO4 was collected at room temperature and is shown in Figure 4.8. 

The experimental IR spectrum of KVO2SO4 (Figure 4.8) is comparable to the IR spectra of 

KVO2SO4 presented in literature.6,11 It shows the same number of absorption bands with 

similar wavenumbers which supports the PXRD data (Figure 4.5) which indicated that the 

sample was mostly phase pure.  

The IR spectrum of KVO2SO4 shows an absorption band at 980 cm−1 which corresponds to the 

vanadyl bond, V=O. The absorption bands at 940 and 895 cm−1 correspond to the stretching 

vibrations of the weaker V-O bonds, while the band at 430 cm−1 can be attributed to the V-O 

bending vibration. Figure 4.8 also shows an absorption band at 790 cm−1 which can be 

attributed to the V-O-V vibration which has previously been observed in literature.6,11 A 

similar absorption band was not observed for NH4VO(SO4)2 or KVO(SO4)2 (Figure 3.29) 

because these structures are not made up of corner-sharing VO6 octahedra. This illustrates 

the structural difference between the compounds, KVO2SO4 and AVO(SO4)2 (A = NH4
+, K+). 

The IR spectrum of KVO2SO4 (Figure 4.8) also shows eight bands that can be associated with 

the SO4
2− group. It presents three ν3 vibrations (1255, 1180, 1145 cm−1), one ν1 vibration 

(1050 cm−1), three ν4 vibrations (695, 645, 590 cm−1) and one ν2 vibration (520 cm−1). This 

suggests that the SO4
2− groups in KVO2SO4 has C2v symmetry, as discussed earlier in Section 

2.3.10.1.18  

 

Figure 4.8. Infrared spectrum KVO2SO4 prepared via solid-state synthesis. IR spectrum was collected at room 
temperature. 
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The wavenumbers of the absorption bands and their assignments for the IR spectrum of 

KVO2SO4 are summarised in Table 4.4. 

Table 4.4. The wavenumbers of the absorption bands and their assignment for KVO2SO4 shown in Figure 4.8. 

KVO2SO4/ cm− Assignment 

1255 ν3(S-O) 

1180 ν3(S-O) 

1145 ν3(S-O) 

1050 ν1(S-O) 

980 ν(V=O) 

940 ν(V-O) 

895 ν(V-O) 

790 ν(V-O-V) 

695 ν4(S-O) 

645 ν4(S-O) 

590 ν4(S-O) 

520 ν2(S-O) 

430 δ(V-O) 

 

4.3.5. Thermal analysis of KVO2SO4 

To investigate how the thermal stability of KVO2SO4 compares to KVO(SO4)2 (Section 3.6.5), 

TGA data were collected on KVO2SO4 in air up to a temperature of 500 °C at a rate of 

1 °C min−1. To compare the TGA data of KVO2SO4 with KVO(SO4)2, the same heating rate of 

1 °C min−1 was used since TGA results are sensitive to heating rates.19 The mass loss curve is 

shown in Figure 4.9 (a) and the DTG curve is shown in Figure 4.9 (b), showing peaks that 

correspond to the temperature at which KVO2SO4 losses weight. 

The percentage mass loss curve (Figure 4.9 (a)) shows KVO2SO4 gradually losses mass (4.8%) 

on heating up to 400 °C. Above 400 °C, there was a small mass loss (7.8%, 17.0 g mol−1) which 

can be attributed to the loss of half a molecule of oxygen. This experimental mass loss agrees 

well with the calculated mass loss (7.3%, 16.0 g mol−1). This data suggests the phase that 

formed was KV(III)OSO4, which was similarly believed to be the thermal product of KVO(SO4)2 

based on TGA data (Section 3.6.5). The data also showed KVO2SO4 continued to lose mass on 

heating up to 500 °C, indicating that the product was not thermally stable. The thermal 

product of KVO(SO4)2 similarly continued to lose mass on heating (Section 3.6.5). 



Chapter 4. Investigation of KVO2SO4 and NH4VO2SO4 for electrochemical applications 

140 

 

Figure 4.9. Thermogravimetric analysis of KVO2SO4 in air (a) mass loss curve and (b) derivative thermogravimetric 
gradient curve. 

4.3.5.1. Ex situ characterisation of thermally decomposed KVO2SO4 

To identify the thermal product, a pellet of KVO2SO4 was heated in air at 500 °C for 12 h. Like 

the thermal product of KVO(SO4)2, the pellet of KVO2SO4 melted, to give a dark green/brown 

melt (Figure 4.10). It can be assumed that KVO2SO4 melted at 405 °C, as identified from the 

TGA experiment (Figure 4.9). To characterise the thermal product of KVO2SO4, a PXRD 

pattern, optical microscopy image, SEM micrograph and IR spectrum were collected. 

 

Figure 4.10. Dark green/brown sample formed after heating KVO2SO4 in air at 410 °C. Sample was crushed for 
PXRD data collection. 

PXRD data of the thermal product was collected over 16 h at room temperature using Mo 

Kα1,2 radiation. A Rietveld refinement was performed to determine its composition. The 

structural model for V2O5 was used as the starting model.20 The background was fitted using 

a Chebyshev polynomial with 36 terms, the unit cell parameters, zero-error and profile 

parameters were all refined to give the Rietveld fit shown in Figure 4.11. The model used 

gave a Rwp value of 2.33% and unit cell parameters a = 11.507(3) Å, b = 3.5597(9) Å, 

c = 4.3766(10) Å, V = 179.28(13) Å3 were obtained which confirmed that V2O5 formed as the 
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crystalline phase. However, the large background feature centred around 12.5 ° 2 suggests 

that the thermal product contained a secondary amorphous component. It is likely that this 

amorphous component contains potassium and it is likely that this is KVO2SO4 based on the 

IR spectrum (Figure 4.13 (b)) or another potassium oxide phase.  

 

Figure 4.11. Rietveld fit for V2O5 using structural model published by Enjalbert et al., as the starting model.20 PXRD 
data collected in transmission geometry over 16 h at room temperature using Mo Kα1,2 radiation. 

To help identify the secondary amorphous component, optical microscopy images and SEM 

micrographs were used. The optical image (Figure 4.12 (a)) shows two different coloured 

phases; a yellow/orange powdered-like phase and darker brown crystallites. This suggests 

the thermal product was made up of two V(V) species. The yellow/orange powdered phase 

was likely V2O5, as identified from the PXRD analysis (Figure 4.11) and the darker brown phase 

was possibly KVO2SO4 or another V(V) oxide species. The SEM micrograph (Figure 4.12 (b)) 

shows a mixture of different sized crystallites of irregular shape. 

 

Figure 4.12. (a) optical microscopy image and (b) SEM micrograph of the thermal product of KVO2SO4. 
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To determine the secondary amorphous phase an IR spectrum was collected. Figure 4.13 (a) 

and (b) show the IR spectra of KVO2SO4 and its thermally decomposed product, respectively. 

The IR spectrum of the thermal product shows several absorption bands. These absorption 

bands do not correspond to the absorption bands of commercial V2O5 (Figure 3.6(a)). This 

suggests the thermal product contains more than the crystalline phase, V2O5, as identified 

from the PXRD analysis (Figure 4.11). Instead, it was more comparable to the IR spectrum of 

KVO2SO4 (Figure 4.13). It shows fewer, weaker absorption bands of similar wavenumbers 

compared to that of KVO2SO4 (Figure 4.13 (a)). The thermal product shows absorption bands 

at 940 and 820 cm−1 that correspond to the V=O and V-O stretching vibrations, respectively, 

which were also observed for KVO2SO4. It also shows absorption bands that can be associated 

with the SO4
2− group, as discussed in Section 2.3.10.1. Fewer S-O absorption bands are shown 

which implies that the thermal product contains fewer S-O bonds or the site symmetry of the 

sulfur atoms increased from C2v to C3v (Table 2.4). It is also worth noting that the absorption 

bands are weaker, suggesting that the number of specific bonds which give rise to the 

absorption band has reduced on heating KVO2SO4 at 500 °C in air. 

 

Figure 4.13. IR spectra of powdered samples of (a) KVO2SO4 and (b) its thermal product (500 °C). IR spectra were 
collected at room temperature. 

The wavenumbers of the absorption bands and their assignments for the IR spectra of 

KVO2SO4 and its thermal product (500 °C) are summarised in Table 4.5. 
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Table 4.5. The wavenumbers of the absorption bands and their assignment for KVO2SO4 and the thermal product 
shown in Figure 4.13 (a) and (b), respectively. 

KVO2SO4/  

cm−1
 

Thermal 

product/ cm−1 Assignment 

1255 1220 ν3(S-O) 

1180  ν3(S-O) 

1145 1140 ν3(S-O) 

1050  ν1(S-O) 

980 940 ν(V=O) 

940 
 

ν(V-O) 

895 820 ν(V-O) 

790  ν(V-O-V) 

695  ν4(S-O) 

645 650 ν4(S-O) 

590 590 ν4(S-O) 

520 475 ν2(S-O) 

430 410 δ(V-O) 

   

The TGA data (Figure 4.9) shows KVO2SO4, losses weight at 405 °C and melted. The mass loss 

(7.8%, 17.0 g mol−1) at 405 °C likely corresponds to half a molecule of oxygen. Examination of 

the PXRD pattern (Figure 4.11), optical microscopy image, SEM micrograph (Figure 4.12) and 

IR spectrum (Figure 4.13) of the thermal product suggest it was made up of the crystalline 

phase, V2O5, and the amorphous phase, KVO2SO4. 

As for the thermal decomposition of KVO(SO4)2, the TGA data (Section 3.6.5) suggested that 

KVO(SO4)2 decomposed at a lower temperature of 300 °C and a molecule of oxygen and one 

molecule of sulfur dioxide were given off to give KV(III)OSO4. However, the ex situ analysis of 

the thermal product suggested it contained a mixture of KVO(SO4)2, KVO2SO4 and V2O5. This 

data revealed that KVO(SO4)2 decomposed at a lower temperature which was reasonable 

since KVO(SO4)2 was synthesised at a lower temperature of 150 °C (Section 3.5) compared to 

KVO2SO4 which was prepared at 300 – 400 °C (Section 4.2). Therefore, KVO2SO4 is more 

thermodynamically stable than KVO(SO4)2. TGA-MS could provide more clarification on the 

compounds given off on heating KVO(SO4)2 and KVO2SO4. However, this data was 

unattainable as these compounds both melt on heating and would risk contaminating the 

instrument and would also react with the alumina crucibles used in the TGA-MS. Albeit, the 

analysis presented in this thesis showed KVO2SO4 and KVO(SO4)2 present low thermal 

stabilities which is consistent with other vanadium-based sulfates including, VOSO4.21 



Chapter 4. Investigation of KVO2SO4 and NH4VO2SO4 for electrochemical applications 

144 

4.4. Electrochemical properties of KVO2SO4 

The electrochemical properties of KVO2SO4 have not been reported in the literature. 

Consequently, as part of this study, KVO2SO4 was explored as a positive electrode material 

for LIBs which has a theoretical capacity of 123 mA h g−1. 

The positive electrode was prepared by hand grinding KVO2SO4 with 20 wt.% carbon black 

(C65) for 30 minutes in an argon filled glovebox. Swagelok-type cells of KVO2SO4‖Li using 

1 M LiPF6 in ethylene carbonate and dimethyl carbonate (1:1 w/w) as the electrolyte were 

assembled in an argon filled glovebox. A cell of KVO2SO4‖Li was cycled at 30 °C using a 

Bio-logic Mac Pile II system in galvanostatic mode between 1.8 V and 3.5 V at a rate of C/20. 

The cell was started on discharge and a typical voltage-capacity curve and dQ/dV curve are 

shown in Figure 4.14 (a) and (b), respectively. 

The voltage-capacity curve (Figure 4.14 (a)) shows multiple sloping plateaux and KVO2SO4 

delivered a low discharge capacity of 22 mA h g−1, corresponding to 0.17 Li+. While the dQ/dV 

curve (Figure 4.14 (b)) presents reduction peaks at 3.05, 2.32 and 1.97 V versus Li+/Li0 and a 

low intensity oxidation peak at 2.68 V versus Li+/Li0, suggesting that these processes were 

irreversible. 

Song et al. observed similar electrochemical behaviour for non ball-milled NaVOPO4 versus 

Na+/Na0.22 More specifically, NaVOPO4 exhibited a similar sloping discharge profile and 

delivered a comparable capacity of 20 mA h g-1. These similarities are reasonable since 

NaVOPO4 and KVO2SO4 are structurally alike. They both form framework type structures 

which consist of VO6 octahedra interconnected via corner-sharing XO4 (X = P, S) tetrahedra 

with A+ cations (A = Na+, K+) positioned within the cavities.22 

While both KVO2SO4 and KVO(SO4)2 are V(V) species, KVO2SO4 exhibited a lower VOC = 3.35 V 

versus Li+/Li0 (Figure 4.14) compared to KVO(SO4)2 which has an VOC = 4.05 V versus Li+/Li0 

(Section 3.7). This is likely due to the difference in the number of SO4
2− groups surrounding 

the VO6 octahedra in these compounds. The SO4
2− groups share oxygens with the vanadium 

metal cations which influence the V-O covalency via the inductive effect (Section 1.2).23,24 
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In KVO(SO4)2 (Figure 3.4), each VO6 octahedra is surrounded by five SO4
2− groups which lower 

the orbital overlap between the S-O bond and the V-O bond which increases the ionic 

character of the V-O bonds and in turn the electrochemical potential of KVO(SO4)2.4,5 

Whereas, the framework structure of KVO2SO4 (Figure 4.6) consists of two corner-sharing 

VO6 octahedra bridged by two SO4 tetrahedra of which one is corner-sharing and the other 

edge-sharing.6 As a result, the ionic character of the V-O bonds in KVO2SO4 is lower compared 

to KVO(SO4)2 and thus exhibits a lower potential by 0.8 V. 

 

Figure 4.14. (a) Typical voltage-capacity curve for a KVO2SO4‖Li cell cycled between 3.5 V to 1.8 V, started on 
discharge at C/20 and (b) the corresponding derivative dQ/dV curve of the first cycle. 

4.4.1. Structural analysis of electrochemically lithiated KVO2SO4 

To help understand the limited capacity of KVO2SO4 versus LI+/Li0, a PXRD of the positive 

electrode post-discharge was collected in transmission geometry for 16 h at room 

temperature using Mo Kα1,2 radiation. Le Bail fitting of the PXRD pattern was carried out using 

the space group, P212121 and unit cell parameters of KVO2SO4.6 The background was fitted 

using a Chebyshev polynomial with 32 terms, the zero-error, unit cell parameters and profile 

parameters were all refined to obtain a Rwp value of 3.28%. The Le Bail fit of the 

post-discharged positive electrode is shown in Figure 4.15. This analysis gave the unit cell 

parameters a = 11.1860(9) Å, b = 8.2297(6) Å, c = 5.4889(3) Å, V = 505.30(7) Å3 which shows 

a 0.7% volume increase compared to the pristine phase (Table 4.2). 
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This volume expansion suggests that the 0.17 mol of Li+ in KVO2SO4, as observed from the 

discharge curve (Figure 4.14), may have been inserted into the structure of KVO2SO4. 

Additionally, the PXRD analysis showed that there was no structural change or formation of 

a secondary phase since all of the reflections were accounted for in the Le Bail fit (Figure 

4.15). 

 

Figure 4.15. Le Bail fit of KVO2SO4 post-discharge. PXRD data collected at room temperature for 16 h using Mo 
Kα1,2 radiation. 

Due to the limited capacity exhibited by KVO2SO4, this material was not studied further as 

part of this work. 
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4.5. Synthesis of NH4VO2SO4 

To synthesise the novel compound ammonium dioxovanadium sulfate, NH4VO2SO4, two 

different synthetic methods were tested; (1) solid-state method and (2) solution-based 

method. The details pertaining to these synthesises are described in the subsequent sections. 

4.5.1. Solid-state synthesis of NH4VO2SO4 

A solid-state method was first tested to prepare NH4VO2SO4, based on Equation 4.2. 

NH4VO3 + NH4VO(SO4)2 → 2NH4VO2SO4 Equation 4.2 

To determine the synthesis temperature for the solid-state reaction (Equation 4.2), TGA data 

of the reaction were collected. The mixture of NH4VO3 and NH4VO(SO4)2 was heated in air up 

to 500 °C at a rate of 1 °C min−1. The mass loss curve is shown in Figure 4.16 (a) and the DTG 

curve obtained from the TGA experiment is shown in Figure 4.16 (b). 

 

Figure 4.16. TGA data of the solid-state reaction between NH4VO3 and NH4VO(SO4)2
 in air, showing the (a) mass 

loss and (b) derivative thermogravimetric gradient curves. 

There were several small mass losses observed at relatively low temperatures; the first at 

175 °C (1.1%), another at 210 °C (1.2%) and a third at 265 °C (1.3%). At higher temperatures 

there were two larger mass losses at 420 °C (20.9%) and 490 °C (20.5%). The total 

experimental mass loss (45.6%) was in reasonable agreement with the calculated mass loss 

(47.8%). This suggests the thermal decomposition of the reaction between NH4VO3 with 

NH4VO(SO4)2 can be expressed by the following overall reaction: 

NH4VO3 + NH4VO(SO4)2 → V2O5 + 2NH3 + H2O + O2 + 2SO2 Equation 4.3 

Therefore, to prevent the thermal decomposition of the mixture and to synthesise 

NH4VO2SO4, the reaction was performed at 150 °C, according to the TGA data (Figure 4.16). 
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4.5.1.1. Experimental solid-state synthesis of NH4VO2SO4 

To synthesise NH4VO2SO4, stoichiometric amounts of NH4VO3 (0.2969 g, 2.54 mmol) and 

NH4VO(SO4)2 (0.7032 g, 2.54 mmol) were ground into a homogenous mixture using a pestle 

and mortar, the powder pressed into pellets in an argon filled glovebox and subsequently 

heated in air at a temperature of 150 °C. 

PXRD patterns were collected to monitor the progress of the reaction. Due to the 

hygroscopicity of the samples a Kapton film and a silicon sample holder was used to protect 

the samples during data acquisition. The PXRD patterns after heating the mixture for 4 h, 

12 h and 84 h are compared in Figure 4.19. All patterns showed a broad background 

reflection centred around 20 ° 2θ which can be attributed to the Kapton film. The PXRD 

patterns of the products after heating for 4 h and 12 h are similar. They show the products 

are weakly crystalline compared to the product after heating for 84 h. It is reasonable to 

deduce that one of these phases may correspond to the desired new material, NH4VO2SO4 as 

they do not correspond to either NH4VO(SO4)2 or NH4VO3. However, based on the number of 

reflections and differences in peak shapes observed, it is likely that the products are not 

phase pure, even after heating for 84 h. Since these reactions did not yield phase pure 

NH4VO2SO4 over a reasonable timeframe, a solution-based synthesis was also explored. 

 

Figure 4.17. PXRD patterns of NH4VO(SO4)2, NH4VO3 and after heating NH4VO3 with NH4VO(SO4)2 at 150 °C for 4 h, 
12 h, and 84 h in air. PXRD patterns were collected at room temperature for 1 h each using Cu Kα1 radiation. 
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4.5.2. Solution-based synthesis of NH4VO2SO4 

The solution-based synthesis method used to prepare NH4VO(SO4)2 (Section 3.2) was 

modified to synthesise NH4VO2SO4. Smaller quantities of H2SO4 were tested and the 

temperature at which the mixture was heated was reduced from 200 °C to 150 °C, as this 

showed to be a suitable temperature from the TGA experiment (Figure 4.16). Therefore, to 

synthesise NH4VO2SO4, powdered NH4VO3 (1.16 g, 9.92 mmol) and concentrated H2SO4 

(0.8 mL, 14.9 mmol) were used in a 1:1.5 ratio according to Equation 4.4.  

NH4VO3 + H2SO4 → NH4VO2SO4 + H2O Equation 4.4 

H2SO4 was added slowly to powdered NH4VO3 and the mixture stirred on the hotplate. Once 

mixed thoroughly, the temperature was slowly increased to 150 °C. The mixture was left on 

the hotplate at 150 °C overnight. The resulting product was ground into a homogenous 

powder using a mortar and pestle, the powder pelletised and subsequently heated at 150 °C 

in a furnace overnight to ensure the product was dry. This gave the orange powder shown in 

Figure 4.18. The sample colour suggested that the product was a V(V) species. 

 

Figure 4.18. Orange powdered sample of NH4VO2SO4 from reacting NH4VO3 with H2SO4 at 150 °C. 

 

4.6. Characterisation of NH4VO2SO4 

The sample shown in Figure 4.18 was characterised using PXRD, SCXRD, optical microscopy, 

SEM, EDS, IR spectroscopy and TGA. These analyses are provided in the following sections. 

4.6.1. Structure solution of NH4VO2SO4 

Powder XRD data was used to examine the product of the reaction (Equation 4.4). The 

product (Figure 4.18) was extremely hygroscopic and to protect the sample during data 

acquisition a Kapton film and a silicon sample holder were used. A PXRD pattern was 



Chapter 4. Investigation of KVO2SO4 and NH4VO2SO4 for electrochemical applications 

150 

collected at room temperature for 1 h using Cu Kα1 radiation. The PXRD pattern of the 

product is shown in Figure 4.19. This pattern shows a broad background reflection centred 

around 20 ° 2θ which can be attributed to the Kapton film. The PXRD pattern of NH4VO2SO4 

shows that it poorly diffracts since it exhibits very few high intensity reflections in total 

(10.43, 8.84, 8.05, 7.50, 7.17, 6.25 Å), and there was no significant diffraction beyond a 

d-spacing of 1.5 Å. As a result, it was a challenge to index the PXRD pattern. SCXRD data 

showed a large monoclinic cell (vide infra). Therefore, it is unsurprising that it was difficult to 

index this PXRD pattern. The PXRD pattern could be indexed using the same monoclinic cell 

obtained from SCXRD with the unit cell parameters a = 17.461(11) Å, b = 13.875(5) Å, 

c = 9.583(5) Å,  = 103.76(4) °.25 

 

Figure 4.19. PXRD pattern of NH4VO2SO4. Data were collected at room temperature for 1 h using Cu Kα1 radiation. 

Attempts were made to obtain a suitable single crystal of NH4VO2SO4 for SCXRD via methods 

such as slow cooling and by using seed crystals. However, these attempts were unsuccessful, 

but a small crystal was obtained from the bulk powdered sample and was found to be 

suitable for single crystal data collection. The SCXRD data could be indexed to a primitive, 

monoclinic cell with the unit cell parameters a = 17.248(13) Å, b = 13.8649(9) Å, 

c = 9.3401(6) Å and  = 104.705(7) °. The reflection conditions observed, l = 2n for h0l and 

k = 2n for 0k0 are consistent with P21/c space group. 

A Pawley refinement of the PXRD pattern of NH4VO2SO4 was carried out using Topas 

Academic V6,26 with the space group and unit cell parameters obtained from SCXRD data. 

The Pawley fit is shown in Figure 4.20. The background was fitted first using a Chebyshev 

polynomial with 12 terms. The sample displacement, unit cell parameters and pseudo Voigt 
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profile parameters were all refined. The Pawley refinement gave the unit cell parameters 

a = 17.499(5) Å, b = 13.874(4) Å, c = 9.618(4) Å,  = 103.88(4) ° and a Rwp value of 7.57% was 

reached. 

The Pawley fit obtained for NH4VO2SO4 was reasonable since all the reflections were fitted. 

However, there was some intensity mismatch which suggests one of the following problems: 

incorrect space group, the bulk sample contained an impurity phase, or the sample was made 

up of acicular crystallites causing severe preferred orientation. It is reasonable to assume the 

intensity mismatch was caused by preferred orientation since a sensible structural model for 

NH4VO2SO4 was determined using the space group, P21/c and the PXRD pattern shows very 

few reflections so it is unlikely it contains a secondary phase. 

 

Figure 4.20. Pawley Refinement of NH4VO2SO4. PXRD data collected at room temperature for 1 h using Cu Kα1 
radiation. 

The structure of NH4VO2SO4 was solved using the Patterson method and its structural model 

is shown in Figure 4.21. The atomic coordinates and anisotropic thermal parameters were 

refined to give the agreement factors R1 = 22.83%, and S = 2.89. These agreement factors are 

higher than we would like but this can be explained by positional/occupational disorder on 

the SO4 tetrahedra (S2-V3-S2 chain), and the vanadium atom (V4-V2-V4 chain). Different 

models of disorder could be tested through further refinements, but this is not expected to 

yield a significant reduction of these agreement factors. It is likely that this disorder might be 

reduced at lower temperatures, so future studies of this compound could include low 

temperature SCXRD data collection at a synchrotron. 

The diffraction studies on NH4VO2SO4 have shown its structure is different to its potassium 

and rubidium counterparts (Figure 4.1), as well as its trihydrate form.8–11,27 However, it is 
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more closely related to the I-CsVO2SO4 polymorph. I-CsVO2SO4 and NH4VO2SO4 crystallise in 

the P21/c space group and are both made up of edge-sharing VO6 octahedra and bridging SO4 

tetrahedra.9 Though, NH4VO2SO4 consists of a combination of two different types of chains, 

with ammonium cations located between the two chain types, forming a layered type 

structure, as shown in Figure 4.21 (a). The first type of chain consists of edge-sharing 

distorted VO6 octahedra with bridging SO4 tetrahedra. While the second type of chain is made 

up of isolated, distorted VO6 octahedra linked via corner-sharing SO4 tetrahedra. 

It can be assumed that the two different chains are interconnected by hydrogen bonding, 

between the hydrogen atoms of the ammonium cations and the oxygen atoms of the SO4 

tetrahedra. This is illustrated in Figure 4.21 (b) which shows the structure down the c-axis. 

The observed N···O interatomic distances of 2.898(5) and 2.911(7) Å for NH4VO2SO4 are 

comparable to the N···O interatomic distance of 2.942 (15) Å observed in 

NH4[VO2SO4(H2O)2]·(H2O).27 These distances are within the expected range for an N-H bond 

hydrogen bonded to an oxygen atom.28 Like the other compounds studied as part of this 

work, NH4VO(SO4)2 (Section 3.3.2), KVO(SO4)2 (Section 3.6.2) and KVO2SO4 (Section 4.6.4), the 

interatomic distances in the VO6 octahedra are non-equivalent. This results in distorted VO6 

octahedra which are commonly observed for V(V) species.15,16 The different types of V-O 

bonds observed in NH4VO2SO4 includes the terminal vanadyl bond, 1.520(6) and 1.580(9) Å; 

intermediate bridging bonds 1.879(1) and 1.934(8) Å; long bridging bonds 2.060(4), 2.103(2) 

and 2.164(3) Å; and long terminal bonds 2.338(3) and 2.441(5) Å. Thus, also resulting in VO6 

distorted octahedra. 

 

Figure 4.21. Structural model of NH4VO2SO4 showing (a) the two different chains (i) edge-sharing VO6 octahedra 
(purple polyhedra) with corner-sharing SO4 tetrahedra (yellow polyhedra) and (ii) isolated VO6 octahedra 
interconnected by bridging SO4 tetrahedra and (b) shows the positions of the nitrogen atoms (blue spheres) of the 
ammonium ions between the chains. 
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4.6.2. Structural refinement of NH4VO2SO4 

To illustrate the phase purity of the bulk material, a Rietveld refinement was carried out using 

the structural model obtained from SCXRD and the PXRD data shown in Figure 4.19. Figure 

4.22 shows the best Rietveld fit which could be obtained for NH4VO2SO4. The background 

was fitted first using a Chebyshev polynomial with 12 terms. The sample displacement, unit 

cell parameters, profile parameters, and atomic coordinates of vanadium and sulfur atoms 

were refined. The isotropic thermal parameters were refined per atom type, with a different 

isotropic thermal parameter for the nitrogen, vanadium, sulfur and oxygen atoms. Due to the 

complexity of the structural model of NH4VO2SO4, the atomic coordinates and isotropic 

thermal parameters were refined in small groups based on its structural model (Figure 4.21) 

and the S-O bond distances were restrained. A Rwp of 10.51% was obtained for the Rietveld 

refinement using Topas Academic V6.26 

 

Figure 4.22. Rietveld fit for NH4VO2SO4 using the structural model obtained from SCXRD data as the starting model, 
as shown in Figure 4.21. Data were collected at room temperature for 1 h using Cu Kα1 radiation. 

Unfortunately, the sample was very hygroscopic and degraded quickly. This prevented high 

quality PXRD from being collected which may have allowed for an improved Rietveld fit.   
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4.6.3. Optical and scanning electron microscopy analysis of NH4VO2SO4 

NH4VO2SO4 is unreported in the literature. Therefore, optical microscopy, SEM and EDS were 

used to probe the sample’s morphology. The optical image of NH4VO2SO4 is shown in Figure 

4.23 (a) and the SEM micrograph is presented in Figure 4.23 (b). These are representative of 

the bulk sample. The optical image (Figure 4.23 (a)) shows orange coloured crystallites some 

of which are rod-shaped. There are a mixture of dark orange and yellow coloured crystallites 

present, this suggests there is a mixture of phases present. However, while the powdered 

sample was being examined under the optical microscope, the sample became darker in 

colour and turned into a liquid due to its hygroscopicity. The SEM micrograph (Figure 4.23 (b)) 

of NH4VO2SO4 shows the sample consists of rod-shaped crystals which vary in length. The 

presence of acicular crystals coincides with the severe preferred orientation observed in the 

PXRD pattern of the sample (Figure 4.19). It also shows a smooth, rounded crystallite which 

could be a result of the hygroscopicity of NH4VO2SO4 since the sample rapidly turns into a 

dark red liquid when exposed to air. 

The hygroscopicity of sulfates has previously been reported for other materials like LiFeSO4F 

and LiFe(SO4)3. Due to the hygroscopicity of sulfate-based materials, they must be handled 

under air-tight conditions during battery manufacturing. Therefore, the moisture sensitivity 

of sulfates is one of their major drawbacks to being used as positive electrode materials.29,30 

 

Figure 4.23. (a) Optical microscopy image and (b) SEM micrograph of NH4VO2SO4. 

The approximate V : S ratio was determined using EDS. EDS data (atomic%) were collected 

over six different regions of NH4VO2SO4 and are given in Table 4.6. The theoretical atomic 

V : S ratio of 0.50 : 0.50 is expected. However, the sulfur content is greater than expected. 

This may be because H2SO4 was used in a slight excess (Section 4.5.2) to ensure all the 

powdered NH4VO3 reacted during the synthesis or could be due to a secondary phase. 
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Table 4.6. EDS data of NH4VO2SO4. 

Element V S 

Atomic% 43.8 
43.4 
48.9 
43.9 
44.0 
43.1 

56.2 
56.7 
51.2 
56.1 
57.0 
56.9 

Average atomic% 44.5 55.5 

Experimental ratio 0.45 0.55 

Theoretical ratio 0.50 0.50 

   

4.6.4. Infrared spectroscopy of NH4VO2SO4 

IR spectroscopy was also used to examine the new material, NH4VO2SO4. The IR spectrum of 

NH4VO2SO4 is shown in Figure 4.24. NH4VO2SO4 presents a complex IR spectrum with multiple 

absorption bands. 

NH4VO2SO4 shows absorption bands between 970 – 790 cm−1 which can be attributed to the 

V-O bonds. The absorption band at 970 cm−1 corresponds to the V=O bond, and the bands at 

930 and 820 cm−1 correspond to V-O bonds while the band at 790 cm−1 can be attributed to 

the V-O-V bridging bond which was similarly observed for KVO2SO4 (Figure 4.8). 

NH4VO2SO4 exhibits bands at 3225, 3045 and 1420 cm−1 which can be attributed to 

N-H stretching vibrations from the NH4
+ group.31 Similar absorption bands were observed for 

NH4VO(SO4)2 (Figure 3.6 (a)) at 3190, 1540 and 1420 cm−1. As with the other compounds 

studied in this work, the IR spectrum of NH4VO2SO4 also shows multiple bands corresponding 

to the SO4
2− group and it is likely that the symmetry of the SO4

2− group is Cs, as previously 

discussed in Section 2.3.10.1 (Table 2.4). 

It is interesting to notice that the IR spectra of NH4VO2SO4 and KVO2SO4 show different 

absorption bands. This supports the PXRD data (Figure 4.5 and Figure 4.22) which indicate 

that these two compounds are not isostructural. But the IR spectra show they are structurally 

related since they contain the same distorted VO6 octahedra and SO4 tetrahedra.  
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Figure 4.24. IR spectrum of NH4VO2SO4, collected at room temperature. 

The wavenumbers of the absorption bands and their assignments for the IR spectrum of 

NH4VO2SO4 shown in Figure 4.24 are given in Table 4.7. 

Table 4.7. The wavenumbers of the absorption bands and their assignments for NH4VO2SO4 shown in Figure 4.24. 

NH4VO2SO4/ cm−1 Assignment 

3225 ν(N-H) 

3045 ν(N-H) 

1420 (N-H) 

1275 ν3(S-O) 

1235 ν3(S-O) 

1160 ν3(S-O) 

1130 ν3(S-O) 

1000 ν1(S-O) 

970 ν(V=O) 

930 ν(V-O) 

820 ν(V-O) 

790 ν(V-O-V) 

715 ν4(S-O) 

655 ν4(S-O) 

630 ν4(S-O) 

580 ν4(S-O) 

485 ν2(S-O) 

450 ν2(S-O) 
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4.6.5. Thermal analysis of NH4VO2SO4 

To probe the thermal behaviour of NH4VO2SO4, a TGA experiment was performed in air up to 

a temperature of 500 °C at a rate of 1 °C min−1. The TGA data is shown in Figure 4.25 (a) and 

the DTG curve obtained from the TGA experiment is given in Figure 4.25 (b). The mass loss 

and DTG curves show five different features which occur in close succession to one another 

at 275, 310, 345, 410 and 460 °C. 

 

Figure 4.25. Thermogravimetric analysis of NH4VO2SO4 in air (a) mass loss and (b) derivative thermogravimetric 
gradient curves. 

The mass loss curve (Figure 4.25 (a)) showed an initial mass loss of roughly 10%. This was due 

to the hygroscopicity of NH4VO2SO4 which absorbed moisture during sample transfer to the 

instrument. The first three features (275, 310 and 345 °C) of the DTG curve can be considered 

as one decomposition step which showed a combined mass loss of 16.1% (31.7 g mol−1) 

which probably corresponds to the loss of ammonia and half a molecule of oxygen. This 

measured mass loss is in good agreement with the calculated mass loss (16.8%, 33.0 g mol−1) 

for ammonia and half a molecule of oxygen. This suggests the thermal intermediate product 

should be HVOSO4. 

The two features which occurred at 410 °C and 460 °C make up the second decomposition 

step which show a mass loss of 37.4% (73.8 g mol−1) which likely corresponds to sulfur dioxide 

and half a molecule of water. This experimental mass loss is in good agreement with the 

calculated mass loss (37.1%, 73.1 g mol−1). The residual mass (46.4%, 90.9 g mol−1) suggests 

the final product was V2O5. The percentage mass loss and DTG curves showed no further 

mass loss on prolonged heating at 500 °C which suggests this product was thermally stable 

at 500 °C. 
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The experimental (excluding the initial water loss) and calculated mass losses from the TGA 

experiment are summarised in Table 4.8, showing only minor differences. 

Table 4.8. Mass losses obtained from the TGA experiment of NH4VO2SO4 in air, shown in Figure 4.25. 

T/ °C 
Experimental mass 

loss/ % 

Experimental mass 

loss/ g mol−1 
Calculated 

mass loss/ % 
Tentative 

assignment 

275 2.2 4.3 

16.8 NH3 + ½O2 310 4.2 8.3 

345 9.7 19.1 
410 16.0 31.5 

37.1 SO2 + ½H2O 
460 21.4 42.2 

     
4.6.5.1. Ex situ characterisation of thermally decomposed NH4VO2SO4 

The thermal decomposition of NH4VO2SO4 was studied further since NH4VO2SO4 is a new 

compound and its thermal stability is unknown. To identify the thermal products of 

NH4VO2SO4, two samples of NH4VO2SO4 were heated in air for 12 h each at 370 and 500 °C. 

These temperatures corresponded to the temperatures obtained from the TGA experiment 

(Figure 4.25). The intermediate phase and final product were characterised using PXRD, 

optical microscopy, SEM, EDS and IR spectroscopy.  

4.6.5.1.1. Intermediate product 

Heating NH4VO2SO4 in air at 370 °C for 12h gave a green coloured sample (Figure 4.26). The 

change in colour suggests a change in the oxidation state of vanadium, from the orange 

colour of NH4VO(SO4)2 (Figure 4.18) to a green species which probably corresponds to a 

mixed V(IV/V) species. 

 

Figure 4.26. Green sample after heating NH4VO2SO4 at 350 °C for 12 h in air. 

A PXRD pattern of the intermediate phase was obtained over 16 h using Mo Kα1,2 radiation 

at room temperature and a Rietveld refinement performed. This is shown in Figure 4.27. The 
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PXRD analysis shows it consists of three phases. A tetragonal phase with the unit cell 

parameters a = 8.9651(12) Å and c = 15.499(4) Å, corresponding to 2VOSO4·2H2SO4,32 an 

orthorhombic phase with the unit cell parameters a = 11.580(9) Å, b = 3.548(2) Å, 

c = 4.385(3) Å corresponding to V2O5,20 and a third unidentified phase which is likely a 

vanadium sulfate species. 

 

Figure 4.27. Rietveld fit for the intermediate product using the structural models published by Tachez et al and 
Enjalbert et al. as the starting models.20,32 PXRD data collected at room temperature for 16 h using Mo Kα1,2 
radiation. 

It is unsurprising that a mixed product of 2VOSO4·H2SO4 and V2O5 were obtained as the 

intermediate product since the TGA data (Figure 4.25) showed a narrow temperature 

separation between the successive mass losses. Several attempts were made to isolate the 

thermal intermediate phase by heating pellets of NH4VO2SO4 between 350 and 385 °C. 

However, these attempts were unsuccessful. 

The optical microscopy image (Figure 4.28 (a)) of the intermediate product shows a mostly 

yellow coloured sample with a small number of darker orange and red crystallites. The 

mixture of coloured crystallites shows the sample consists of at least two phases. This 

observation coincides with the PXRD analysis (Figure 4.27). While the SEM micrograph shows 

crystallites of irregular shape and various size. 
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Figure 4.28. (a) Optical microscopy image and (b) SEM micrograph of the intermediate product of NH4VO2SO4. 

An IR spectrum of the intermediate product was collected at room temperature and is shown 

in Figure 4.29. The IR spectrum of this intermediate product was different to that of that of 

NH4VO2SO4 (Figure 4.24). However, it exhibits absorption bands at 3240, 3020 and 1420 cm−1 

which were similarly observed for NH4VO2SO4. These bands correspond to an NH4
+ group.31 

Therefore, this shows that the thermal product contains some NH4
+ cations. This is 

unsurprising since the IR spectrum of 2VOSO4·H2SO4 (Figure 3.13), the intermediate phase 

formed after heating NH4VO(SO4)2 at 365 °C, also exhibited absorption bands (3260, 3040, 

1425 cm−1) which correspond to N-H vibrations. These data showed that higher temperatures 

are required to remove NH4
+ from both NH4VO(SO4)2 and NH4VO2SO4 which contradicts the 

TGA data for these samples. 

Figure 4.29 also shows multiple bands which correspond to the SO4
2− group, two ν3 vibrations 

(1205, 1095 cm−1), one ν1 vibration (1045 cm−1), two ν4 vibrations (700, 715, 600 cm−1) and 

one ν2
 vibration (475 cm−1). Therefore, as previously explained in Section 2.3.10.1, the 

symmetry of the SO4
2− group in the thermal product is C3v. 

The IR spectrum is almost identical to that of 2VOSO4·H2SO4 (Figure 3.13). The wavenumbers 

of these absorption bands are comparable to 2VOSO4·H2SO4 (Table 3.18) which suggests the 

intermediate product of NH4VO2SO4 was also 2VOSO4·H2SO4. These data coincide with the 

PXRD analysis (Figure 4.27) which showed that 2VOSO4.H2SO4 was the main phase. 
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Figure 4.29. IR spectrum of the intermediate product which formed after heating NH4VO2SO4 at 350 °C in air for 
12 h. The IR spectrum was collected at room temperature. 

The wavenumbers of the absorption bands and their assignments for the IR spectrum of the 

intermediate product shown in Figure 4.29 are listed in Table 4.9. 

Table 4.9. The wavenumbers of the absorption bands and their assignment for the intermediate product of 
NH4VO2SO4, shown in Figure 4.29. 

Intermediate 

product/ cm−1 Assignment 

3240 
3020 
1430 
1205 
1095 
1045 
965 
925 
700 
715 
600 
475 

ν(N-H) 
ν(N-H) 
δ(N-H) 
ν3(SO4) 
ν3(SO4) 
ν1(SO4) 
ν(V=O) 
ν(V-O) 
ν4(SO4) 
ν4(SO4) 
ν4(SO4) 
ν2(SO4) 

  
4.6.5.1.2. V2O5 

After heating NH4VO2SO4 in air at a temperature of 500 °C, a yellow coloured sample formed 

(Figure 4.30). Its colour suggests the sample was a V(V) species, likely V2O5 since the thermal 

product of NH4VO(SO4)2 which formed at 500 °C was identified as V2O5 (Section 3.3.5.1.3). 
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Figure 4.30. Yellow sample formed after heating NH4VO2SO4 in air at 500 °C for 12 h. 

The PXRD pattern of the sample could be indexed to an orthorhombic cell with the unit cell 

parameters a = 11.545(3) Å, b = 3.5644(11) Å, c = 4.3862(1) Å, which match well with V2O5.20 

A Rietveld refinement was performed using the structural model published by Enjalbert et 

al., as the starting phase.20 The background was fitted first using a Chebyshev polynomial 

with 20 terms. Then the unit cell parameters, zero-error and profile parameters were all 

refined. A Rwp value of 3.58% was achieved and the Rietveld fit obtained is shown in Figure 

4.31. The fit gave the unit cell parameters a = 11.5030(5) Å, b = 3.5611(2) Å, c = 4.3674(2) Å. 

This analysis shows that the phase, V2O5, forms after heating NH4VO(SO4)2 in air at 500 °C. 

This was expected since V2O5 formed after heating NH4VO(SO4)2 to 500 °C (Figure 3.20). 

 

Figure 4.31. Rietveld fit for V2O5 using structural model published by Enjalbert et al. as the starting model.20 PXRD 
data collected in transmission geometry for 16 h at room temperature using Mo Kα1,2 radiation. 

Together the optical microscopy image (Figure 4.32 (a)) and SEM micrograph (Figure 4.32 (b)) 

of V2O5 show a yellow, powdered morphology. The consistency of the sample colour and 

morphology indicate the sample was phase pure. 
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Figure 4.32. (a) Optical microscopy image and (b) SEM micrograph of V2O5. 

To probe the product further an IR spectrum was collected. This is presented in Figure 4.33 

and shows three absorption bands at 1015, 815 and 430 cm−1 which correspond to the short, 

V=O stretching vibration, V-O stretching vibration and V-O bending vibration, respectively. 

These absorption bands (1015, 815 and 430 cm−1) match the absorption bands (1000, 800, 

505 and 420 cm−1) of commercial V2O5 (Figure 3.6 (a)). Thus, confirming V2O5 was the final 

product and shows that there were no additional amorphous phases present. 

 

Figure 4.33. IR spectrum of V2O5, formed after heating NH4VO2SO4 at 500 °C in air for 12 h. The IR spectrum was 
collected at room temperature. 

The wavenumbers of the absorption bands observed for V2O5 are summarised in Table 4.10. 

Table 4.10. The wavenumbers of the absorption bands and their assignments for V2O5, shown in Figure 4.33. 

V2O5/ cm−1
 Assignment 

1015 
815 
430 

ν(V=O) 
ν(V-O) 
δ(V-O) 
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4.6.5.1.3. Summary of thermal analysis of NH4VO2SO4 

The previous sections detailed the thermal analysis of NH4VO2SO4. However, there were 

some inconsistencies between the TGA experiment (Figure 4.25) and the ex situ analysis of 

the intermediate product. The TGA data suggested the intermediate product was HVOSO4, 

according to the following decomposition reaction: 

NH4VO2SO4 → HVOSO4 + NH3 + ½O2 Equation 4.5 

Instead the PXRD analysis (Figure 4.27) and IR Spectrum (Figure 4.29) suggested after heating 

NH4VO2SO4 at 370 °C that a mixture of 2VOSO4·H2SO4 and V2O5 formed. This was sensible 

since the product of NH4VO(SO4)2 which formed at 365 °C was also 2VOSO4·H2SO4. While both 

NH4VO(SO4)2 and NH4VO2SO4 decomposed at 500 °C to form V2O5. 

 

4.7. Electrochemical properties of NH4VO2SO4 

The electrochemical properties of the new material, NH4VO2SO4, were examined in 

Swagelok-type cells with 1 M LiPF6 in ethylene carbonate and dimethyl carbonate (1:1 w/w) 

as the electrolyte and metallic lithium as the counter electrode. The sample of NH4VO2SO4 

was ground with 20 wt.% carbon black (C65) using a mortar and pestle for 30 minutes in an 

argon filled glovebox. The cells were also assembled in an argon filled glovebox. Cells of 

NH4VO2SO4 versus Li+/Li0 were cycled at 30 °C using a Bio-logic Mac Pile II system, operated 

in galvanostatic mode between 1.8 V and 4.1 V at a rate of C/20 and started on discharge. A 

typical voltage-capacity curve is shown in Figure 4.34 (a) and the corresponding dQ/dV curve 

for the first cycle is shown in Figure 4.34 (b). 

NH4VO2SO4 has a theoretical capacity of 136 mA h g−1. However, Figure 4.34 (a) shows that 

NH4VO2SO4 delivered a low discharge capacity of 18 mA h g−1, corresponding to the insertion 

of 0.14 Li+ which was similarly observed for KVO2SO4 (Figure 4.14). However, Figure 4.34 (a) 

shows no defined plateaux on discharge or charge. NH4VO2SO4 presented a high VOC = 4.20 V 

versus Li+/Li0 which was comparable to the VOC (4.10 V versus Li+/Li0) observed for 

NH4VO(SO4)2 (Figure 3.23) and KVO(SO4)2 (Figure 3.35). Alternatively, the dQ/dV (Figure 

4.34 (b)) curve shows two pairs of redox peaks centred at 4.0 and 2.8 V indicating that these 

processes were reversible. 
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Figure 4.34. (a) Typical voltage-capacity curve for a NH4VO2SO4‖Li cell cycled between 1.8 V to 4.1 V, started on 
discharge at C/20 and (b) the corresponding derivative dQ/dV curve for the first cycle. 

The initial electrochemical tests exhibited limited electrochemical performance for 

NH4VO2SO4 (Figure 4.34) suggesting that there are limited channels for Li+ to diffuse through. 

To improve the electrochemical performance and obtain greater capacities, NH4VO2SO4 

could be ball-milled with carbon. However, this would require considerable optimisation and 

far more powdered material to carry out these experiments than what was obtained during 

this work. For these reasons NH4VO2SO4 was not explored further as part of this work. 

 

4.8. Conclusions 

Here, two further vanadium-based sulfate materials were studied, KVO2SO4 and NH4VO2SO4. 

The synthesis of KVO2SO4 has previously been reported in the literature, but the 

electrochemical properties of this material were tested here for the first time. KVO2SO4 was 

prepared via a solid-state route at 300 – 400 °C. Its structure consists of a combination of 

corner-sharing and edge-sharing VO6 octahedra and SO4 tetrahedra, forming a 

three-dimensional framework structure. Thermal analysis showed KVO2SO4 decomposed at 

405 °C and melted to give a mixture of V2O5 and KVO2SO4. Electrochemical tests showed that 

KVO2SO4 exhibits an VOC of 3.35 V versus Li+/Li0 which was relatively low for a V(V) sulfate 

material. Additionally, KVO2SO4 delivered a limited discharge capacity of 22 mA h g−1, 

corresponding to the insertion of 0.17 Li per mol of KVO2SO4 which resulted in an expansion 

of the unit cell volume by 0.7% as evidenced by ex situ PXRD analysis. 
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The new compound, NH4VOSO4, was successfully synthesised by reacting NH4VO3 with 

concentrated H2SO4 at 150 °C. SCXRD studies showed that NH4VO2SO4 crystallises in the P21/c 

space group with the unit cell parameters a = 17.248(13) Å, b = 13.8649(9) Å, c = 9.3401(6) Å 

and  = 104.705(7) °. NH4VO2SO4 forms a layered type structure consisting of two different 

chains interconnected by ammonium cations. One of the chains consists of edge-sharing VO6 

octahedra with bridging SO4 tetrahedra while the second chain is made up of isolated VO6 

octahedra interconnect by corner-sharing SO4 tetrahedra. The structural studies revealed 

that NH4VO2SO4 has a different structure to its potassium and rubidium counterparts but is 

similar to I-CsVO2SO4, as they both consist of edge-sharing VO6 octahedra and bridging SO4 

tetrahedra. Initial electrochemical tests were conducted to evaluate NH4VO2SO4 as a 

candidate positive electrode for LIBs. NH4VO2SO4 exhibited two reversible redox processes 

centred at 4.0 and 2.8 V versus Li+/Li0 However, like KVO2SO4, NH4VO2SO4 also delivered a 

limited discharge capacity of 18 mA h g−1 corresponding to the insertion of 0.14 Li per mol of 

NH4VO2SO4. 

Based on the electrochemical performances of KVO2SO4 and NH4VO2SO4 presented in this 

Chapter, these materials do not offer the necessary structural features to permit the 

insertion of Li+ ions. Consequently, KVO2SO4 and NH4VO2SO4 are not considered suitable 

electrode materials for LIBs, but this work has emphasised the richness of the crystal 

chemistry of vanadium-based sulfate phases. It has also highlighted the importance of 

searching for other, unexplored sulfates that present interesting structural features that may 

facilitate the insertion/extraction of Li+. Therefore, the subsequent Chapter will describe in 

detail the investigation of another vanadium-based sulfate which exhibits an open 

framework structure. 
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5. Lithiation of V2O3(SO4)2 - an insertion host for lithium ion batteries



 

 

5.1. Introduction 

In addition to the oxidovanadium sulfates, AV(V)O(SO4)2 (A = NH4
+, K+) and the dioxovanadium 

sulfates, AV(V)O2SO4 (A = NH4
+, K+) explored in Chapters three and four,1–4 this Chapter focuses 

on the divanadium trioxide disulfate phase, V(V)
2O3(SO4)2.2,5 Earlier works on V2O3(SO4)2, 

concentrated on its synthesis and structure but did not investigate its electrochemical 

properties.2,5 Therefore, Li+ insertion into V2O3(SO4)2 was studied here for the first time. 

V2O3(SO4)2 is structurally different to AVO(SO4)2 (A = NH4
+, K+) and AVO2SO4 (A = NH4

+, K+).1–4 

It is formed of pairs of vanadium octahedra linked by a bridging oxygen atom and two 

bridging SO4 tetrahedra.2 This forms the dinuclear cation, [V2O3]4+ which is made up of two 

mononuclear cations, [VO]3+ and [VO2]+.2,5 The corner-sharing polyhedra in V2O3(SO4)2 

creates a three-dimensional structure with open channels running down the c-axis which 

may facilitate the insertion of Li+ ions.2,5 

Herein, the low-temperature solution-based synthesis and thermal stability of V2O3(SO4)2 

were reported. The Li+ interaction with the V2O3(SO4)2 phase was explored using two different 

methods (1) electrochemical Li+ insertion and (2) chemical lithiation using n-butyllithium. 

Electrodes of V2O3(SO4)2 were hand-ground or ball-milled with carbon and their 

electrochemical properties examined. Ex situ studies were performed to reveal the structural 

changes which occurred at various stages during the lithiation and delithiation process. 

Additionally, V2O3(SO4)2 was chemically lithiated and the products were examined by means 

of ICP-OES analysis, XAS, IR spectroscopy, PXRD, optical microscopy and SEM. 

 

5.2. Synthesis of V2O3(SO4)2 

For the synthesis of divanadium trioxide bis(sulfate), V2O3(SO4)2, a solution-based method 

reported by Richter et al., was employed and modifed.2 Powdered V2O5 (3.64 g, 20 mmol) 

was reacted with an excess of concentrated H2SO4 (30 mL, 560 mmol). The mixture was 

stirred continuously in an oil bath at 140 °C for 48 h according to Equation 5.1. Once cooled 

the product was filtered under vacuum, washed with cold concentrated H2SO4 followed by a 

further washing with CF3COOH. These reagents were used as per the synthesis reported by 

Richter et al., to wash V2O3(SO4)2 because solvents like ethanol and acetone caused 

V2O3(SO4)2 to be partially reduced to a mixed V(V)/V(IV) species. 
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V2O5 + 2H2SO4 → V2O3(SO4)2 + 2H2O Equation 5.1 

The sample was then fully dried by heating at 200 °C overnight to give the yellow powder 

shown in Figure 5.1. 

 

Figure 5.1. Yellow powdered V2O3(SO4)2, synthesised at 140 °C. 

 

5.3. Characterisation of V2O3(SO4)2 

The V2O3(SO4)2 sample was examined using a range of techniques including PXRD, NPD, TGA, 

optical microscopy, SEM, EDS and IR spectroscopy. These analyses are detailed in the 

following sections. 

5.3.1. X-ray diffraction analysis of V2O3(SO4)2 

The synthesis of V2O3(SO4)2, described in Section 5.2, was performed multiple times before a 

phase pure sample was obtained. In the literature, V2O3(SO4)2 was synthesised at 180 °C.2 

Therefore, this was used as the initial synthesis temperature. The PXRD pattern of the 

product from performing the reaction at 180 °C is shown in Figure 5.2. This shows the product 

contained V2O3(SO4)2 and a secondary impurity phase, as indicated by red arrows. This 

secondary phase was identified as 2VOSO4·H2SO4. This phase, 2VOSO4·H2SO4, was formed on 

heating NH4VO(SO4)2 to 365 °C in air, as shown earlier in Section 3.3.5.1.1. For that reason, 

lower temperatures were tested, including 160 and 140 °C. Finally, the synthesis of phase 

pure V2O3(SO4)2 was achieved at 140 °C. It is reasonable to assume that the oil bath provided 

uniform heating, this allowed the phase to form at a lower temperature than originally 

reported by Richter et al.2 This compound was prepared at this lower temperature on 

multiple occasions. The samples of V2O3(SO4)2 were stored and handled in an argon filled 

glovebox due to its hygroscopicity. 
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The PXRD pattern of the phase pure sample is shown in Figure 5.2. This pattern was indexed 

to fit a primitive, monoclinic cell with the unit cell parameters a = 9.464(12) Å, 

b = 8.908(13) Å, c = 9.939(12) Å and  = 810.8(2) °. These unit cell parameters agree with 

those previously published for V2O3(SO4)2.2,5 The reflection conditions (h0l: l = 2n; 0k0: k = 2n; 

00l: l = 2n; hkl: k + l = 2n) are consistent with the P21/a space group. This PXRD pattern 

exhibits severe preferred orientation which was also observed for AVO(SO4)2 and AVO2SO4 

(A = NH4
+, K+). 

 

Figure 5.2 - PXRD patterns of V2O3(SO4)2, synthesised at 180 and 140 °C. PXRD patterns were collected for 1 h at 
room temperature using Cu Kα1 radiation. The red arrows indicate the secondary impurity phase, 2VOSO4·H2SO4. 

5.3.2. Structural refinement of V2O3(SO4)2 

A PXRD and NPD pattern of V2O3(SO4)2 were collected at room temperature. The PXRD 

pattern was collected in transmission geometry over 16 h using Mo Kα1,2 radiation. For NPD, 

the powdered sample was loaded into an 8 mm vanadium can under argon and sealed using 

an indium wire. The NPD pattern was measured over 1 h on the GEM diffractometer. The 

PXRD and NPD data were used to perform a combined Rietveld refinement using the 

structural model published by Richter et al., as the starting model.2 Firstly, the backgrounds 

were fitted using Chebyshev polynomials. Then the zero-error, unit cell parameters and 

pseudo Voigt parameters were all refined. Several approaches were tested to refine the 

atomic positions and isotropic thermal parameters. The most stable refinement was reached 

according to the following strategy. The atomic positions and isotropic thermal parameters 

for V(1), V(2) and O(1), O(2) and O(3) which make up the [V2O3]4+ subunit (Figure 5.4. (a)) 

were refined first. Then the atomic positions of the two sulfate groups; O(4)-O(7) (O sites 

coordinated to S(2)) and O(8)-O(11) (O sites coordinated to S(1)) were refined in small groups. 

Finally, the isotropic thermal parameters of S(1) and S(2) were refined and the isotropic 

thermal parameters of the O sites were constrained in sets to give a stable refinement; 
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O(1)4-O(7) (O sites coordinated to S(2)) and O(8)-O(11) (O sites coordinated to S(1)). This 

gave a reasonable Rietveld fit which is shown in Figure 5.3. 

 

Figure 5.3. Combined Rietveld fit of (a) laboratory X-ray and (b) neutron diffraction patterns for V2O3(SO4)2, using 
the structural model published by Richter et al., as the starting model.2 The PXRD pattern was collected for 16 h 
at room temperature using Mo Kα1,2 radiation and the NPD pattern was collected for 1 h at room temperature on 
the GEM diffractometer. 

The refined structural parameters, atomic coordinates and isotropic thermal parameters 

obtained from the combined Rietveld refinement (Figure 5.3) are summarised in Table 5.1. 

Table 5.1. Atomic coordinates and isotropic thermal parameters (Uiso×100, Å2) of V2O3(SO4)2 obtained from the 
combined Rietveld refinement shown in Figure 5.3. 

V2O3(SO4)2     Space group P21/a 

a = 9.4731(8) Å, b = 8.9256(8) Å, c = 9.9165(9) Å,  = 104.702(7) °, V = 811.0(1) Å3 

Z = 4, density = 2.802 g cm−3 

Atom 
Wyckoff 

site 
x y z Occupancy 

Uiso
×100 

(Å2) 

V1 4e 0.8809(8) 0.6207(9) 0.17258(7) 1 1.2(2) 

V2 4e 0.1431(8) 0.3759(8) 0.3339(7) 1 1.3(3) 

S1 4e 0.0734(12) 0.0734(11) 0.4736(1) 1 0.9(2) 

S2 4e 0.2121(12) 0.2121(10) 0. 1065(10) 1 0.7(2) 

O1 4e 0.7470(2) 0.7470(2) 0.2443(3) 1 1.3(3) 

O2 4e 0.1459(2) 0.1459(3) 0.2459(3) 1 1.5(4) 

O3 4e 0.9829(3) 0.9829 (3) 0.2368(3) 1 0.5(1) 

O4 4e 0.3299(2) 0.3299(2) 0.0904(2) 1 0.3(2) 

O5 4e 0.2138(2) 0.2138(2) 0.0157(2) 1 0.3(2) 

O6 4e 0.2565(2) 0.2565(2) 0.2535(3) 1 0.3(2) 

O7 4e 0.0709(2) 0.0709(3) 0.0716(2) 1 0.3(2) 

O8 4e 0.1684(2) 0.1684(2) 0.5239(2) 1 0.6(3) 

O9 4e 0.9470(3) 0.9470(3) 0.5351(2) 1 0.6(3) 

O10 4e 0.0108(3) 0.0108(3) 0.3195(3) 1 0.6(3) 

O11 4e 0.1448(3) 0.1448(2) 0.4917(3) 1 0.6(3) 

χ2 = 10.06, Rwp, PXRD = 6.23%, Rwp, NPD = 6.11% 
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The refined structural model of V2O3(SO4)2 is shown in Figure 5.4. V2O3(SO4)2 crystallises in 

the monoclinic space group P21/a and its structure is different to AVO(SO4)2 (A = NH4
+, K+) 

(Figure 3.4) as well as KVO2SO4 (Figure 4.6) and NH4VOSO4 (Figure 4.21). AVO(SO4)2 and 

AVO2SO4 (A = NH4
+, K+) contain the [VO]3+ or [VO2]+ cations, respectively. Alternatively, 

V2O3(SO4)2 consists of both the [VO2]+ and [VO]3+ cations which make up the [V2O3]4+ subunit 

which is shown in Figure 5.4 (a). This shows the [V2O3]4+ subunit is made up of the V(1), V(2), 

O(1), O(2) and O(3) atoms. The two vanadium atoms are bonded to two terminal oxygen 

atoms, V(1)=O(1) and V(2)=O(2) at roughly the same distance of 1.598(8) and 1.590(3) Å, 

respectively. The two vanadium atoms are connected by a bridging oxygen atom, O(3), with 

V(1)-O(3) at 1.686(7) Å and V(2)-O(3) at 1.781(4) Å. The V(1)=O(1) (1.598(8) Å) and V(1)=O(3) 

(1.686(7) Å) bonds are within the range of vanadyl bonds and make up the [VO2]+ cation.6 

The V(2)=O(2) bond (1.590(3) Å) is also consistent with a vanadyl bond and corresponds to 

the [VO]3+ cation.6 The remaining oxygen atoms O(4), O(5), O(6), O(8), O(9) and O(10) are 

equatorial and are bonded to V(1) or V(2) at similar distances, ranging between 1.924(4) and 

2.012(5) Å. While the two axial bonds, V(1)-O(7) and V(2)-O(11), are bonded at longer 

distances of 2.314(7) and 2.340(8) Å, respectively. This results in a heavily distorted VO6 

octahedra which is commonly observed for V(V) species.6,7 Using the calculated bond lengths, 

bond valence analysis was carried out. The valence of the V(1) and V(2) cations were 

calculated to be 5.22 and 5.02, respectively, which is reasonable for a V(V) species, as 

expected. 

The two VO6 octahedra share their vertices with six SO4 tetrahedra, two of the SO4 tetrahedra 

are bridging between the V(1)O6 and V(2)O6 octahedra and the remaining four SO4 tetrahedra 

share four vertices with four other VO6 octahedra. This forms a complex three-dimensional 

network of corner-sharing distorted VO6 octahedra and bridging SO4 tetrahedra with open 

channels running down the c-axis, as shown in Figure 5.4 (b). It is expected that that these 

open channels may facilitate the insertion of Li+ ions. As for Figure 5.4 (c), this shows the 

layers of alternating V(1)O6 and V(2)O6 octahedra interconnected by corner-sharing SO4 

tetrahedra and shows no open channels along the b-axis for Li+ ion diffusion. 
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Figure 5.4. Refined structural model of V2O3(SO4)2 showing (a) the [V2O3]4+ subunit made up of pairs of vanadium 
atoms linked to each other by a bridging oxygen atom and two bridging SO4 tetrahedra (yellow polyhedra), (b) the 
open channels down the c-axis and (c) the layers of alternating VO6 octahedra (purple polyhedra). 

The V-O bond lengths in V2O3(SO4)2, surrounding V(1) and V(2), determined from the Rietveld 

refinement shown in Figure 5.3 are summarised in Table 5.2. 

Table 5.2. V-O bond lengths in V2O3(SO4)2 obtained from the Rietveld refinement shown in Figure 5.3. 

V(1)-O Bond length/ Å V(2)-O Bond length/ Å 

V(1)-O(1) 1.598(8) V(2)-O(2) 1.590(3) 
V(1)-O(3) 1.686(7) V(2)-O(3) 1.781(4) 

V(1)-O(4) 2.012(5) V(2)-O(6) 1.924(9) 

V(1)-O(5) 1.972(4) V(2)-O(8) 1.991(7) 

V(1)-O(7) 2.314(7) V(2)-O(9) 1.972(5) 

O(1)-O(10) 1.957(6) V(2)-O(11) 2.340(8) 
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5.3.3. Thermal analysis of V2O3(SO4)2 

Thermogravimetric analysis data on V2O3(SO4)2 was obtained. The data were used to choose 

a suitable temperature to dry the sample of V2O3(SO4)2 and to understand its thermal stability 

which is unreported in the literature. Initially, samples of V2O3(SO4)2 were dried in a vacuum 

oven at room temperature overnight. However, the IR spectrum of this product showed 

absorption bands at 3755, 3660 and 1595 cm−1 which correspond to H2O, showing the sample 

was wet.8 This was unsurprising since the by-product of the reaction (Equation 5.1) is H2O. 

Since V2O3(SO4)2 was synthesised at a low temperature of 140 °C (Section 5.2), a high 

temperature was not used to dry the sample as this could have caused the sample to 

decompose. Therefore, to determine the thermal stability of V2O3(SO4)2, a TGA experiment 

was performed in air up to 500 °C with a heating rate of 1 °C min−1. The mass loss and DTG 

curves from the TGA experiment are presented in Figure 5.5 (a) and (b), respectively. The 

DTG curve shows two peaks. The first peak at 200 °C corresponds to a small mass loss (17.4%, 

70.5 g mol−1) and the second peak at 415 °C was associated with a larger mass loss (37.9%, 

153.9 g mol−1). 

 

Figure 5.5. TGA of V2O3(SO4)2 in air (a) mass loss and (b) derivative thermogravimetric gradient curves. 

The mass loss at 200 °C can be attributed to the loss of water, as 200 °C is too low for sulfur 

dioxide to be given off. Calculations based on the TGA data revealed that four molecules of 

water were given off at 200 °C. There were no further mass losses between 225 and 350 °C, 

this suggested the sample was thermally stable between this temperature range. On further 

heating, the mass loss (37.9%, 153.8 g mol−1) observed at 415 °C can be attributed to either 

the loss of sulfur dioxide, sulfur trioxide and half a molecule of oxygen (37.4%, 152.1 g mol−1) 

or two molecules of sulfur trioxide. Table 5.3 summarises the experimental and calculated 
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mass losses from the TGA experiment (Figure 5.5). This shows there was little difference 

between the experimental and the calculated mass losses. 

Table 5.3. Mass losses obtained from the TGA experiment of V2O3(SO4)2 shown in Figure 5.5. 

T/ °C 
Experimental 
mass loss/ % 

Experimental mass 

loss/ g mol−1 

Calculated mass 

loss/ g mol−1 
Tentative 

assignment 

200 17.4 70.5 72.1 4H2O 

415 37.9 153.9 152.1 
SO2 + SO3 + ½O2 

or 2SO3 

     
5.3.3.1. Ex situ characterisation of thermally decomposed V2O3(SO4)2 

A PXRD pattern of the thermal product was collected over 1h at room temperature using Cu 

Kα1 radiation. The diffraction pattern of the thermal product is shown in Figure 5.6 (a). This 

was indexed to an orthorhombic cell with the unit cell parameters a = 11.533(4) Å, 

b = 4.3802(2) Å, c = 3.5713(8) Å. This indicated that the thermal product was V2O5,9 as 

expected since NH4VO(SO4)2 and NH4VO2SO4 also decomposed on heating at 500 °C to give 

V2O5. Similarly, VOSO4·2H2O decomposes at a comparable temperature to give V2O5.10 

To ensure the thermal product did not contain a secondary amorphous phase an IR spectrum 

was collected. The IR spectrum of the thermal product is shown in Figure 5.6 (b). The IR 

spectrum shows absorption bands at 1015, 835, 500, 420 cm−1 which correspond to the V=O 

stretching vibration, two V-O stretching vibrations and V-O bending vibrations, respectively. 

These coincide with the absorption bands (1000, 800, 505 and 420 cm−1) of commercial V2O5 

(Figure 3.6 (a)) and confirmed that the thermal product was V2O5. 

 

Figure 5.6. (a) PXRD pattern collected for 1 h at room temperature using Cu Kα1 radiation and (b) IR spectrum 
collected at room temperature of V2O5 formed after heating V2O3(SO4)2 at 500 °C. 

The wavenumbers of the absorption bands and their assignments for the IR spectrum of the 

thermal product, V2O5 shown in Figure 5.6 (b) are listed in Table 5.4. 
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Table 5.4. The wavenumbers of the absorption bands and their assignments for V2O5, as shown in Figure 5.6 (b). 

V2O5/ cm−1 Assignment 

1015 
835 
505 
420 

ν(V=O) 
ν(V-O) 
ν(V-O) 
δ(V-O) 

  
In summary, the TGA data (Figure 5.5) showed V2O3(SO4)2 contained four molecules of water 

which were given off at 200 °C. Therefore, after reacting V2O5 with excess H2SO4 at 140 °C for 

48 h, the product was dried in air at 200 °C to remove the water molecules. The TGA data 

(Figure 5.5), PXRD pattern (Figure 5.6 (a)) and IR spectrum (Figure 5.6 (b)) are in agreement 

and show V2O5 forms at 415 °C. Equation 5.2 expresses the assumed thermal decomposition 

of V2O3(SO4)2 as two molecules of sulfur trioxide (equivalent to the loss of sulfur dioxide, 

sulfur trioxide and half a molecule of oxygen) is also a possibility. 

V2O3(SO4)2·4H2O → V2O5 + 4H2O + SO3 + SO2 + ½O2 Equation 5.2 

5.3.4. Optical and scanning electron microscopy analysis of V2O3(SO4)2 

Earlier studies on V2O3(SO4)2 did not examine its morphology.2,5 The optical microscope and 

SEM were used to study the morphology of V2O3(SO4)2. The optical microscopy image (Figure 

5.7 (a)) and SEM micrograph (Figure 5.7 (b)) are representative of the bulk sample. The 

optical microscopy image (Figure 5.7 (a)) shows a homogeneous yellow powder and the 

consistency of the sample colour suggests the material was phase pure. The SEM micrograph 

of V2O3(SO4)2 (Figure 5.7 (b)) illustrates a acicular morphology, with crystallites of 

approximately 8 – 15 μm in length. The acicular crystallites caused the severe preferred 

orientation observed from the PXRD pattern shown in Figure 5.2. 

 

Figure 5.7. (a) Optical microscopy image and (b) SEM micrograph of V2O3(SO4)2. 
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EDS data were also collected to determine the approximate V : S ratio. These data are given 

in Table 5.5 and agree with the theoretical atomic V : S ratio (0.50 : 0.50). However, the sulfur 

content was slightly higher than expected (55.24 atomic%). This may be because sulfuric acid 

was used in excess to prepare V2O3(SO4)2 (Section 5.2). However, Figure 5.7 shows a uniform 

yellow sample and a homogenous morphology which suggest the sample was pure. 

Table 5.5. EDS data of V2O3(SO4)2. 

Element V S 

Atomic% 46.9 
43.9 
44.7 
47.4 
45.6 
41.7 
44.2 
43.6 

53.1 
56.1 
55.3 
52.6 
54.4 
58.3 
55.8 
56.4 

Average Atomic% 44.8 55.2 

Experimental Ratio 0.45 0.55 

Theoretical Ratio 0.50 0.50 

   

5.3.5. Infrared spectroscopy of V2O3(SO4)2 

Infrared spectroscopy was also used to probe the purity of the sample and ensure that it was 

dry. The IR spectrum of powdered V2O3(SO4)2 was collected at room temperature and is 

shown in Figure 5.8.  

V2O3(SO4)2 exhibits an absorption band at 993 cm−1 which can be attributed to vanadyl V=O 

bond.2,5 Like KVO2SO4, V2O3(SO4)2 also consists of VO6 octahedra coordinated to VO6 

octahedra and SO4 tetrahedra. As a result, V2O3(SO4)2 shows absorption bands at 770 and 

520 cm−1 which correspond to the V-O-S and V-O-V vibrations, respectively.  

Figure 5.8 shows multiple bands associated with the SO4
2− group, five ν3 vibrations (1285, 

1250, 1210, 1115,1080 cm−1), one ν1 vibration (1040 cm−1), four ν4 vibrations (660, 630, 605, 

575 cm−1) and three ν2
 vibration (490, 470, 445 cm−1). Therefore, as previously explained in 

Section 2.3.10.1, the symmetry of the SO4
2− group in the thermal product is Cs.11 The 

absorption bands of V2O3(SO4)2 shown in Figure 5.8 coincide with its structural features 

(Section 5.3.2) and the absorption bands previously observed for V2O3(SO4)2.2,5 
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Figure 5.8. IR spectrum of V2O3(SO4)2. Data were collected at room temperature. 

The wavenumbers of the absorption bands and assignments of the IR spectrum of V2O3(SO4)2 

shown in Figure 5.8 are given in Table 5.6. 

Table 5.6. The wavenumbers of the absorption bands and their assignments for V2O3(SO4)2 as shown in Figure 5.8. 

Vibrations of SO4
2− ion/ cm−1 

(V-O) vibrations/ cm−1 
ν3 ν1 ν4 ν2 

1285 
1250 
1210 
1115 
1080 

1040 
 

660 
630 
605 
575 

490 
470 
445 

 

993 
885 
770 
520 
420 

ν(V=O) 
ν(V-O) 

ν[(V-O)-V] 
ν[(V-O)-S] 

δ(V-O) 
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5.4. Electrochemical properties of V2O3(SO4)2 in Li-ion batteries 

The electrochemical properties of V2O3(SO4)2 versus Li+/Li0 were explored by use of 

Swagelok-type cells with a lithium metal disc as the negative electrode, and a Whatmann 

GF/D borosilicate glass fibre sheet saturated with 1 M LiPF6 in EC/DMC (1:1 w/w) as the 

electrolyte. The positive electrode was prepared by two different methods:  

1. V2O3(SO4)2 was ground-by-hand using a pestle and mortar with 20 wt.% carbon black 

(C65) for 30 minutes in an argon filled glovebox, 

2. V2O3(SO4)2 was ball-milled with 20 wt.% carbon black for 30 minutes under argon 

(see Section 2.3.15.1 for details). 

Cells were cycled at 30 °C using a Bio-logic Mac Pile II system. They were operated in 

galvanostatic mode at a rate of C/20 and started on reduction (i.e., to insert Li+). This material 

has a theoretical capacity of 78.4 mA h g−1 for the insertion of 1 Li+. The galvanostatic 

discharge-charge curves of the first cycles are shown in Figure 5.9. The electrode prepared 

by ball-milling V2O3(SO4)2 with carbon shows enhanced electrochemical performance 

compared to the electrode ground-by-hand. According to Figure 5.9, approximately 2.0 Li+ 

per mol of V2O3(SO4)2 (157 mA h g−1) were inserted electrochemically into the ball-milled 

electrode while only 0.75 Li+ (64 mA h g−1) were inserted into the electrode ground-by-hand. 

The performance difference can be attributed to the differences in particle size and carbon 

network, as shown in the SEM micrographs (Figure 5.10) of the hand-ground and ball-milled 

electrodes. 

 

Figure 5.9. Voltage-capacity curves of V2O3(SO4)2‖Li cells started on reduction cycled at a rate of C/20 showing the 
first cycles for the electrode ground-by-hand (solid line) and the ball-milled electrode (dashed line). 
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The SEM micrograph of the hand-ground electrode (Figure 5.10 (a)) shows a 

nonhomogeneous morphology, comprising a mixture of acicular crystallites corresponding 

to V2O3(SO4)2 and a fine powdered morphology corresponding to carbon. This shows that the 

two powders were not sufficiently mixed after hand grinding and it is possible that the carbon 

has not formed a conductive network with V2O3(SO4)2. Therefore, the interaction between 

V2O3(SO4)2 and the carbon was insufficient to enhance the conductivity of the electrode 

which probably has an intrinsically low electronic conductivity as observed with other 

vanadium-based materials (i.e., Na3V2(PO4)2F1.4O1.6, 2.4 × 10−12 S cm−1 at room 

temperature).12,13 Whereas the SEM micrograph of the ball-milled electrode (Figure 5.10 (b)) 

shows a morphology made up of small, spherical particles. The ball-milled electrode has a 

much more uniform morphology compared to the hand-ground electrode, suggesting the 

carbon has been incorporated with V2O3(SO4)2 and has formed a conducting network. This 

network helped to increase the conductivity of the material.14 

Additionally, the particle size decreased after ball-milling (Figure 5.10). This increases the 

surface area of the electrode and in turn provides a larger electrolyte-electrode contact area. 

The particle size of positive electrodes has been shown to influence the capacity and 

cyclability of a battery, by improving the diffusion of ions and transport of electrons. The 

reduction of particle size reduces the diffusion path length for Li+ and e− in the positive 

electrode and also increases the surface area with carbon.15 

 

Figure 5.10. SEM micrographs of (a) hand-ground V2O3(SO4)2 electrode and (b) ball-milled V2O3(SO4)2 electrode. 

5.4.1. Hand-ground V2O3(SO4)2 electrode 

The voltage-composition curve of the hand-ground V2O3(SO4)2 electrode is shown in Figure 

5.11 (a) and the corresponding derivative dx/dV curve is shown in Figure 5.11 (b). Figure 

5.11 (a) shows three plateaux at 3.95 V, 3.00 V and 2.75 V versus Li+/Li0 on discharge which 
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corresponds to the insertion of 0.8 Li+ per mole of V2O3(SO4)2 (60.8 mA h g−1). On charging, 

only approximately 0.40 Li+ (35.3 mA h g−1) was extracted, resulting in a large irreversible 

capacity (coulombic efficiency of 58.1%). 

 

Figure 5.11. (a) Typical voltage-specific capacity curve for a V2O3(SO4)2‖Li cell cycled between 4.5 V to 1.8 V, 
started on discharge at C/20 and (b) the corresponding derivative dx/dV curve of the first cycle. 

The derivative dx/dV curve (Figure 5.11 (b)) shows numerous processes on discharge and 

charge. There were five reduction peaks on the discharge, at 4.00, 3.60, 3.25, 3.00 and 2.70 V 

and five oxidation peaks on charging the cell, at 2.70, 2.90, 3.35, 4.20 and 4.40 V. Based on 

the electrochemical activity of the ball-milled electrode, presented below in Section 5.4.2, it 

can be assumed that the reduction processes at 3.25 and 3.00 V may be related to the 

oxidation peaks observed at 4.42 and 4.40 V, respectively. While the reduction peak at 2.70 V 

may be associated with the oxidation peak at 3.35 V. The Ohmic drop between the charge 

and discharge is larger for the hand-ground material compared to the ball-milled material 

(Figure 5.9). This is due to the larger particles present in the hand-ground material (Figure 

5.10). Therefore, this causes the large voltage separation observed between the oxidation 

and reduction processes. It is also reasonable to assume, based on the electrochemical 

processes observed for the ball-milled material (Figure 5.12), that some of the 

electrochemical processes lie outside of the voltage window (4.50 – 1.80 V) for the 

hand-ground material and are thus not observed in Figure 5.11. For example, the derivative 

curve (Figure 5.11 (b)) shows a reduction peak at 4.00 V and its corresponding oxidation 

process was not observed and would probably occur at voltage exceeding 4.50 V. This was 

not tested since cycling to higher voltages would cause severe electrolyte decomposition.16 
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5.4.2. Ball-milled V2O3(SO4)2 electrode 

By contrast, as shown in Figure 5.9, the ball-milled electrode exhibits more reversible redox 

processes and a greater capacity was obtained. To investigate the reversibility of the redox 

processes further, multiple cells were cycled between different voltage windows; 

4.20 – 3.50 V, 4.20 – 2.95 V, 4.20 – 2.40 V and 4.20 – 1.95 V. The galvanostatic curves and the 

corresponding derivative dx/dV curves of the first cycle for each cell are shown in Figure 

5.12 (a, b, c, d), respectively. 

 

Figure 5.12. Galvanostatic curves and their corresponding derivative dx/dV curves for a series of V2O3(SO4)2‖Li cells 
cycled at a rate of C/20 between different voltage windows of (a) 4.20 to 3.50 V, (b) 4.20 to 2.95 V, (c) 4.20 to 
2.40 V and (d) 4.20 to 1.95 V. 

On discharging to 3.50 V, the galvanostatic curve, Figure 5.12 (a), shows one plateau at 4.05 V 

versus Li+/Li0 which corresponds to the insertion of 0.5 Li+ (40 mA h g−1), suggesting the 

average vanadium oxidation state is +4.75. On charging, 0.5 Li+ was extracted at 4.14 V versus 

Li+/Li0 which can also be seen in the derivative dx/dV curve (Figure 5.12 (a)). 

The galvanostatic curve (Figure 5.12 (b)) of the cell cycled between 4.20 – 2.95 V shows two 

plateaux on discharge. The first plateau at 4.05 V versus Li+/Li0 is consistent with the plateau 

observed in Figure 5.12 (a) and the second, sloping plateau at 3.23 V versus Li+/Li0 accounts 

for the insertion of approximately 0.7 Li+ (56 mA h g−1), meaning the average vanadium 

oxidation state reached +4.40. Similarly, on charging two plateaux were observed at 3.25 and 

4.15 V versus Li+/Li0 and shows the 1.2 Li+ inserted, were extracted. While the dx/dV curve 

(Figure 5.12 (b)) shows two reduction peaks at 3.23 and 3.14 V which correspond to the 

sloping plateaux observed in the galvanostatic curve while there were two oxidation peaks 

at 3.15 and 3.11 V which indicate that this process is reversible. These peaks are 
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characteristic of a two-phase process which was similarly observed for V(III)
2(SO4)3, V(IV)OSO4 

and NaV(III)PO4F versus Li+/Li0.17–19 It is likely that Li+ was inserted onto one crystallographic 

site at 3.23 V and then onto second crystallographic site at 3.14 V, at a slower rate. 

Alternatively, this could be due to charge-ordering of the vanadium atoms or 

vacancy-ordering of Li+. This behaviour has similarly been reported for LiMn2O4 versus Li+/Li0, 

among other systems.20–22 

The third cell was discharged to 2.40 V and highlights a third redox process. In addition to the 

redox processes described above, the galvanostatic curve (Figure 5.12 (c)) shows a third, 

short plateau at 2.75 V versus Li+/Li0 which is associated with the insertion of approximately 

0.1 Li+. The corresponding derivative dx/dV curve (Figure 5.12 (c)) shows a series of three sets 

of redox peaks. The peaks centred at 4.09 V and 3.25 V were similarly observed in Figure 

5.12 (b) and it also shows a redox process at 2.83 V which was characteristic of a first order 

process and corresponds to the insertion of roughly 0.4 Li+ (32 mA h g−1). However, the 

intensity of the oxidation peak at 2.88 V was weaker compared to the reduction peak at 

2.40 V which suggests that not all the Li+ that was inserted was extracted. 

Finally, a fourth redox process was observed when the cell was cycled between 4.20 and 

1.95 V, as shown in Figure 5.12 (d). The galvanostatic curve shows an additional plateau at 

2.15 V versus Li+/Li0 which corresponds to the insertion of approximately 0.4 Li+ (32 mA h g−1). 

Therefore, approximately 2.0 Li+ (157 mA h g−1) were inserted on discharging to 1.95 V, hence 

the average vanadium oxidation state reached +4.00. The dx/dV curve presents an intense 

reduction peak at 2.15 V and an oxidation peak at 2.27 V of approximately half the intensity. 

This process was reminiscent of another first order phase transition which was somewhat 

irreversible. 

Cells were also cycled in potentiostatic mode at 30 °C using a Bio-logic Mac Pile II system. A 

typical voltammogram, obtained for the first cycle and then the subsequent two cycles 

thereafter, from potentiostatic cycling at a rate of 5.6 μV s−1 within a 4.00 to 1.95 V window 

are shown in Figure 5.13 (a) and (b), respectively. The potentiostatic data (Figure 5.13 (a, b)) 

matches well with the dx/dV curve shown in Figure 5.12 (d) and also illustrates the four sets 

of redox peaks centred about 4.09, 3.25, 2.83 and 2.23 V. The separation of the reduction 

and oxidation peaks indicate that the four processes can be associated with the insertion of 

approximately 0.5 Li+ each. It also shows the appearance of shoulder peaks with a reduction 

peak at 2.64 V and a corresponding oxidation peak at 2.67 V which were not observed in the 
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dx/dV curves (Figure 5.12). This process appears to occur with slower kinetics compared to 

the other redox processes and this is possibly why the process was not observed in the dx/dV 

curves (Figure 5.12) as this cell was cycled at a slower rate. 

On subsequent cycles, Figure 5.13 (b), the reduction and oxidation steps decreased in 

intensity compared to the first cycle but showed the same relative amplitudes to each other. 

This suggests the capacity decreased on cycling, as expected. Furthermore, the redox peaks 

of the subsequent cycles remained centred virtually about the same voltages excluding the 

reduction peak at 4.03 V. This reduction peak split into two peaks, with a small peak at 4.17 V 

and a second at 4.08 V which were characteristic of a two-phase process.17 

 

Figure 5.13. (a) Voltammogram of the first cycle obtained from potentiostatic cycling of V2O3(SO4)2 versus Li+/Li0 

collected at a scan rate of 5.6 μV s−1 between the voltage window 4.20 to 1.95 V, (b) voltammogram comparing 
the first (black), second (red) and third (blue) cycles, 

To determine the cycling performance of the ball-milled V2O3(SO4)2 electrode, a cell was 

cycled over a range of different rates (C/20, C/10, C/5, C/2 and 1C) at 30 °C using a Maccor 

Series 4200 system. Figure 5.14 (a) presents the specific capacities over different C-rates 

(C/20, C/10, C/5, C/2 and 1C). The initial discharge capacity (146 mA h g−1) at C/20 is greater 

than the charge capacity (131 mA h g−1), with a reasonably high irreversible capacity 

(coulombic efficiency of 89.7%). In the subsequent cycles, the discharge and charge 

capacities are almost equal with a coulombic efficiency of roughly 97%. However, the 

discharge and charge capacities decrease to roughly 25 mA h g−1 when the cell was cycled at 

1C. After cycling at the faster rates, the material recovered reasonably well by the 27th cycle 

but presents a lower coulombic efficiency of 91.5%.  
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Figure 5.14. (a) Specific capacity versus different C-rates (C/20, C/10, C/5, C/2, 1C) of V2O3(SO4)2 cycled between 
4.20 and 1.95 V versus Li+/Li0 and (b) the corresponding differential capacity versus voltage plots corresponding 
to cycle 2 (C/20, black solid line), cycle 7 (C/10, red solid line), cycle 12 (C/5, blue solid line), cycle 17 (C/2, green 
solid line), cycle 22 (1C pink solid line) and cycle 27 (C/20 dashed black line).  

These data suggest that the material did not degrade even after cycling at faster rates. It is 

interesting to note that the first cycles of each C-rate present greater irreversible capacities 

compared to the subsequent cycles. Hence, the 1st cycle at C/20, 6th cycle at C/10, 11th cycle 

at C/5, 16th cycle at C/2, 21st cycle at 1C and 26th cycle at C/20 exhibit lower coulombic 

efficiencies of 89.7%, 96.2%, 94.7%, 84.2%, 73.5% and 60.8%, respectively. This suggests the 

material was slow to respond to changes in the C-rate which suggests that the redox 

processes are rate dependent. 

To understand the capacity fade observed in Figure 5.14 (a), the derivative curves of the 2nd, 

7th, 12th, 17th, 22nd and 27th cycles were examined and are compared in Figure 5.14 (b). The 

derivative curve of the 2nd cycle (black solid line), performed at C/20, was consistent with the 

potentiostatic data Figure 5.13 (a), as it presented the same redox processes. However, the 

derivative curve of the 7th cycle (red solid line) which was performed at a C-rate of C/10 shows 

the same redox processes but the redox processes are less intense than on the 2nd cycle which 

is consistent with the loss in capacity observed in Figure 5.14 (a). As for the derivative curve 

of the 12th cycle (blue solid line) which was performed at a rate of C/5, this shows only slightly 

defined redox peaks at 2.83 V. The intensity of the redox peaks continues to decrease in 

intensity with increasing C-rate until the 22nd cycle (pink solid line) which shows no defined 

redox peaks. However, the derivative curve of the 27th cycle (black dashed line) which was 

performed at C/20 after cycling at the faster rates shows only a few weakly defined redox 

peaks which suggests that the electrode degraded after cycling, but not fully. 
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5.5. Characterisation of electrochemically lithiated V2O3(SO4)2 

To understand the Li+ insertion/extraction process in V2O3(SO4)2, multiple cells were 

discharged to 3.50, 2.95, 2.40 and 1.95 V and charged to 3.60 and 4.50 V, respectively (Figure 

5.15), at 30 °C using a Bio-logic Mac Pile II system. These potentials were chosen because 

they were the inflection points observed between the plateaux in the dx/dV curve (Figure 

5.15 (b)). After the cells were discharged to 3.50, 2.95, 2.40 and 1.95 V and charged to 3.60 

and 4.00 V, the positive electrodes were recovered from the cells, washed with DMC three 

times in an argon filled glovebox, and dried under vacuum overnight. The electrochemically 

lithiated samples were examined using PXRD, XAS, SEM and IR spectroscopy. 

 

Figure 5.15. First cycle of a V2O3(SO4)2‖Li cell cycled between 4.00 V and 1.95 V, illustrating the voltages chosen to 
characterise the Li+ insertion/extraction showing the (a) voltage-capacity curve and (b) derivative dx/dV curve. 

5.5.1. Vanadium oxidation state of LixV2O3(SO4)2 electrode upon cycling 

To confirm that Li+ was inserted electrochemically and was accompanied by a change in the 

oxidation state of vanadium, vanadium K-edge XAS data were collected on V2O3(SO4)2, the 

electrochemically lithiated samples at various states of discharge and charge, as well as 

vanadium foil, V2O3, VOSO4·3H2O, and V2O5 reference compounds with vanadium formal 

oxidation states of 0, III, IV, and V, respectively. The XANES data for vanadium foil, V2O3, 

VOSO4·3H2O, and V2O5 reference compounds are presented in Figure 5.16 which are 

consistent with those reported in the literature.23,24 The XANES spectra (Figure 5.16) present 

pre-edge features which are commonly observed for vanadium species. This feature 

corresponds to the 1s to 3d forbidden transition which becomes allowed when there is 3d-4p 

mixing and overlap with the metal 3d orbitals and the 2p orbitals of the ligands.25 For 

example, VO consists of regular VO6 octahedra which have centres of inversion so the 1s to 
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3d transition is forbidden. Alternatively, for V2O3 which contains distorted VO6 octahedra the 

1s to 3d transition is allowed and the pre-edge peak is observed (Figure 5.16). The intensity 

of the pre-edge peak increases when the site symmetry decreases to distorted octahedra, 

square-pyramidal and tetrahedral geometries.25 This feature is followed by the absorption 

edge, E0, which is associated with the dipole-allowed 1s to 4p transition. This is taken as the 

inflection point of the vanadium K-edge and represents the vanadium oxidation state. As 

shown in Figure 5.16, the position of the absorption edge shifts to higher energies the greater 

the oxidation state as more energy is required to eject an electron.25,26 

 

Figure 5.16. Vanadium K-edge XANES spectra for vanadium foil (grey dashed line), V(II)
2O3 (green dashed line), 

V(IV)OSO4·3H2O (blue dashed line), and V(V)
2O5 (orange dashed line) reference compounds. 

A summary of the analysis of XANES data for vanadium foil, V2O3, VOSO4·3H2O and V2O5 

reference compounds are given in Table 5.7. The error in the edge positions (±0.1 eV) was 

calculated based on the measurements of edge positions of foils for numerous samples and 

taking the standard deviation. 

Table 5.7. Summary of XANES data, shown in Figure 5.16, for vanadium foil, V2O3, VOSO4 ·3H2O and V2O5. 

Reference 
compound 

Formal vanadium 
oxidation state 

Edge energy/ eV 

Vanadium foil 0 5473.32±0.1 

V2O3 III 5477.20±0.1 

VOSO4·3H2O IV 5478.07±0.1 

V2O5 V 5481.86±0.1 
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The XANES spectra for VOSO4·3H2O, V2O5, V2O3(SO4)2, and the electrochemically lithiated 

samples at various states of discharge and charge are compared in Figure 5.17.  

 

Figure 5.17. Vanadium K-edge XANES data showing the normalised spectra of the V2O3(SO4)2 electrodes at 
different states of discharge and charge compared to the reference materials, V2O5 (orange dashed line) and 
VOSO4·3H2O (blue dashed line). 

The vanadium K-edge XANES spectra for V2O3(SO4)2 and the electrochemically lithiated 

samples exhibit a pre-edge absorption feature, followed by a weak shoulder on the rising 

absorption edge. The pre-edge feature, observed between 5465 and 5475 eV, is due to the 

1s to 3d transition which is dipole allowed because of the vanadium 3d-4p mixing and the 

overlap of the vanadium 3d orbitals with the oxygen 2p orbitals.27 V2O3(SO4)2 exhibits an 

intense pre-edge peak because it is made up of distorted VO6 octahedra with short vanadyl 

V=O bonds. Figure 5.17 shows the pre-edge peaks of the electrochemically lithiated samples 

progressively shift to lower energies with increasing Li+ content relative to the V2O3(SO4)2. 

This suggests that the oxidation state of vanadium decreased on discharging to lower 

voltages. While the opposite effect occurred on charging.25 Additionally, the intensity of the 

pre-edge peaks gradually decreased with increasing Li+ content suggesting that at least one 

of the V=O bonds increases in length.25 This is consistent with the work by Allen et al., who 

observed a decrease in the intensity of the pre-edge peak at a similar rate to the increase in 

the V=O bond length when -LiVOPO4 and -LiVOPO4 were discharged versus Li+/Li0.27 

Figure 5.17 reveals a slight difference in the edge energies for V2O5 and V2O3(SO4)2 despite 

them having the same oxidation state because the edge energy is also influenced by the 

coordination number and electronegativity of the ligands.25 Figure 5.17 also shows a 

continuous shift of the edge energy to lower energies relative to V2O3(SO4)2. The energy shifts 
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are consistent with the reduction of V(V) to a lower oxidation state upon insertion of Li+. The 

edge energy of the V2O3(SO4)2 electrode discharged to 1.95 V is similar to VOSO4·3H2O, 

suggesting that approximately 2.0 mol Li per mol V2O3(SO4)2 were inserted, coinciding with 

the electrochemical data (Figure 5.15). While the edge energies of the V2O3(SO4)2 electrode 

charged to 3.50 and 4.00 V were shifted to higher energies relative to the electrode 

discharged to 1.95 V. These shifts suggest an increase in vanadium oxidation state upon Li+ 

extraction.23 However, the edge energy of the electrode charged to 4.00 V is similar to the 

electrode discharged to 3.60 V, implying the electrochemical process partially irreversible. 

The absorption edge energies for the reference materials (V2O3, VOSO4·3H2O, V2O5 and 

V2O3(SO4)2) were taken at half-height of the normalised spectra and were plotted versus their 

formal oxidation state and a linear relationship was obtained as shown in Figure 5.18. These 

edge energies exhibit a linear relationship with formal oxidation state and similar linear 

relationships have previously been reported for other vanadium oxides.23–25 To determine if 

the energy shifts of the absorption energies of the V2O3(SO4)2 electrodes are consistent with 

the Li+ contents, as derived from the electrochemical data (Figure 5.15), the energies of the 

absorption edges, taken at half-height of the normalised spectra were plotted against the 

vanadium oxidation states derived from the electrochemical data (Figure 5.15). The average 

oxidation state of vanadium was calculated from the composition by assuming that the 

oxidation states of lithium and oxygen are +1 and −2, respectively. 

 

Figure 5.18. Vanadium K-edge energy (at half-height) as a function of oxidation state for the V2O3(SO4)2 electrodes 
at various states of discharge and charge compared to the reference materials V2O5 (orange star), VOSO4·3H2O 
(blue star) V2O3 (green star) and the pristine phase, V2O3(SO4)2 (black circle). 
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The V2O3(SO4)2 electrodes at various states of discharge and charge show a linear correlation 

that falls below the linear relationship obtained for the reference materials (Figure 5.18). 

However, the energy shifts for the V2O3(SO4)2 electrodes suggest that the vanadium oxidation 

states are comparable to those estimated based on the electrochemical data (Figure 5.12). 

Table 5.8 summarises the composition and the average vanadium oxidation state for the 

electrochemically lithiated samples based on the electrochemical data (Figure 5.12), 

assuming that the oxidation states of lithium and oxygen were +1 and −2, respectively. It also 

details the energies of the absorption edge, at half-height of the normalised XANES spectra 

(Figure 5.17) and the average vanadium oxidation state calculated using the linear 

relationship obtained between the reference materials shown in Figure 5.18 

(y = 1.99±0.39x + 5470.83±1.68) for comparison. 

Similar absorption edge shifts have been observed for other vanadium-based electrodes, 

including for examples LixV2O5, LiVOPO4 and NaxVPO4.8F0.7.13,23,27–29 Furthermore, the 

absorption edge energy for the electrode discharged to 1.95 V suggests V(V) was reduced to 

V(IV) upon insertion of 2.0 mol of Li per mol of V2O3(SO4)2. Thus, agrees with the 

electrochemical data. 

Table 5.8. Summary of experimental compositions of LixV2O3(SO4)2 electrodes at various states of discharge and 
charge based on electrochemical data (Figure 5.12) and the corresponding vanadium oxidation states determined 
assuming charge balance, compared to the vanadium oxidation states based on XANES data (Figure 5.18). 

Sample 

Composition 
based on 

electrochemical 
data 

V oxidation 
state based 

on 
composition 

Edge energy/ 
eV 

V oxidation 
state based on 

edge energy 

V2O3(SO4)2 V2O3(SO4)2 +5.00 5480.90±0.1 +5.04±0.05 
Discharge 3.60 V Li0.39V2O3(SO4)2 +4.81 5479.79±0.1 +4.48±0.05 
Discharge 2.95 V Li0.89V2O3(SO4)2 +4.57 5479.37±0.1 +4.27±0.05 
Discharge 2.40 V Li1.40V2O3(SO4)2 +4.30 5478.75±0.1 +3.87±0.05 
Discharge 1.95 V Li2.01V2O3(SO4)2 +3.99 5478.49±0.1 +3.84±0.05 

Charge 3.50 V Li1.07V2O3(SO4)2 +4.47 5479.03±0.1 +4.10±0.05 
Charge 4.00 V Li0.53V2O3(SO4)2 +4.74 5479.49±0.1 +4.33±0.05 

     
In addition to XANES analysis to confirm the change in vanadium oxidation state, IR spectra 

were collected on the same samples. It was expected that the vanadium oxidation state 

should transition to lower oxidation states on discharge and return to higher oxidation states 

after charging, as observed with XANES (Figure 5.17). As a result, one of the V=O bonds of 

the [VO2]+ cation and the V=O bond of the [VO]3+ cation should increase in length on insertion 

of 2.0 Li+ which would form two [VO]2+ cations. The bond lengths of these V=O bonds would 
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then decrease in length again on extraction of Li+.29 The IR spectra of V2O3(SO4)2 and the 

V2O3(SO4)2 electrodes at various states of discharge and charge are shown in Figure 5.19. 

 

Figure 5.19. IR spectra of V2O3(SO4)2 (black line) and the V2O3(SO4)2 electrode discharged to 3.60 V (red line), 
discharged to 2.95 V (blue line), discharged to 2.40 V (green line), discharged to 1.95 V (pink line), and charged to 
4.00 V (cyan line). Data were collected at room temperature. 

Figure 5.19 shows the absorption band at 993 cm−1, corresponding to the V=O bond shifts 

with Li+ content.2,6 The V=O absorption band of the V2O3(SO4)2 electrodes discharged to 3.50, 

2.95, 2.40 and 1.95 V shifts to lower wavenumbers of 983, 985, 975 and 975 cm-1, 

respectively, relative to the pristine phase, V2O3(SO4)2 (993 cm−1). While the V=O absorption 

bond of the V2O3(SO4)2 electrode charged to 3.50 and 4.10 V are shifted to higher 

wavenumbers of 975 and 989 cm−1, respectively, relative to the electrode discharge to 1.95 V 

(755 cm−1). This band shift suggests the V=O bond length increases with increasing Li+ content 

and the V=O bond length decreases on extraction of Li+. This agrees with the XANES data 

(Figure 5.17). The shift of the V=O band suggests that mixed-valent V(V)/V(IV) species exist, 

indicating that Li+ insertion occurred by a single-phase mechanism. If Li+ insertion occurred 

via a two-phase reaction, then a second phase would have formed and the V=O band would 

still be observed at 993 cm− Harrison et al., observed similar V=O band shifts with increasing 

Li+ content for the -LiVOPO4 and -LiVOPO4 electrodes.29 
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Interestingly, the electrochemically lithiated samples exhibit an additional absorption band 

at 880 cm−1, not observed for V2O3(SO4)2. This band at 880 cm−1 is consistent with a V-O bond 

and its wavenumber suggest that it is longer than the other V-O bonds which exhibit 

absorption bands between 934 – 960 cm−1. This indicates that there was a change in the local 

structure around vanadium and this will be analysed in more detail in Section 5.5.2. 

The electrochemically lithiated samples also show absorption bands between 765 -755 cm−1 

which correspond to V-O-V stretching vibrations. This band shifts to lower wavenumbers with 

increasing Li+ content suggesting that the V-O-V bond length increases. This band shifts to 

higher wavenumbers when Li+ was extracted implying that the V-O-V bond length decreases. 

These observed band shifts illustrate the reversibility of the electrochemical process but also 

supports the expected [VO2]+ transition to [VO]2+ and [VO]3+ transition to [VO]2+ . 

The wavenumbers of the absorption bands and assignments of the IR spectra of V2O3(SO4)2 

and the electrochemically lithiated samples shown in Figure 5.8 are summarised in Table 5.9. 

Table 5.9. Wavenumbers of the V-O absorption bands and their assignments for the electrochemically lithiated 
samples shown in Figure 5.19. 

Sample 
(V=O) 

vibrations/ cm−1 

(V-O) 

vibrations/ cm−1 

[(V-O)-V] 

vibrations/ cm−1 

V2O3(SO4)2 993 950 770 

Discharge 3.60V 
983 
985 

955 
880 

765 

Discharge 2.95 V  
960 
880 

765 

Discharge 2.40 V 975 
935 
880 

755 
 

Discharge 1.95 V 975 
960 
935 
890 

755 

Charge 3.50 V 975 
960 
935 
895 

755 

Charge 4.00 V 989 
960 
935 
880 

765 
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5.5.2. Structural evolution of LixV2O3(SO4)2 electrode upon cycling 

To reveal the structural changes that occurred at various stages of the electrochemical 

process, EXAFS analysis and PXRD studies were carried out on the same samples. 

As shown earlier in Figure 5.19, the IR spectra of the electrochemically lithiated phases 

showed an absorbance band at 880 cm−1 associated with a V-O bond which was not observed 

for V2O3(SO4)2. This suggested that there was a change in the local structure. Therefore, 

information on the changes in the local structure of the vanadium atoms on cycling versus 

Li+/Li0 was obtained by fitting the EXAFS using Artemis.  

A model based on the structure of the pristine phase, V2O3(SO4)2, was used to fit the EXAFS 

spectra. As discussed in Section 5.3.2, the structure of V2O3(SO4)2 is complex and the local 

environments of the V(1) and V(2) atoms is shown in Figure 5.20.2 V2O3(SO4)2 consists of two 

vanadium atoms, V(1) and V(2), coordinated with six V-O bonds each. V(1)=O(1) and 

V(2)=O(2) are bonded at similar distances of 1.598(8) and 1.590(4) Å, respectively. The 

vanadium atoms are connected by a bridging oxygen atom, O(3), with V(1)=O(3) at 1.686(7) Å 

and V(2)-O(3) at an intermediate length of 1.781(4) Å, forming the [V(1)O2]+ and [V(2)O]3+ 

cations. Each vanadium atom is also coordinated with three intermediate bonds, V-Oeq 

(1.924(9) to 2.012(5) Å), and one long bond, V···O (2.314(7) and 2.340(8) Å) (Table 5.2).  

 

Figure 5.20. Local environment of V(1) and V(2) atoms in V2O3(SO4)2, showing the different paths used in the EXAFS 
fitting model ((V=O)+(V-O)+(V-Oeq)+(V···O)+(V-O-S)) with the vanadium atoms shown as purple spheres, oxygen 
atoms as red spheres and sulfur atoms as yellow spheres. 
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Since the environments of V(1) and V(2) atoms are similar, this structure was simplified into 

a five path model consisting of a path for the short vanadyl bond (V=O), one for the short 

intermediate bond (V-O), one for the three equatorial bonds (V-Oeq), one for the long bond 

(V···O) and one for the V-O-S coordination, as illustrated in Figure 5.20. During the fitting 

process, the atomic separations were allowed to refine, coordination numbers (N) were held 

constant and one photoelectron energy shift (Eo) was fitted for the five paths. An amplitude 

reduction factor (So
2) of 1.0 was obtained by fitting the data from the pristine phase and used 

in the fitting of the data from the lithiated materials. A different disorder factor (2) for each 

path was used and fitting ranges of 4.0 < k < 13.0 Å−1 and 1.0 < R < 4.0 Å were used. The fit 

values for Eo remained within +/− 10 eV. The experimental k3-weighted EXAFS data fitted with 

the five shell model ((V=O)+(V-O)+(V-Oeq)+(V···O)+(V-O-S)) are shown in Figure 5.21. 

 

Figure 5.21. Experimental k3-weighted EXAFS data (black solid lines) fitted with the five-path model (filled circles) 
for the V2O3(SO4)2 electrode discharged to 3.50 V (red filled circles), discharged to 2.95 V (blue filled circles), 
discharged to 2.40 V (green filled circles), discharged to 1.95 V (pink filled circles), and charged 4.00 V (cyan filled 
circles). 

The k3-weighted Fourier Transform of the EXAFS for the electrochemically lithiated samples 

are shown in Figure 5.22. Note that the peaks have not been phase-shift corrected and 

appear at shorter distances than the atomic separations they represent. Figure 5.22 shows 

one distinct peak positioned in the 1 – 2 Å range associated with the V-O local environment 

of the first coordination sphere with the majority of this peak originating from the three V-Oeq 

bonds.23,27 The following peaks extending to 3.5 Å are dominated by contributions from the 

long V···O bond and the V-S single scattering paths.  
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Figure 5.22 reveals variations in the amplitude and phases of the EXAFS spectra, indicating 

changes in the local structure of vanadium as a function of Li+ content. The amplitude of the 

first peak increased after discharging to 3.60 V due to Li+ insertion which decreased on 

insertion of more Li+ and increased in intensity after extraction of Li+. 

 

Figure 5.22. The Vanadium K-edge EXAFS spectra Fourier Transform in the R-space for the V2O3(SO4)2 electrode 
(black solid line), discharged to 3.50 V (red solid line), discharged to 2.95 V (blue solid line), discharged to 2.40 V 
(green solid line), discharged to 1.95 V (pink solid line) and charged to 4.00 V (cyan dashed line). 

The results from the fits of the EXAFS are given in Table 5.10. The bond lengths obtained for 

the pristine phase are comparable to the bond lengths obtained for the pristine phase from 

the PXRD analysis (Table 5.2). On cycling, the V=O bond length fluctuated but remained 

within the range of a vanadyl bond (1.56(6) – 1.60(4) Å).6 This result was expected since the 

electrochemical data and XANES spectra (Figure 5.17) both suggested that V(V) was reduced 

V(IV) which also contains a V=O bond.6 The V-O bond, which models the bridging oxygen atom 

between to the two vanadium atoms (Figure 5.20) increased in length to 1.83(5) Å after 

discharging to 1.95 V. This is consistent with a transition from V(V) to V(IV) (i.e., [VO2]+ to [VO]2+) 

on insertion of 2 Li per mol of V2O3(SO4)2. On extraction of Li+, the V-O bond contracted again 

to 1.78(1) Å which is consistent with a [VO]2+ to [VO2]+ transition and agrees with the XANES 

data (Figure 5.17).  
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Table 5.10. Structural parameters obtained from fits of the vanadium K-edge EXAFS spectra Fourier transform of 
the electrochemically lithiated electrodes of V2O3(SO4)2 at various states of discharge and charge, shown in Figure 
5.22. 

Sample V-X 
Coordination 

number, N 
R/ Å 2/ 10−3 Å2 R-factor/ % 

Pristine 

V=O 1 1.60±0.04 0.002±0.001 

1.7 

V-O 1 1.80±0.02 0.002±0.002 

V-Oeq 3 1.97±0.12 0.004±0.001 

V···O 1 2.46±0.03 0.015±0.009 

V-O-S 2 3.18±0.08 0.010±0.002 

Discharge 
3.6 V 

V=O 1 1.57±0.01 0.003±0.001 

1.2 

V-O 1 1.76±0.02 0.009±0.007 

V-Oeq 3 1.97±0.01 0.004±0.001 

V···O 1 2.42±0.04 0.009±0.005 

V-O-S 2 3.16±0.06 0.013±0.003 

Discharge 
2.95 V 

V=O 1 1.56±0.06 0.003±0.002 

1.4 

V-O 1 1.77±0.01 0.003±0.001 

V-Oeq 3 1.95±0.01 0.002±0.001 

V···O 1 2.36±0.02 0.007±0.004 

V-O-S 2 3.11±0.11 0.012±0.002 

Discharge 
2.40 V 

V=O 1 1.56±0.01 0.002±0.002 

1.7 

V-O 1 1.78±0.01 0.004±0.004 

V-Oeq 3 1.96±0.01 0.003±0.001 

V···O 1 2.38±0.06 0.009±0.007 

V-O-S 2 3.22±0.07 0.013±0.004 

Discharge 
1.95 V 

V=O 1 1.60±0.04 0.004±0.002 

1.9 

V-O 1 1.83±0.05 0.006±0.015 

V-Oeq 3 1.98±0.03 0.005±0.004 

V···O 1 2.46±0.09 0.008±0.006 

V-O-S 2 3.16±0.07 0.017±0.005 

Charge 
4.00 V 

V=O 1 1.57±0.01 0.004±0.002 

2.0 

V-O 1 1.78±0.01 0.008±0.007 

V-Oeq 3 1.97±0.02 0.003±0.001 

V···O 1 2.44±0.15 0.009±0.006 

V-O-S 2 3.17±0.05 0.014±0.004 
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To follow the long-range structural changes, PXRD patterns of the electrodes were collected 

in transmission geometry over 16 h at room temperature using Mo Kα1,2 radiation. The PXRD 

patterns of V2O3(SO4)2 and the electrochemically lithiated samples at various states of 

discharge and charge are presented in Figure 5.23. The PXRD patterns of the 

electrochemically lithiated samples show no additional reflections compared to V2O3(SO4)2, 

implying no secondary phases formed on Li+ insertion. Figure 5.23 does show the reflections 

of the electrochemically lithiated phases shifted relative to V2O3(SO4)2, suggesting the unit 

cell volume changed on cycling versus Li+/Li0. Since the PXRD patterns of V2O3(SO4)2 and the 

electrochemically lithiated phases were similar. As such, it was assumed that the 

electrochemically lithiated phases retained the monoclinic symmetry of the pristine phase. 

 

Figure 5.23. PXRD patterns of V2O3(SO4)2 (black line) and the V2O3(SO4)2 electrode discharged to 3.50 V (red line), 
discharged to 2.95 V (blue line), dicharged to 2.40 V (green line), discharged to 1.95 V (pink line) and charged to 
4.00 V (cyan line). PXRD data were collected over 16 h at room temperature using Mo Kα1,2 radiation. 

Therefore, to establish the changes in the unit cell parameters, a series of Rietveld 

refinements were performed using GSAS/EXPGUI.30,31 The structural model of V2O3(SO4)2 was 

used as the starting model.2 The same general procedure was followed for each refinement. 

The backgrounds were fitted using a Chebyschev polynomial with 36 terms, the unit cell 

parameters, zero-error and profile parameters were all refined. Good fits were reached, and 

the fits obtained between 9 – 12 2  highlight the shifts of the reflections and are presented 

in Figure 5.24. 
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Figure 5.24. Portions of the Rietveld fits of the PXRD patterns for the V2O3(SO4)2 electrode at different states of 
discharge and charge, (a) V2O3(SO4)2, (b) discharged to 3.60 V, (c) discharged to 2.95 V, (d) discharged to 2.40 V, 
(e) discharged to 1.95 V and (f) charged to 4.00 V. PXRD data were collected over 16 h at room temperature using 
Mo Kα1,2 radiation. 

This analysis revealed changes in the unit cell parameters. The unit cell parameters obtained 

from the Rietveld fits shown in Figure 5.24 for V2O3(SO4)2 and the electrochemically lithiated 

phases are summarised in Table 5.11.  

Table 5.11. Unit cell parameters of V2O3(SO4)2, and the electrochemically lithiated electrodes obtained from 
Rietveld fits shown in Figure 5.24. 

Sample 
Unit cell parameters 

Rwp/ % 
a/ Å b/ Å c/ Å / ° V/ Å3 

Pristine 9.469(2) 8.921(2) 9.919(2) 104.713(8) 810.4(4) 5.22 
Discharge 3.60 V 9.543(6) 8.857(5) 10.216(7) 103.48(3) 839(1) 5.22 
Discharge 2.95 V 9.507(4) 8.810(3) 10.273(4) 103.18(3) 837.8(6) 4.40 
Discharge 2.40 V 9.608(9) 8.798(7) 10.194(8) 104.56(4) 834(1) 4.43 
Discharge 1.95 V 9.613(5) 8.765(5) 10.202(5) 105.24(3) 829(1) 4.50 

Charge 4.00 V 9.6063(7) 8.8732(7) 10.1498(8) 104.286(7) 838.4(1) 4.71 

       
The relationship between the Li+ content (x Li in LixV2O3(SO4)2) obtained from the 

electrochemical data (Figure 5.15) and the unit cell volume (Table 5.11) is illustrated in Figure 

5.25. This shows there was an expansion of the unit cell volume of roughly 3.5% on insertion 

of 0.39 mol Li+ after discharging to 3.60 V. This can be explained by the size-expansion of the 

VO6 octahedra due to the partial reduction of V(V) to V(IV) and the insertion of Li+.32 Inserting 

more Li+ caused the unit cell volume to contract. This can be rationalised by the increased 
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electrostatic attraction with increasing Li+ content which outweighed the size-expansion of 

the VO6 octahedra due to the reduction of V(V) to V(IV). 

 

Figure 5.25. Effect of xLi in LixV2O3(SO4)2 from electrochemical data on the unit cell volume. 

The linear fit obtained between the Li+ content and unit cell volume, shown in Figure 5.25, 

was used to extrapolate the unit cell volume when x in LixV2O3(SO4)2 is x’ = 0.5, 1.0, 1.5. The 

corresponding unit cell volumes (y’) and the errors associated the unit cell volumes (y’err) are 

given in Table 5.12. The error associated with the unit cell volumes (y’err) extrapolated from 

Figure 5.25 were calculated using Equation 5.3, with a confidence level of 95%.33 

𝑦′𝑒𝑟𝑟 = 𝑡𝛼
2
,𝑛−2 ∙ 𝑆 ∙ √

1

𝑛
+

𝑛(𝑥′−�̅�)2

𝑛∑𝑥𝑖2−(∑𝑥𝑖)2
 Equation 5.3 

Where: 

𝑛 is the number of variables, 

𝛼 is 0.05 for a confidence level of 95%, 

𝑡𝛼
2
,𝑛−2 is the critical value for the t distribution, this value was 2.571 for this data set, 

�̅� =
∑𝑥𝑖

𝑛
  is the average x-value of the 𝑥𝑖  experimental data points, 

𝑆 =  √
∑(𝑦𝑖−𝑎𝑥𝑖−𝑏)2

𝑛−2
 which was 1.018723 Å3 for this data set, 

𝑎 is the gradient of the linear fit, 

𝑏 is the intercept of the linear fit. 
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Table 5.12. Unit cell volumes of Li0.5V2O3(SO4)2, LiV2O3(SO4)2 and Li1.5V2O3(SO4)2, extrapolated from the linear 
relationship shown in Figure 5.25.33 

x Li  
in LixV2O3(SO4)2 

Unit cell volume/ Å3 
Volume expansion 

relative to V2O3(SO4)/ % 

0.5 838.6±1.6 3.48±0.19 
1.0 835.8±1.2 3.13±0.14 
1.5 832.9±1.5 2.79±0.18 

   
The volume changes given in Table 5.12 are comparable with the volume changes reported 

in the literature for other vanadium-based polyanionic electrodes.16,29 For example, Sun et 

al., reported a volume reduction of 3.1% when 1.0 Li+ was extracted from Li2VO(SO4)2 which 

was very similar to the estimated volume expansion of 3.13% when 1.0 Li+ was inserted into 

V2O3(SO4)2, forming LiV2O3(SO4)2.16 

ICP-OES analysis was also collected, as a service, to determine the Li+ content for the samples. 

However, the electrodes were difficult to dissolve due to the presence of carbon, so the 

samples were filtered using glass wool to remove the remaining solid particles (Section 

2.3.13). Thus, Li+ was potentially removed in the process. Therefore, the ICP-OES analysis was 

not used because it did not reflect the true amount of Li+ inserted electrochemically. 

5.5.3. Morphological changes of LixV2O3(SO4)2 electrode upon cycling 

The evolution of the morphology of the electrochemically lithiated samples is shown in Figure 

5.26. The SEM micrograph of the pristine electrode (Figure 5.26 (a)) shows a homogenous 

morphology comprising of small, spherical particles with some agglomeration which can be 

attributed to the ball-milling process used to prepare the electrode. The V2O3(SO4)2 electrode 

discharged to 3.60, 2.95, 2.40 and 1.95 V are shown in Figure 5.26 (b – e), respectively, and 

the V2O3(SO4)2 electrode charged to 3.50 and 4.00 V are shown in Figure 5.26 (f, g), 

respectively. The SEM micrographs of the lithiated electrodes show similar morphologies to 

the pristine electrode, suggesting that there were no additional phases formed on cycling 

which matches well with the IR spectra (Figure 5.19) and PXRD data (Figure 5.23). 
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The SEM micrograph of the electrode discharged to 3.60 V (Figure 5.26 (b)) shows a very 

similar morphology to the pristine phase (Figure 5.26 (a)). Whilst the SEM micrographs of the 

electrode discharged to lower voltages (2.95 V, 2.40 V and 1.95 V) (Figure 5.26 (c – e)) show 

the particle size gradually decreases with increasing Li+ content. The electrode discharged to 

1.95 V (Figure 5.26 (e)) shows much smaller particles compared to the pristine electrode 

(Figure 5.26 (a)), suggesting that the crystallinity decreased on Li+ insertion which agrees with 

the PXRD data (Figure 5.23). In comparison, the electrode charged to 3.50 V and 4.00 V 

(Figure 5.26 (f and g)), both show a small number of relatively larger particles. This 

observation suggests that the electrode gradually became more crystalline on Li+ extraction. 

Again, this result coincides with the PXRD data (Figure 5.23). 

 

Figure 5.26. SEM micrographs of the V2O3(SO4)2 electrode at different states of discharge and charge (a) V2O3(SO4)2 
ball-milled with 20 wt.% carbon, (b) discharged to 3.60 V, (c) dischrged to 2.94 V, (d) discharged to 2.40 V, (e) 
discharged to 1.90 V, (f) charged to 3.50 V and (g) charged to 4.00 V. 
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5.6. Chemical lithiation of V2O3(SO4)2 

The electrochemical studies showed that up to two Li+ ions can be inserted into V2O3(SO4)2, 

reducing the oxidation state of V(V) to V(IV). It is possible to insert two additional Li+ ions into 

V2O3(SO4)2 as V(IV) can be reduced to V(III). The theoretical capacity of V2O3(SO4)2 could be 

increased from 157 to 313 mA h g−1 with the insertion of two additional Li+ ions which would 

drastically improve the energy density of this material. 

Therefore, a series of chemical lithiation reactions were performed. Diffraction studies and 

elemental analyses by means of ICP-OES analysis and XAS measurements were carried out to 

determine the compositions and understand the structural evolution with the insertion of Li+ 

chemically which has not been explored previously in the literature. 

5.6.1. Synthesis of LixV2O3(SO4)2 by chemical lithiation 

Chemical lithiation reactions were performed with n-butyllithium (Aldrich, 1.6M in hexanes) 

according to Equation 5.4. The amount of V2O3(SO4)2 was kept constant and four different 

ratios of nBuLi to V2O3(SO4)2 were used (X:1, where X = 1, 2, 4, and 8). 

V2O3(SO4)2 + XnC4H9Li 
𝑛−𝐶6𝐻14
→       LixV2O3(SO4)2 + XC4H10 Equation 5.4 

To prepare the lithiated samples, 0.5 g (1.46 mmol) of V2O3(SO4)2 were added to an excess of 

n-hexanes (≤20 mL, Fischer) and the flasks were equipped with stir bars. To the flasks 0.91, 

1.83, 3.65 and 7.30 ml (1.46, 2.92, 5.85 and 11.70 mmol, respectively) of nBuLi were added 

at ambient temperature in an argon filled glovebox. The dispersions were left to stir 

continuously over the course of two weeks. The products were filtered under vacuum, 

washed with n-hexane and then dried under vacuum overnight. These samples were stored 

and handled in an argon filled glovebox. Table 5.13 summarises the four chemical lithiation 

reactions performed. 

Table 5.13. Summary of chemical lithiation experiments. 

V2O3(SO4)2/ 
mmol 

n-hexane/ 
mL 

n-butyllithium 1.6 M in hexanes 

X Moles/mmol Volume/ mL 

1.46 10 1 1.46 0.91 
1.46 10 2 2.92 1.83 
1.46 20 4 5.85 3.65 
1.46 20 8 11.70 7.30 
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5.7. Characterisation of chemically lithiated V2O3(SO4)2 

The composition and structural evolution of the chemically lithiated products were examined 

using ICP-OES, XAS, IR spectroscopy, PXRD, NPD, optical microscopy and SEM. These analyses 

will be presented in the subsequent sections. The chemically lithiated products are shown in 

Figure 5.27. V2O3(SO4)2 (Figure 5.27 (a)) is yellow in colour which is consistent with a V(V) 

species. The lithiation reactions resulted in colour changes. Lithiation with 1.46 mmol nBuLi 

gave a green material (Figure 5.27 (b)), suggesting a mixed V(V/IV) species. The products from 

reacting with 2.92 and 5.85 mmol nBuLi (Figure 5.27 (c), (d), respectively) are darker in colour, 

suggesting a mixed V(V/IV) species containing more of the reduced V(IV) species. Lithiation with 

11.70 mmol nBuLi (Figure 5.27 (e)) gave a black product which is likely a V(III) species. 

 

Figure 5.27. Powders of (a) V2O3(SO4)2, (b) after chemical lithiation with 1.46 mmol nBuLi (c) 2.92 mmol nBuLi 
(d) 5.85 mmol nBuLi and (e) 11.70 mmol nBuLi.  

5.7.1. Composition of chemically lithiated V2O3(SO4)2 

To quantify the amount of Li+ in the chemically lithiated samples, ICP-OES data were 

collected, as a service and this data is given in Table 5.14. The experimental compositions, 

based on the ICP-OES analysis are listed in Table 5.14 and will be used when referring to the 

chemically lithiated products. The oxidation states of vanadium were calculated based on 

charge balance assuming the oxidation states of lithium and oxygen are +1 and −2, 

respectively and that all the Li+ present in the sample was incorporated into V2O3(SO4)2.  

Table 5.14. Li+ content for chemically lithiated V2O3(SO4)2, obtained from ICP-OES analysis and the corresponding 
vanadium oxidation state calculated based on charge balance  

nBuLi moles/ 
mmol 

x Li from ICP-OES 
analysis 

Experimental 
composition 

Vanadium oxidation state 
based on composition 

0.00 0.00±0.00 V2O3(SO4)2 +5.00±0.00 
1.46 0.97±0.02 Li0.97V2O3(SO4)2 +4.52±0.01 
2.92 1.64±0.16 Li1.64V2O3(SO4)2 +4.18±0.08 
5.85 2.47±0.03 Li2.47V2O3(SO4)2 +3.77±0.02 

11.70 3.97±0.05 Li3.97V2O3(SO4)2 +3.02±0.03 
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Vanadium K-edge XANES data were collected on the chemically lithiated samples to confirm 

that lithiation was accompanied by a change in the oxidation state of vanadium. The 

normalised XANES data of V2O3(SO4)2, the chemically lithiated samples and the reference 

materials are compared in Figure 5.28. The pre-edge features of Li0.97V2O3(SO4)2, 

Li1.64V2O3(SO4)2, Li2.47V2O3(SO4)2 and Li3.97V2O3(SO4)2 shift progressively to lower energies 

relative to V2O3(SO4)2. As discussed in Section 5.5.1, this shift suggests the oxidation state of 

vanadium decreases. Moreover, the intensity of the pre-edge feature decreases with 

increasing Li+ content, suggesting that the distorted VO6 octahedra of V2O3(SO4)2 become 

more symmetrical with more Li+.25 The coordination sphere is defined as the average bond 

distance of the nearest neighbours surrounding the vanadium atoms of with the V=O bond 

length contributing 55% of the total intensity of the pre-edge peak. Therefore, suggesting 

that the V=O bond length increases with increasing Li+ content which is consistent with a V(V) 

to V(IV) and even V(III) transition.25 The edge positions of Li0.97V2O3(SO4)2, Li1.64V2O3(SO4)2, 

Li2.47V2O3(SO4)2 and Li3.97V2O3(SO4)2 shifted progressively to lower energies. This suggests that 

Li+ was incorporated into the structure of V2O3(SO4)2 and resulted in the reduction of the 

vanadium oxidation state. The edge energies of V2O3 and Li3.97V2O3(SO4)2 are very similar, 

suggesting 4.0 mol of Li per mol of V2O3(SO4)2 was incorporated which agrees with the 

ICP-OES analysis (Table 5.14). 

 

Figure 5.28. Vanadium K-edge XANES data showing the normalised spectra of V2O5 (orange dashed line), 
VOSO4·3(H2O) (blue dashed line), V2O3 (green dashed line) reference compounds and V2O3(SO4)2 (black solid line), 
Li0.97V2O3(SO4)2 (red solid line), Li1.64V2O3(SO4)2 (blue solid line), Li2.47V2O3(SO4)2 (green solid line) and 
Li3.97V2O3(SO4)2 (pink solid line). 

The absorption edge energies for the reference materials were taken at half-height of the 

normalised spectra and plotted versus their formal oxidation state producing a linear 
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relationship (Figure 5.18). The energy shifts for the chemically lithiated samples are shown 

in Figure 5.29 as a function of the average vanadium oxidation state obtained from ICP-OES 

analysis. This shows that the energy shifts for the chemically lithiated samples agreed with 

the average vanadium oxidation state estimated from the experimental compositions. Figure 

5.29 confirms that Li3.97V2O3(SO4)2 was reduced to V(III) upon the insertion of 4.0 mol of Li per 

mol of V2O3(SO4)2, thereby demonstrating that 2.0 additional Li+ ions can be inserted. 

 

Figure 5.29. Vanadium K-edge energy (at half-height) as a function of oxidation state for the reference materials, 
V2O5 (orange), VOSO4·3H2O (blue), V2O3 (green) and for V2O3(SO4)2 before and after chemical lithiation. 

The composition and average vanadium oxidation state for the chemically lithiated samples 

based on the ICP-OES data (Table 5.14) are given in Table 5.15. Additionally, Table 5.15 

summarises the energies of the absorption edge, at half-height of the normalised XANES 

spectra and the average vanadium oxidation state calculated using the linear relationship 

previously defined in Section 5.5.1 shown in Figure 5.29. The values are in reasonable 

agreement, suggesting that the Li+ detected from ICP-OES (Table 5.14) was inserted into the 

structure of V2O3(SO4)2, causing a change in the vanadium oxidation state. 

Table 5.15. Summary of the compositions based on ICP-OES analysis and the corresponding vanadium oxidation 
states, compared to the vanadium oxidation states based on the XANES data, shown in Figure 5.29. 

Composition based on 
ICP-OES analysis 

V oxidation state 
based on 

composition 
Edge energy / eV 

V oxidation state 
based on edge 

energy 

V2O3(SO4)2 +5.00±0.00 5480.90±0.1 +5.04±0.05 
Li0.97V2O3(SO4)2 +4.52±0.01 5479.54±0.1 +4.36±0.05 
Li1.64V2O3(SO4)2 +4.18±0.08 5478.88±0.1 +4.03±0.05 

Li2.47V2O3(SO4)2 +3.77±0.02 5478.47±0.1 +3.82±0.05 
Li3.97V2O3(SO4)2 +3.02±0.03 5477.23±0.1 +3.20±0.05 
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IR spectra were obtained to provide evidence for the change in oxidation state of vanadium. 

The IR spectra of the chemically lithiated samples are presented in Figure 5.30. This shows 

the V-O absorption band shifts to lower wavenumbers with increasing Li+ content, suggesting 

the V-O bonds increase in length.  

As previously discussed, in Section 5.3.5, the IR spectrum of V2O3(SO4)2 (Figure 5.8) is similar 

to that reported in the literature and the absorption band observed at 993 cm−1 is consistent 

with a V=O bond.2,6 The IR spectra of the chemically lithiated samples (Figure 5.30) show that 

the V=O absorption band shifts progressively to lower wavenumbers from 993 cm−1 for 

V2O3(SO4)2, to 985 cm−1 for Li0.97V2O3(SO4)2, 984 cm−1 for Li1.64V2O3(SO4)2 and 975 cm−1 for 

Li2.47V2O3(SO4)2. This band shift suggests the V=O bond becomes progressively longer with 

increasing Li+ content.29 This is consistent with the reduction of V(V) to V(IV), and even V(III). The 

intensity of the V=O absorption bands decreases with increasing Li+ content and almost 

disappeared for Li3.97V2O3(SO4)2. This suggests Li3.97V2O3(SO4)2 does not contain the short 

vanadyl bond which is consistent with a V(III) species, as V=O bonds do not form in V(III) phases.6 

This is in agreement with the experimental composition obtained from ICP-OES data (Table 

5.14) and the XANES data (Figure 5.29). 

 

Figure 5.30. IR spectra of V2O3(SO4)2 (black line), Li0.97V2O3(SO4)2 (red line), Li1.64V2O3(SO4)2 (blue line), 
Li2.47(V2O3(SO4)2 (green line), Li3.97V2O3(SO4)2 (pink line). All data were collected at room temperature. 
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Like the electrochemically lithiated samples (Figure 5.19), the chemically lithiated samples 

(Figure 5.30) also exhibit an absorbance band at 880 cm−1, not observed for V2O3(SO4)2. The 

absorbance band at 880 cm−1 is consistent with a V-O stretching vibration. The appearance 

of this absorbance band (880 cm−1) indicates a change in the local structure of vanadium after 

chemical lithiation which is consistent with transitions of the [VO2]+ and [VO]3+ cations to two 

[VO]2+ cations. 

Additionally, the intensity of the V-O-V absorption band (770 cm−1) reduced considerably 

with increasing Li+ content. As such, the local structural changes of vanadium were studied 

and are discussed in Section 5.7.2. Table 5.16 summarises the V-O vibrations and their 

wavenumbers shown in Figure 5.30, for the chemically lithiated samples. 

Table 5.16. The wavenumbers of the absorption bands and their assignments for V2O3(SO4)2 before and after 
chemical lithiation, as shown in Figure 5.30. 

Sample 
(V=O) 

vibrations/ cm−1 

(V-O) 

vibrations/ cm−1 

[(V-O)-V] 

vibrations/ cm−1 

V2O3(SO4)2 993 950 770 
Li0.97V2O3(SO4)2 985 957 

880 
768 

Li1.64V2O3(SO4)2 984 959 
880 

763 

Li2.47V2O3(SO4)2 975 933 
900 
865 

757 
 

Li3.97V2O3(SO4)2  939 
866 

757 
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5.7.2. Structural analysis of chemically lithiated V2O3(SO4)2 

The changes in the local structure around the vanadium atoms of the chemically lithiated 

samples were explored by fitting the EXAFS spectra. Again, the structural model of the 

pristine phase, V2O3(SO4)2, was used as the starting model and the same conditions that were 

detailed in Section 5.5.2 were used. The experimental k3-weighted EXAFS data for the 

chemically lithiated samples are shown in Figure 5.31. 

 

Figure 5.31. Experimental k3-weighted EXAFS data (black lines) fitted with the five-path model (solid circles) shown 
in Figure 5.20, for V2O3(SO4)2 (black solid circles), Li0.97V2O3(SO4)2 (red solid circles), Li1.64V2O3(SO4)2 (blue solid 
circles), Li2.47V2O3(SO4)2 (green solid circles) and Li3.97V2O3(SO4)2 (pink solid circles). 

The k3-weighted Fourier Transform of the EXAFS for the chemically lithiated samples are 

shown in Figure 5.32. As with the electrochemically lithiated samples (Figure 5.22), the 

Fourier Transform of the chemically lithiated samples exhibit one peak positioned in the 

1 – 2 Å range assigned to the first V-O coordination sphere. The subsequent peaks extending 

to 3.5 Å include contributions from the long V···O bond and the V-S single scattering 

paths.23,27 The amplitude of the V-O contribution varied with Li+ content, suggesting changes 

in the local arrangement of the first coordination sphere surrounding the vanadium atoms 

for the chemically lithiated samples. The amplitude of the first peak increases with increasing 

Li+ content. This can be attributed to a higher degree of symmetry surrounding the vanadium 

atoms with increasing Li+ content.27 However, the V-O contribution decreased significantly in 

intensity for Li3.97V2O3(SO4)2. Since the symmetry surrounding the vanadium atoms continued 

to increase with increasing Li+, this effect was likely outweighed by an increase in the disorder 

as the V-O bonds became longer and weaker. 
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The results obtained from the fits of the EXAFS spectra are given in Table 5.17. The five-path 

model (Figure 5.20) was used for the Li0.97V2O3(SO4)2, Li1.64V2O3(SO4)2 and Li2.47V2O3(SO4)2 

phases. The results from the five-path model showed that the V=O bond length for these 

phases fluctuated (1.58(2) – 1.64(7) Å) within the range of a vanadyl bond.6 This was 

reasonable as these three phases were expected to contain V=O bonds (i.e., [VO]2+ cations). 

Additionally, the V-O bond length of Li0.97V2O3(SO4)2 and Li1.64V2O3(SO4)2 also fluctuated in 

length between 1.76(2) – 1.82(4) Å which was reasonable since they also likely contain the 

V(1)=O(3) bond. Whereas the V-O bond length of Li2.47V2O3(SO4)2 increased to 1.94(16) Å, 

suggesting a transition from [VO2]+ to [VO]2+ which is consistent with the ICP-OES analysis 

(Table 5.14) and XANES data (Figure 5.5) for this sample. 

As for the Li3.97V2O3(SO4)2 phase, different models were tested. The five-path model was 

tested initially, and the results suggested that Li3.97V2O3(SO4)2 has a similar local structure to 

V2O3(SO4)2 and contains V=O bonds (1.64(7) Å). However, this result disagreed with the 

ICP-OES data (Table 5.14), XANES spectrum (Figure 5.29) and IR spectrum (Figure 5.30) which 

suggested Li3.97V2O3(SO4)2 is a V(III) species and thus should not contain V=O bonds.34 

 

Figure 5.32. The vanadium K-edge EXAFS spectra FT in the R-space for V2O3(SO4)2 (black line), Li0.97V2O3(SO4)2 (red 
line), Li1.64V2O3(SO4)2 (blue line), Li2.47V2O3(SO4)2 (green line) and Li3.97V2O3(SO4)2 (pink line). 
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It is likely that the five-path model ((V=O)+(V-O)+(V-Oeq)+(V···O)+(V-O-S)) ‘over-fitted’ the 

data because the quality of the EXAFS spectrum is poor, and to compensate for the large 

number of parameters used for the fitting, a wide k-range of 3.9 – 12.5 Å−1 was required. 

Therefore, the structure surrounding the vanadium atoms of the Li3.97V2O3(SO4)2 phase was 

investigated further. The literature explains that V(III) ions that are six-fold coordinated 

generally adopt a more regular octahedral environment compared to the heavily distorted 

octahedra of V2O3(SO4)2.6,25 A four-path model consisting of a path for the two short vanadyl 

bonds (V=O), one for the three equatorial bonds (V-Oeq), one for the long bond (V···O) and 

one for the V-O-S coordination was used. Since the EXAFS signal of this EXAFS spectrum 

(Figure 5.32 (a)) decayed to noise beyond 10 - 11 Å−1, narrower fitting ranges of 

3.6 < k < 10.8 Å−1 and 1.0 < R < 4.0 Å were used. This model gave a good fit, using the 

better-quality portion of the EXAFS spectrum. The fitting parameters (Table 5.17) show an 

increase in the V-O bond lengths compared to the other samples. The short V=O bond 

distance (1.67(2) Å) increased in length by 0.07 Å compared to the pristine phase and is 

midway between the V=O and V-O-V bridging distances. The equatorial bonds (V-Oeq) also 

increased in length (2.04(4) Å) and are consistent with V(III)-O bond lengths.34 These results 

are broadly consistent with the reduction of V(V) to V(III), since longer and weaker bonds were 

obtained from this analysis (Table 5.17). Additionally, there is more disorder associated with 

the V-O bonds of Li3.97V2O3(SO4)2 which is also consistent with V(III)-O bonds. 

Moreover, as previously mentioned in Section 5.7.1, there is a correlation between the 

intensity of the pre-edge peak of the XANES data and the size of the VOx coordination sphere 

of which the V=O bond contributes 55% of the pre-edge intensity.25 The reduced intensity of 

the pre-edge peak (Figure 5.28) of Li3.97V2O3(SO4)2 relative to the other phases is consistent 

with the disappearance of the V=O bond. This observation supports the previous data 

presented for this sample and suggests the Li3.97V2O3(SO4)2 phase consists of more regular 

VO6 octahedra compared to the distorted VO6 octahedra of V2O3(SO4)2. 
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Table 5.17. Structural parameters obtained from fits of the vanadium K-edge EXAFS spectra Fourier transform of 
the chemically lithiated samples of V2O3(SO4)2 shown in Figure 5.32. 

Sample V-X N R/ Å 2/ 10−3 Å2 R-factor/ % 

V2O3(SO4)2 

V=O 1 1.60±0.04 0.002±0.001 

1.7 

V-O 1 1.80±0.02 0.002±0.002 

V-Oeq 3 1.97±0.12 0.004±0.001 

V···O 1 2.46±0.03 0.015±0.009 

V-O-S 2 3.18±0.08 0.010±0.002 

Li0.97V2O3(SO4)2 

V=O 1 1.58±0.02 0.001±0.002 

1.8 

V-O 1 1.76±0.02 0.003±0.006 

V-Oeq 3 1.98±0.02 0.003±0.002 

V···O 1 2.47±0.09 0.014±0.014 

V-O-S 2 3.22±0.05 0.017±0.006 

Li1.64V2O3(SO4)2 

V=O 1 1.58±0.02 0.002±0.001 

1.8 

V-O 1 1.82±0.04 0.007±0.012 

V-Oeq 3 1.96±0.06 0.004±0.003 

V···O 1 2.39±0.01 0.004±0.004 

V-O-S 2 3.14±0.08 0.015±0.004 

Li2.47V2O3(SO4)2 

V=O 1 1.61±0.04 0.003±0.001 

1.8 

V-O 1 1.94±0.16 0.017±0.023 

V-Oeq 3 1.99±0.03 0.006±0.002 

V···O 1 2.40±0.03 0.009±0.006 

V-O-S 2 3.22±0.01 0.019±0.005 

Li3.97V2O3(SO4)2 

V=O 2 1.67±0.20 0.017±0.001 

1.0 
V-Oeq 3 2.04±0.04 0.012±0.001 
V···O 1 2.56±0.26 0.012±0.001 
V-O-S 2 3.22±0.01 0.022±0.003 
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Diffraction studies were performed to study the structural changes after chemical lithiation. 

PXRD patterns were collected for 16 h at room temperature using Mo Kα1,2 radiation. Figure 

5.33 compares the PXRD patterns of the chemically lithiated samples to V2O3(SO4)2. The PXRD 

patterns of V2O3(SO4)2, Li0.97V2O3(SO4)2, Li1.64V2O3(SO4)2 and Li2.47V2O3(SO4)2 are similar, 

showing the same reflections. Whilst Li3.97V2O3(SO4)2 exhibits the same reflections, the 

reflections were less intense, suggesting Li3.97V2O3(SO4)2 was less crystalline. 

 

Figure 5.33. PXRD patterns of V2O3(SO4)2 (black line), Li0.97V2O3(SO4)2 (red line), Li1.64V2O3(SO4)2 (blue line), 
Li2.47V2O3(SO4)2 (green line) and Li3.97V2O3(SO4)2 (pink line). PXRD data were collected for 16 h at room temperature 
using Mo Kα1,2 radiation. 

The PXRD patterns of the chemically lithiated samples (Figure 5.33) show reflection shifts 

relative to V2O3(SO4)2 suggestive of a solid solution behaviour.35 Since no additional 

reflections were observed it was assumed that the lithiated samples retained the monoclinic 

symmetry of the pristine phase. Therefore, to determine the changes in the unit cell 

parameters Rietveld refinements were performed using the structural model of V2O3(SO4)2 

published by Richter et al.2 The same parameters were refined for each fit. The backgrounds 

were fitted using a Chebyschev polynomial with 36 terms. The unit cell parameters, 

zero-error and profile parameters were refined. This gave the Rietveld fits shown in Figure 

5.34 (a - e), showing the fits obtained between 9 – 12 2 , highlighting the 2 shifts and the 

changes in the intensities of the reflections. 
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The evolution of the unit cell volume after chemical lithium is presented in Figure 5.34 (f). 

This shows the relationship between the Li+ content (x Li in LixV2O3(SO4)2) obtained from 

ICP-OES analysis (Table 5.14) and the unit cell volume obtained from the Rietveld 

refinements. Figure 5.34 (f) shows that the unit cell volume decreased linearly with 

increasing Li+ content. This result coincides with the change in unit cell volume observed for 

the electrochemically lithiated samples (Section 5.5.2). The PXRD analysis of the 

electrochemically (Figure 5.24 and Figure 5.25) and chemically lithiated (Figure 5.34) phases 

showed the materials were similar, suggesting that the structural transformation which 

occurred during electrochemical lithiation was replicated chemically. 

 

Figure 5.34. Portions of the Rietveld fits of the PXRD patterns for (a) V2O3(SO4)2, (b) Li0.97V2O3(SO4)2, (c) 
Li1.64V2O3(SO4)2, (d) Li2.47V2O3(SO4)2, (e) Li3.97V2O3(SO4)2 and (f) the effect of xLi in LixV2O3(SO4)2 as determined from 
ICP-OES analysis (Table 5.14) on the unit cell volume of the chemically lithiated samples. PXRD data were collected 
over 16 h at room temperature using Mo Kα1,2 radiation. 

The unit cell parameters obtained from the Rietveld fits shown in Figure 5.34 (a - e) for 

V2O3(SO4)2 and the chemically lithiated samples are compared in Table 5.18. 

Table 5.18. Unit cell parameters of V2O3(SO4)2 and the chemically lithiated samples obtained from Rietveld fits 
shown in Figure 5.34. 

Sample 
Unit cell parameters Rwp/ 

% a/ Å b/ Å c/ Å / ° V/ Å3 

V2O3(SO4)2 9.469(2) 8.921(2) 9.919(2) 104.713(8) 810.4(4) 5.22 
Li0.97V2O3(SO4)2 9.527(3) 8.845(2) 10.231(3) 103. 34(2) 838.8(5) 5.10 
Li1.64V2O3(SO4)2 9.527(2) 8.814(2) 10.229(2) 103.46(1) 835.4(3) 4.29 
Li2.47V2O3(SO4)2 9.522(2) 8.819(2) 10.212(2) 103.43(1) 834.2(3) 3.24 
Li3.97V2O3(SO4)2 9.608(3) 8.752(3) 10.188(3) 105.18(2) 826.9(5) 2.18 
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5.7.3. Morphological changes of chemically lithiated V2O3(SO4)2 

To examine the morphology of the chemically lithiated samples, optical microscopy images 

and SEM micrographs were collected. The optical microscopy images and SEM micrographs 

of V2O3(SO4)2, Li0.97V2O3(SO4)2, Li1.64V2O3(SO4)2, Li2.47V2O3(SO4)2 and Li3.97V2O3(SO4)2 are shown 

in Figure 5.35 (a), (b), (c), (d) and (e), respectively, and are representative of each sample.  

The optical microscopy images show the evolution of the colour change. V2O3(SO4)2 (Figure 

5.35 (a)), shows yellow crystallites which are uniform in colour and its colour is consistent 

with a V(V) species. Whereas the optical microscopy images of Li0.97V2O3(SO4)2, Li1.64V2O3(SO4)2, 

Li2.47V2O3(SO4)2 and Li3.97V2O3(SO4)2 (Figure 5.35 (b), (c), (d) and (e), respectively) show the 

sample colour gets darker with increasing Li+ content, until Li3.93V2O3(SO4)2 which is mostly 

brown in colour. This observed change in colour coincides with a change in the vanadium 

oxidation state which is consistent with the XANES spectra (Figure 5.29) for these samples. 

The SEM micrograph of V2O3(SO4)2 (Figure 5.35 (b)) confirms the formation of a uniform 

morphology consisting of acicular crystallites. The chemically lithiated samples exhibit a 

mixture of acicular and irregular-shaped crystallites. Since the chemically lithiated samples 

present some acicular crystallites, this suggests that Li+ insertion did not cause the 

morphology of V2O3(SO4)2 to break down completely. The irregular-shaped crystallites may 

be an artefact of the chemical lithiation. 
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Figure 5.35. Optical microscopy images (left) and SEM micrographs (right) of (a) V2O3(SO4)2, (b) Li0.97V2O3(SO4)2, 
(c) Li1.64V2O3(SO4)2, (d) Li2.47V2O3(SO4)2 and (e) Li3.97V2O3(SO4)2. 
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5.8. Electrochemical performance of V2O3(SO4)2 in Na-ion batteries 

Finally, for the sake of completeness and since the performance of V2O3(SO4)2 versus Na+/Na0 

is unreported in the literature, V2O3(SO4)2 electrodes were cycled versus Na+/Na0 at 30 °C 

using a Bio-logic Mac Pile II system. Sodium metal and Whatmann GF/D borosilicate glass 

fibre sheets saturated with 1 M NaClO4 in propylene carbonate containing 3% fluoroethylene 

carbonate by weight were used as the negative electrode and electrolyte, respectively. The 

voltage-capacity curve and dx/dV curve for a typical cell cycled galvanostatically between 1.5 

and 4.1 V at a rate of C/20 are shown in Figure 5.36 (a) and (b), respectively. The 

voltage-composition curve (Figure 5.36 (a)) shows three short plateaux on discharge at 

4.00 V, 2.75 V and 1.80 V versus Na+/Na0, corresponding to the insertion of 1.25 Na+ per mole 

of V2O3(SO4)2 (105 mA h g−1). However, there were no plateaux observed on charging the cell, 

suggesting the process was mostly irreversible. The derivative dx/dV curve (Figure 5.36 (b)) 

shows three reduction peaks at 4.00, 2.75 and 1.80 V and only one small oxidation peak at 

3.00 V. The reduction peak at 2.75 V is likely related to the oxidation peak at 3.00 V, 

illustrating the irreversibility of this process. While its open framework structure permits the 

insertion of 1.0 Na per formula unit of V2O3(SO4)2, the process was mostly irreversible. 

-VOPO4 demonstrated a similar irreversible capacity versus Na+/Na0.36 Nonetheless, the 

monoclinic structure of V2O3(SO4)2 was stable upon cycling versus Li+/Li0, as evidenced by the 

ex situ structural studies. Therefore, further studies could focus on understanding the 

irreversible behaviour, as V2O3(SO4)2 cannot currently be considered as a candidate for NIBs. 

 

Figure 5.36. (a) Voltage-capacity curve for a V2O3(SO4)2‖Na cell started on reduction cycled between 4.1 and 1.5 V 
at C/20 and (b) the corresponding derivative curve dx/dV for the first cycle. 
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5.9. Conclusions 

In this Chapter, the synthesis, structure and characterisation of the V2O3(SO4)2 phase was 

reported. A modified synthesis which utilised a lower temperature (140 °C) than previously 

used by Richter et al., and an additional drying stage was used to prepare V2O3(SO4)2.2 The 

characterisation by means of PXRD, NPD, IR spectroscopy, optical microscopy and SEM of this 

compound suggested it was phase pure and dry. 

A comparative investigation of the Li+ insertion process into V2O3(SO4)2 was investigated via 

electrochemical and chemical routes. Electrodes of V2O3(SO4)2 were hand-ground and 

ball-milled with carbon and their electrochemical activity versus Li+/Li0 studied. As expected, 

the ball-milled electrode exhibited enhanced electrochemical performance compared to the 

hand-ground electrode, owing to the reduced particle size and conductive network which 

was formed from ball-milling. The electrochemical Li+ insertion process was investigated by 

studying the electrodes ex situ over various stages of the lithiation and delithiation process. 

The analyses of the electrodes, including electrochemical data, XANES and IR spectra, 

showed that up to 2.0 Li+ ions (160 mA h g-1) can be incorporated electrochemically. The 

capacity of V2O3(SO4)2 could be doubled with the insertion of two more Li+ ions. Therefore, 

samples of V2O3(SO4)2 were chemically lithiated using nBuLi, to form Li4V2O3(SO4)2. ICP-OES 

analysis and XANES spectra revealed that up to 4.0 Li+ ions per formula unit were inserted via 

chemical lithiation. 

Structural changes which accompanied the insertion of Li+ into V2O3(SO4)2 both 

electrochemically and chemically were studied. PXRD data shows that the monoclinic 

symmetry is retained, and this is accompanied by an expansion of the unit cell volume with 

Li+ insertion. The structural analysis suggested that the structural transformation which 

occurred during electrochemical lithiation was replicated chemically. This analysis also 

revealed that 4.0 Li+ ions can be inserted into V2O3(SO4)2 while it maintained its framework 

structure. 

This material exploits vanadium’s ability to adopt numerous oxidation states and its 

framework structure accepts Li+ ions without undergoing any major structural change. This 

highlights the advantage of the opportunities to explore new vanadium-based polyanionic 

compounds which may exhibit multiple oxidation states. 
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This thesis explored vanadium-based sulfate compounds, with the formulae NH4VO(SO4)2, 

KVO(SO4)2, KVO2SO4, NH4VO2SO4 and V2O3(SO4)2. More specifically, the purpose of this work 

was to find compounds capable of competing with existing vanadium-based sulfate positive 

electrode materials like LixV2(SO4)3,1 LixVOSO4,2 and Li2VO(SO4)2,3 in terms of energy density, 

and operating voltage, with a view to understanding the Li+ insertion processes. 

NH4VO(SO4)2 

The compound, NH4VO(SO4)2, was synthesised at 200 °C via a solution-based route. 

NH4VO(SO4)2 crystallises in the P212121 space group and presents a layered structure 

consisting of VO6 distorted octahedra interconnected by bridging SO4 tetrahedra, weakly 

linked by NH4
+ cations through hydrogen-bonds. The thermal behaviour of this material was 

investigated fully using TGA and by ex situ characterisation of the thermally decomposed 

phases. Contrary to the decomposition route presented by Krasil’nikov, our analysis revealed 

that NH4VO(SO4)2 decomposed on heating in air at 365, 440 and 500 °C to form 

2VOSO4·H2SO4, α-VOSO4 and V2O5, respectively.4 This work led to the structural studies on 

the 2VOSO4·D2SO4 phase. A better structural model was achieved by means of X-ray and 

neutron diffraction data. This allowed accurate determination of the atomic coordinates of 

the deuterium atoms, and the disorder associated with the D2SO4 layer was modelled by use 

of multiple sites. Finally, the electrochemistry of NH4VO(SO4)2 was explored for the first time. 

It exhibited a limited discharge capacity of ≤20 mA h g−1 but operated at a high voltage of 

4.05 V. 

KVO(SO4)2 

The isostructural phase, KVO(SO4)2 was prepared by reacting an excess of H2SO4 with a 

saturated solution of KVO3 at 150 °C. While structurally identical to NH4VO(SO4)2, they were 

found to be chemically distinct, presenting different thermal behaviours. NH4VO(SO4)2 

decomposed giving different phases, whereas KVO(SO4)2 melted on heating above 400 °C, 

and a mixture of KVO(SO4)2, KVO2SO4 and V2O5 formed. Electrochemically, they exhibited 

similar discharge profiles and operated at the same voltage of 4.05 V which was attributed 

to their matching structures. 

KVO2SO4 

KVO2SO4 was prepared via a solid-state route at a relatively low temperature (≤400 °C) using 

stoichiometric amounts of V2O5 and K2S2O7. This material crystallises in the P212121 space 
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group, forming a three-dimensional network of corner-sharing VO6 octahedra linked via SO4 

tetrahedra, with K+ cations within the cavities. While structurally different to KVO(SO4)2, the 

KVO2SO4 phase also melted on heating above 400 °C, forming crystalline V2O5 and amorphous 

KVO2SO4. As for its electrochemistry, KVO2SO4 presented a series of short plateaux at 3.05, 

2.32 and 1.97 V versus Li+/Li0, corresponding to the insertion of 0.17 Li+ per formula unit. 

Compared to NH4VO(SO4)2 and KVO(SO4)2, KVO2SO4 operated at lower potentials because 

fewer SO4 tetrahedra surround the VO6 octahedra, thus lowering the ionic character of the 

V-O bonds. 

NH4VO2SO4 

Altering the synthetic conditions used to prepare NH4VO(SO4)2, the new material, 

NH4VO2SO4, was synthesised at 150 °C. SCXRD data revealed that NH4VO2SO4 crystallises in a 

monoclinic system with the space group P21/c and unit cell parameters a = 17.248(13) Å, 

b = 13.8649(9) Å, c = 9.3401(6) Å,  = 104.705(7) °. Its structure consists of chains of bridging 

VO6 distorted octahedra and SO4 tetrahedra interconnected by hydrogen bonds from the 

ammonium cations, forming a layered type structure comparable to NH4VO(SO4)2 and 

KVO2(SO4)2. Interestingly, NH4VO2SO4 presented a similar thermal decomposition route as 

NH4VO(SO4)2 forming 2VOSO4·H2SO4 and V2O5 at 370 and 500 °C, respectively. Additionally, 

NH4VO2SO4 presented a limited electrochemical performance of 18 mA h g−1 (0.14 Li+ per 

formula unit) and operated at an equivalent voltage to NH4VO(SO4)2 and KVO(SO4)2. 

V2O3(SO4)2 

Here, the V2O3(SO4)2 phase was synthesised at a lower temperature of 140 °C.5 This 

procedure also used relatively inexpensive and readily available precursors, and would likely 

be of interest for industrial scale production. However, V2O3(SO)2 is very hygroscopic, and 

vanadium is susceptible to reduction, making it more difficult to process which would be 

detrimental to the commercialisation of this material. The Li+ interaction with V2O3(SO4)2 by 

means of electrochemical and chemical insertion was investigated systematically using a 

range of techniques to determine the structural and phase changes. V2O3(SO4)2 exhibited 

multiple reversible redox processes centred at 2.30, 2.83, 3.25 and 4.09 V versus Li+/Li0. A 

discharge capacity of 160 mA h g−1 was achieved, corresponding to the insertion of 2.0 mol 

of Li per mol of V2O3(SO4)2 which was far greater than other vanadium-based sulfate 

compounds, as highlighted in Figure 1. The ex situ studies of the V2O3(SO4)2 electrode at 

various stages of the lithiation and delithiation process agreed with the electrochemical data 
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and confirmed that 2.0 Li+ were inserted. Moreover, a series of chemical lithiation reactions 

were performed using the n-butyllithium technique. ICP-OES analysis, XANES data and IR 

spectroscopy measurements indicated that a composition of Li4VO2O3(SO4)2 can be achieved 

by chemical lithiation. Additionally, the structural studies based on diffraction data and 

EXAFS analysis collected on the chemically and electrochemically lithiated samples found 

that up to 4.0 Li+ can be inserted into V2O3(SO4)2 while maintaining its framework structure.  

 

Figure 1. The electrochemical performance, in terms of operating voltage, specific capacity, and energy density of 
different vanadium-based polyanionic positive electrode materials for LIBs. The electrochemical performance of 
the materials reported in literature are shown in black, while the experimental performance of LixV2O3(SO4)2 is 
shown in red. 

The exploration of these vanadium-based sulfates showed that only V2O3(SO4)2 exhibited 

encouraging electrochemical properties that can compete with existing vanadium sulfates 

for LIBs (Figure 1). Further work could involve the exploration of the new V2O2(PO4)2 phase. 

This would include the synthesis, structural studies and electrochemical measurements to 

correlate any differences to V2O3(SO4)2. 

As for AVO(SO4)2 and AVO2SO4 (A = NH4
+, K+), it can be concluded that these materials do not 

present the necessary structural features, namely vacant sites or open channels required to 

facilitate Li+ insertion. Greater capacities could be achieved with considerable optimisation 

or by using the lithium counterparts, LiVO(SO4)2 and LiVO2SO4. Therefore, alternative 

ion-exchange routes which employ lower temperatures, for example refluxing with LiBr in 

n-hexanol at 160 °C could be successful. Alternatively, these materials could be viable 

candidates for other electrochemical applications. For instance, the potassium-based 
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materials, KVO(SO4)2 and KVO2SO4, could be attractive candidates for high voltage positive 

electrodes for potassium-ion batteries (KIBs). KIBs are a promising alternative to LIBs due to 

the high natural abundance and low cost of potassium.6 KVO(SO4)2 and KVO2SO4 could offer 

good structural stability for K+ extraction/insertion and the electrochemical K+ 

extraction/insertion behaviour of these materials should be evaluated. 

The syntheses used to prepare these vanadium sulfates are attractive to industrial scale 

production as they use a one-step process and low temperatures. However, they required 

considerable optimisation, emphasising the difficulties in preparing vanadium-based 

polyanionics. These studies may be of benefit to future synthetic studies, allowing other 

classes of vanadium-based polyanionics to be studied for electrochemical applications. 

An ideal positive electrode material should present a high voltage, large capacity and high 

electronic conductivity. Of these properties, the sulfate-based materials studied in this work 

generally exhibited high voltages but limited capacities, except for V2O3(SO4)2. Highlighting 

that the search for new electrode materials which exhibit outstanding performances in terms 

of energy density and operating voltages is challenging. Generally, this work has shown that 

it is important to test the electrochemical properties of new materials, and those that exhibit 

promising behaviours should be optimised. Nevertheless, the vanadium-based sulfates 

presented in this thesis may be of interest not only to the battery community, but also other 

research fields owing to their rich crystal chemistry. Therefore, it is hoped that this study will 

be of value to the exploration and development of more vanadium-based polyanionic 

compounds which present promising properties. 
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