Electrospun Vanadium-based Oxides as
Positive Battery Electrodes

Ceilidh Fiona Armer

A thesis submitted for the degree of
DOCTOR OF PHILOSOPHY
The Australian National University

November 2017

© Copyright by Ceilidh Fiona Armer
All Rights Reserved

ii

I hereby declare that this thesis is my own original work and that, to the best of my knowledge
and belief, it contains no material previously published or written by another person nor
material which to a substantial extent has been accepted for the award of any other degree or
diploma of the university or other institute of higher learning, except where due
acknowledgement has been made in the text.

Ceilidh Armer

3 November 2017

iii

iv

v

vi

I dedicate this thesis to my parents; Elizabeth and Douglas Armer,
Also to Michal Dunski and Wally Mackay,
With honourable mentions to Charlie and Calvin.

vii

viii

Acknowledgements
First and foremost, I would like to acknowledge and thank the chair of my supervisory panel,
Dr Adrian Lowe. I have been very fortunate to have had the opportunity to work with Adrian
for both my Honours and PhD projects. Adrian’s hands-off approach has allowed me to explore
different avenues of investigation under my own volition. His research area, enthusiasm,
interest in collaborating with other researchers and an appreciation for a work-life balance made
this a worthwhile and enjoyable PhD journey for me.
To Dr Li Xu, my primary supervisor at the Institute of Materials Research and Engineering
(IMRE) in Singapore, thank you for being very approachable, for trusting me to work at my
own pace, and for always knowing who to direct me to when further assistance was required.
Thanks to the Higher Degree Research program at the Australian National University which
funded this PhD project along with the Postgraduate and Research Students Association for
providing free Shup Up and Write sessions that were instrumental in supporting me during the
completion stages of this project. I acknowledge the Australian Microscopy and Microanalysis
Research Facility at the Centre for Advanced Microscopy of the Australian National University
for the use of their scanning electron microscopy facilities.
I acknowledge the A*STAR Research Attachment Program for providing me the opportunity
to research at IMRE in Singapore from May 2015 to November 2016. The experiences I gained
during this time were invaluable and helped me develop a broader perspective and appreciation
for research culture.
Many thanks to Mechthild Lübke for being a wonderfully fun collaborator, mentor and friend
at IMRE. Meggi was consistently inclusive, encouraging, generous with her time, always
interested to learn and refreshingly direct with her approach to research.
Dr M.V. Reddy from the Department of Physics at the National University of Singapore (NUS),
was exceptionally generous in allowing me to use his glovebox for lithium ion coin cell
ix

production on multiple occasions during the IMRE relocation and was the source of many
helpful discussions. Special thanks to Professor B.V.R. Chowdari, also from the NUS
Department of Physics, for the use of his laboratories in processing coin cells during the IMRE
relocation.
To Aled Roberts for facilitating a smooth introduction to IMRE and for being entertaining while
doing so. Thanks to Wong Siew Yee, Dr Zhang Yu, Dr Zhang Zheng and Dr Ding Ning at
IMRE for their assistance and advice in the collection of transmission electron micrographs, Xray photoelectron spectroscopy data and galvanostatic data during my research attachment.
Thank you to Ian Johnson for his Rietveld refinement skills and interest in all things vanadium
oxide. Also, thanks to Jawwad A. Darr from the University College London (UCL), for
facilitating the collection of Mo-source X-ray diffraction spectra and transmission electron
micrographs. I would like to acknowledge the use of the UCL Legion High Performance
Computing Facility (Legion@UCL), and associated support services. I am grateful to Kit
McColl and Furio Cora for taking on the theoretical calculations of the materials in Chapter 5
and for showing interest in my work.
Luxmi Devi Narain is thanked for drawing some excellent pictures used in this project.
The Teabugs crew at IMRE: Joanna Pursey, Ulrike Wais, Eleftherios Christos Stathara,
Aleksandra Gardecka, Diana Teixeira, Samuel Fishlock, Andrew Breeson, Hamid Khan,
William Ambler, William Web, Davide Ansovini, Enock Kyei Assah and Elpiniki Georgiou.
Biscuit-Thursdays and group therapy (over a variety of different drinks) was a delightful and
necessary reprieve.
It was an absolute pleasure working with Joyce Yeoh during my last year at ANU; her
perspectives, approach to research, integrity and curiosity was inspiring and motivating. Thank
you to Francesca Maclean, whose ability to inspire confidence in oneself came at a time when
it was really needed.

x

Friends at ANU: Brendan Voss, Tegan McNulty, Kiara Bruggeman, Hamza Bendemra,
Michael Roberts, Chris Stokes-Griffin, Alice Bates, Dave Adams, Ehsan Abbasi, Vi Kie Soo,
Cameron Summerville, Tom Cochrane, Jess Tsimeris, Alex Rodriguez and Asim Riaz. Another
source of group therapy over tea, or alternative beverages, that were a consistent reminder of
the importance of the comradery that exists between research students.
To the undergraduate students who worked with me on other vanadium oxide related projects;
James Feltrin, Aaron Zegelin, Oscar Tigwell, Samuel Turner and Samuel Palmer, thank you for
your interest and enthusiasm to learn.
To my parents; Elizabeth and Doug Armer for their unwavering, never-ending support and love
on this journey. My brother Aaron; his music, along with book and TV show recommendations
were thoroughly appreciated and enjoyed during my down-time. To my grandfather, Wally
Mackay for his stories. And to Michal Dunski, for still being here and for continuing to
understand me even when I do not.

This research is supported by an Australian Government Research Training Program (RTP)
Scholarship.

xi

xii

Abstract
Energy storage is an important area of research as demand for reliable, efficient and intermittent
energy increases. The development and research of energy storage technologies, in particular
lithium ion batteries, is intimately linked to the research of electrode materials. These materials
need to be abundant, capable of providing high capacities, possess long cycle life and have good
rate retention. Nanosizing of energy storage materials shows promise in addressing these
requirements.
This thesis focusses on the synthesis, characterisation and electrochemical properties of
electrospun fibrous vanadium-based pentoxides for lithium ion batteries. Vanadium pentoxides
(V 2 O 5 ) are candidate electrode materials due to their high theoretical capacity and layered
structure that can reversibly intercalate lithium ions.
Starting solutions consisting of vanadium oxytripropoxide, poly(vinyl acetate) (PVAc) and
ethanol were used for electrospinning the nanostructured hierarchical fibres. Dopant cations
were introduced into the electrospinning solution using sodium acetate, barium oxide,
aluminium isopropoxide or titanium (IV) isopropoxide. After electrospinning the as-spun
materials were converted into fibrous metal oxides through a single step calcination process.
Varying the calcination treatment from of the as-spun fibres showed that crystallite size and
fibre morphology were dependant on temperature. Crystallite size and conductivity of the
electrospun V 2 O 5 increased with calcination temperature though electrochemical performances
did not correlate. Fibres calcined at 500 °C were shown to provide the best compromise between
crystallinity, conductivity and capacity.
Fibre diameter was controllable by varying the amount of PVAc in the electrospinning starting
solution while keeping all other parameters constant. Crystallite size increased with a decrease
in fibre diameter, however, no trend in electrochemical performance was observed with V 2 O 5
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fibre diameter. Despite this, results indicated that fibrous hierarchical structures are necessary
to maintain material integrity and promote higher conductivity during cycling.
The structural stabilisation of V 2 O 5 during cycling was investigated using redox-inactive
dopants Ti4+ and Ba2+ with loadings of approximately 10 atomic percent (at%). The doped
materials improved both rate retention and cycling stability though only Ti4+ doped V 2 O 5
offered improved capacity. The dopants were shown to structurally stabilise V 2 O 5 via phase
change prevention.
Further dopant investigation showed that dopant location was an important factor in the overall
electrochemical performance of the V 2 O 5 host material, and that dopant loading, and oxidation
state can influence their location as rationalised by atomistic simulations. Interstitial 2 at% Na+
and 3 at% Ba2+ in electrospun V 2 O 5 provided both improved structural and electronic effects
on the V 2 O 5 structure and resulted in improved electrochemical performance. The
substitutionally located 3 at% Al3+ provided an improved structural effect but decreased
electronic conductivity and lowered capacity.
The simplicity of the electrospinning technique combined with the reliability of V 2 O 5 fibre
production shows promise in wider implementation of this alternate electrode material for other
metal-ion energy systems. For future research of electrospun V 2 O 5 it is recommended that a
hierarchical fibrous structure be utilised along with the incorporation of an interstitially located
dopant metal.
Electrospun V 2 O 5 shows promise as an electrode material by contributing towards providing
an alternative abundant metal oxide for efficient energy storage technologies.
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Chapter 1

Literature Review

1.1 INTRODUCTION
Chapter 1 of this thesis outlines the relevant literature and background information that
supports this project. Initially outlined in Section 1.2 is the motivation for this research
project and its relevancy in the broader research community focussed on the development
of energy storage materials. The fundamentals of energy storage are presented in Section
1.3 and in Section 1.4, followed by the electrochemistry of lithium ion batteries (LIBs)
and the various types of electrode materials with mechanistic explanations for their charge
transfer modes in Section 1.5. Metal-ion energy storage systems beyond LIBs are
introduced in Section 1.6 though in-depth exploration is omitted as this project focussed
on the use of electrospun vanadium pentoxide (V 2 O 5 ) as a positive electrode in LIBs.
Vanadium oxides are then discussed in Section 1.7 in which the structural and redoxbased charge transfer mechanisms of V 2 O 5 as a positive electrode are explored. Common
nanostructured material processing techniques are then introduced in Section 1.8 with
detailed descriptions of the electrospinning method highlighting the experimental setup
and synthesis parameters. The electrochemical performance of undoped, doped and
carbon incorporated electrospun V 2 O 5 in the literature is presented in Section 1.9. The
chapter concludes with a summary of the afore mentioned sections.

1.2 MOTIVATION
The increase in energy consumption and the use of its associated sources combined with
population growth is a significant driving force for much of the scientific literature
published in energy storage related research [1]. The critical, and ultimately inevitable,
transition from non-renewable energy sources to renewables has driven the ongoing
1
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development of advanced energy storage technologies. An increased demand for efficient
energy conversion creates a necessity for efficient energy storage methods that provide
consistent energy reliably. Current challenges associated with the development of these
devices are linked to the research of supercapacitors, fuel cells, dye-sensitised solar cells,
and batteries [2]. Batteries are currently considered to be the most promising due to their
high specific energy and efficiencies.
These clean alternative energy devices represent an important step towards satisfying
society’s energy demands. Despite this, they are still under development and new break
throughs are needed to improve these devices’ performance in terms of energy density,
power density, conversion efficiency, harvest efficiency, durability, and cost [1]. The
need to develop such devices results in the development of new functional materials.
Batteries, in particular LIBs, are widely used as power sources as they are compact with
high specific energy, high lithiation voltages, and good cycle performance [3]. They are
market leaders in clean energy storage technologies as they can be made from non-toxic
materials, have high energy-to-weight ratios and a long cycle life. Research and
development breakthroughs with energy storage systems are centred on the active
materials in such devices, in particular nanosizing of material dimensions, and their
advanced fabrication techniques [4].
V 2 O 5 and its derivatives are candidate alternative electrode materials for energy storage
as they are made up of a consecutively layered crystal structure that provides the means
for metal ion intercalation, in addition to good catalytic activity for energy conversion.
They are used in numerous technological applications including solar cells, sensors,
electrical and optical switching devices, photocatalyst and supercapacitors [5–11].
However, low structural stability with cycling and low ionic and electronic conductivities
limits the performance of this promising electroactive material. Consequently, strategies
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for improving V 2 O 5 are necessary in the research and development of alternative energy
systems.
Effective nanofabrication methods are under extensive investigation in the energy storage
research area as procedures for producing functional nanostructured materials reliably,
economically and efficiently are explored. Electrospinning is relatively simple and
inexpensive bottom-up nano-fabrication technique for synthesizing one dimensional
fibres from sol-gel solutions [12] and is beneficial to LIB development as it is able to vary
nanoparticle morphologies [13]. The effectiveness of electrospinning lies with the use of
electrostatic forces to draw the sol-gel solution into fibres with diameters on the order of
tens of nanometres. Nanostructured fibres are of particular interest in LIB research as they
offer large electrolyte/electrode contact areas, facile strain relaxation during cycling, short
lithium ion (Li-ion) diffusion distances, and effective electronic transport pathways for
higher capacity and improved rate performance [14].
This thesis investigates the effects of varying electrospinning process parameters and the
intentional introduction of defects via dopants on the V 2 O 5 morphology and structure
along with the resultant electrochemical performance. It focusses on the role dopants play
in the stabilisation of the V 2 O 5 structure with lithium ion (Li-ion) intercalation in addition
to the role dopant location plays in V 2 O 5 conductivity. This project contributes to the
development of functional nanostructured materials for energy storage applications by
investigating the structural and electrochemical aspects of a nanostructured metal oxide.
Furthermore, the research presented shows that electrospun V 2 O 5 is a viable alternative
electrode material with promise for practical implication.
This thesis addresses the following objectives of the project:
-

To develop a sol-gel method to serve as a reliable starting solution for the
electrospinning process to which dopants can be easily incorporated,
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-

To investigate the electrospinning process to enable controllable morphology of
the V 2 O 5 fibres and,

-

To investigate the stabilisation and conductivity effects of dopants on the
electrospun V 2 O 5 .

1.3 BASIC ELECTROCHEMISTRY OF ENERGY STORAGE DEVICES
The chemistry of energy storage devices and available energy can be described and
quantified using the equations that are introduced in this section. Gibbs energy (ΔG,
J mol-1) (Equation 1) represents the maximum cell potential as the difference in available
energy between the reactants and the products of a reaction.

∆𝑮𝑮 = −𝒏𝒏𝒏𝒏∆𝑬𝑬

(1 )

ΔE is the potential difference (V) between the half-cell reactions, F is the Faraday
constant (96485 C mol-1) and n is the stoichiometric coefficient of the electrons
transferred per mole (mol) [15]. The negative sign indicates that the reaction is
spontaneous, or favourable, such as the lithiation sequence in an electrochemical cell.
Gibbs energy can also be thermodynamically related to temperature and pressure
according to Equation 2.
𝒂𝒂𝒑𝒑

∆𝑮𝑮 = ∆𝑮𝑮𝟎𝟎 + 𝑹𝑹𝑹𝑹 𝒍𝒍𝒍𝒍 � �
𝒂𝒂
𝑹𝑹

(2 )

ΔGo is the maximum work, R is the gas constant (8.3145 J mol-1 K-1), T is the temperature
(K), a P is the activity of the product and a R is activity of the reactants. When Equations
1 and 2 are combined the Nernst Equation (Equation 3) is formed.

𝑬𝑬 = 𝑬𝑬𝟎𝟎 −

𝑹𝑹𝑹𝑹
𝒏𝒏𝑭𝑭

𝒂𝒂𝒑𝒑

𝒍𝒍𝒍𝒍( )
𝒂𝒂𝑹𝑹

(3 )

The potential, E (V), of each half-cell in an electrochemical device can be determined
using the Nernst Equation and the reaction is spontaneous if E > 0 [15]. Eo (V) is the
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standard potential of each material which can be found in the literature. The potential of
a full cell (Equation 4) can then be determined when the potential of each half-cell is
known.

∆𝑬𝑬 = 𝑬𝑬𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 − 𝑬𝑬𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂

(4)

The theoretical specific capacity, Q th (mA h g-1) of both the electrode materials is an
important parameter when determining the energy of a full cell (Equation 5).

𝑸𝑸𝒕𝒕𝒕𝒕 =

𝒛𝒛𝒛𝒛

𝟑𝟑.𝟔𝟔 𝑴𝑴

(5)

A high specific capacity is possible with a low molar mass, M (g mol-1), and a high
number of transferred electrons, n. The theoretical specific energy, W (Wh kg-1), can be
determined with the product of the cell potential, ΔE, and the theoretical specific capacity,
Q th , according to Equation 6.
𝑸𝑸

𝒕𝒕𝒕𝒕
𝐖𝐖 = ∫𝒒𝒒=𝟎𝟎
∆𝑬𝑬 𝒅𝒅𝒅𝒅 = 𝑸𝑸𝒕𝒕𝒕𝒕 ∆𝑬𝑬

(6)

Consequently, an increase in both the cell voltage and the specific capacity results in
higher energy densities [16]. These values can be measured using potentiostatic and
galvanostatic methods such as those described in Section 2.2.8.

1.4 ENERGY STORAGE
Ideal electrochemical conversion and storage devices have high specific energy and
power, are environmentally friendly, safe and cost effective. Examples of these systems
are batteries, supercapacitors and fuel cells. While the energy storage and conversion
mechanisms are different, similarities include the separation of ion and electron transport
and the charge transfer processes taking place at the electrolyte/electrode conjunction
[16]. Charge transfer processes occur via redox reactions for batteries and fuel cells
resulting in high energy and medium life cycles (10,000 cycles).
5
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Fuel cells convert hydrogen or hydrogen-rich fuel via an electrochemical oxidation
reaction into electrical energy. These types of cells require the flow of hydrogen and
oxygen which react in the presence of catalysts. Consequently, the catalysts, their
supporting substrates and the proton exchange membrane are the most critical
components [1]. Delithiation is stored physically at the electrode surface for capacitors
and supercapacitors allowing rapid transfer of charge resulting in high power and high
life cycles (1,000,000 cycles) [17]. Supercapacitors, also known as electric double-layer
capacitors or electrochemical capacitors, are able to charge and discharge rapidly [18].
Due to this ability to rapidly transfer charge, their capacitance is dependent on the surface
area of the electrode material that is accessible to the electrolyte. Typically, porous
carbons are used in commercially available supercapacitors [19].
Specific power and specific energy and often inversely related which is shown in Figure
1.1. As specific energy increases, specific power typically decreases. Consequently, the
development of high specific power devices with high specific energy and high life cycles
is a challenge for researchers.

6

LITERATURE REVIEW

Figure 1.1: Ragone plot comparing the specific energy and specific power of various
electrochemical conversion and storage systems, adapted from [16,20].

In the past decade, the demand for LIBs has eclipsed all other battery types including
nickel-cadmium (NiCd), nickel-metal hydrides (NiMH), zinc, and alkaline batteries due
to their higher specific energy. They occupy the majority of the battery market [21] and
in 2010 held a market share of 11 billion dollars [22]. Initially lithium (Li) metal was used
as a negative electrode material due to its very high specific capacity of 3860 mA h g-1,
light molecular weight of 6.94 g mol-1, and specific gravity of 0.53 g cm-3. It was replaced
in the late 1970s and early 1980s due to safety and reactivity concerns with dendritic
growth. Li metal was substituted with transition metal oxides of the form LiMO 2 (M =
Co, Ni, Mn), that are capable of the reversible intercalation of Li-ions [21]. Sony
commercialized LIBs developed by Asahi Chemical in 1991 with lithiated metal oxides
and graphite as the electrode materials [23].
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The Ragone plot in Figure 1.2 compares energy density and power density of
commercially available batteries and capacitors. This figure shows that LIBs possess the
highest energy density of common battery technologies with high power LIBs that are
almost comparable to supercapacitors.

Figure 1.2: Ragone plot comparing the specific energy and specific power of commercial batteries
and capacitors of various chemistries, adapted from [24].

Developing suitable electrode materials for use in LIBs that are reliable, structurally
stable and possess high cycle stability is an important area of research along with the
development of reliable and cost-effective processing technologies.
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1.5 LITHIUM ION BATTERIES
1.5.1

Lithium Ion Battery Chemistry

An electrochemical cell is the smallest unit of an electrochemical device which converts
chemical energy to electrical energy. It is made up of two electrodes of differing potentials
and when immersed in an electrolyte, a potential difference called the open circuit
voltage, is created. When discharging, lithiation in the case of LIBs, oxidation occurs at
the negative electrode and reduction at the positive electrode with a Li-ion flow from
negative to positive electrodes. During charging, or delithiation, reduction occurs at the
negative electrode and oxidation at the positive electrode as Li-ions move out of positive
electrode. This process is schematically represented in Figure 1.3, with a conventional
LIB design, which shows the transfer of electrons in the external circuit while the
electrolyte acts as an ionic conductor facilitating Li-ion transport between the electrodes.
The lithiation process is represented in the forward reaction of Equation 7, where Li-ions
are extracted from a graphitic negative electrode (Li x C y ) and inserted into a lithiated
metal oxide positive electrode (LiMO 2 ), with approximately 0.5 Li-ions (x) inserted and
extracted per unit of LiMO 2 [25].

𝑳𝑳𝑳𝑳𝒙𝒙 𝑪𝑪𝒚𝒚 + 𝑳𝑳𝑳𝑳(𝟏𝟏−𝒙𝒙) 𝑴𝑴𝑴𝑴𝟐𝟐 ↔ 𝑪𝑪𝒚𝒚 + 𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝟐𝟐

𝒙𝒙 ≈ 𝟎𝟎. 𝟓𝟓, 𝒚𝒚 = 𝟔𝟔

(7)

In a rechargeable cell, the electrochemical reactions are reversible so both oxidative and
reductive reactions can occur at the same electrode. Consequently, during delithiation,
the roles of the electrodes switch so Li-ions move out of the positive electrode and into
the negative electrode, as represented by the back reaction in Equation 7. Though, by
convention, the terms remain the same with oxidation occurring at the negative electrode
and reduction occurring at the positive electrode during the spontaneous lithiation process
[23].
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Figure 1.3: Lithium ion battery components in a conventional design with a copper current
collector for the negative electrode an aluminium current collector for the positive electrode,
adapted from [4,25].

A high performing LIB has a high specific energy. This is achieved with a high cell
voltage and electrode materials with high specific capacities (Equation 6). This is shown
graphically in Figure 1.4, where commercially used and investigated electrode materials
for LIBs are grouped into different material types. For a LIB to be high performing, it
must also have good cycle stability and rate capability. There are different classes of
battery materials that can fulfil these requirements to different extents; these are insertion,
conversion and alloying. In general, insertion materials have low theoretical capacities,
undergo small structural changes and have high life cycles. Conversion and alloying
materials have high theoretical capacities, undergo large structural changes and have low
life cycles. These material classes are discussed in more detail in Sections 1.5.2 and 1.5.3.
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Figure 1.4: Commercially used and researched electrode materials for LIBs where LiMO 2 =
LiCoO 2 , LiMn 2 O 4 , LFP = LiFePO 4 , LMP = LiMnPO 4 , NMC = LiNi 1/3 Mn 1/3 Co 1/3 O 2 , LTO =
Li 4 Ti 5 O 12 , and Sn = SnO 2 , adapted from [26].

1.5.2

Insertion Electrode Materials for Lithium Ion Batteries

Insertion materials can reversibly store Li-ions in the host material with limited structure
variation. This characteristic makes this class of electrode materials extremely useful for
commercial LIBs. The charge transfer mechanism proceeds according to Equation 7.
Insertion materials can be further divided into insertion (one dimensional – olivines,
TiO 2 , LFP or three dimensional – LTO, Li 2 MnO 3 ) and intercalation materials (two
dimensional – LiCoO 2 , or graphite layers) as seen in Figure 1.5. These defined structures
promote Li-ion diffusion in specific orientations. For example, olivines promote Li-ion
diffusion in one direction along 1D channels, while spinels allow Li-ion diffusion in
multiple directions within its 3D network. Layered intercalation materials promote
diffusion within the interlayer space in addition to being ionic/electronic conductors.
Ionic transport is enabled within intercalation materials due to the presence of diffusion
11
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pathways offering interstitial sites for Li-ion movement and occupation. Electronic
transport is caused by the overlapping of the d orbitals on the transition metal.

Figure 1.5: Insertion material structures for one, two and three-dimensional variations.

Currently used positive electrode materials include variations of the compounds LiCoO 2 ,
LiMnO 2 , and LiNiO 2 which have theoretical capacities of approximately 275 mA h g-1
[27]. These insertion electrode materials possess high electronic and ionic conductivities,
vacant sites in their crystalline structures, high redox potentials, high chemical stability,
low specific surface area, and low cost [28]. Despite this, Co is scarce, so an alternate
competitive cathode material is required. Additionally, Mn leaches out of LiMnO 2
electrodes during cycling [29]. Other notable compounds include spinel LiMn 2 O 4, which
is structurally stable with cycling, and LiNiO 2 for which a high degree of Li-ion
reversibility can be obtained; although LiMn 2 O 4 produces low capacity and LiNiO 2 is
thermally unstable compared to LiCoO 2 as Ni3+ is more readily reduced than Co3+ [30].
Furthermore, positive electrode materials of the formula LMO 2 can typically store one
Li-ion per unit formula which limits their stored energy and renders them susceptible to
kinetic problems that arise from slow ion diffusion and poor electrical conductivity [31].
Graphitic materials are typically used in commercial LIBs as negative electrodes. Carbonbased negative electrodes served as a replacement for Li metal as it was found that the
12
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build-up of Li species, such as LiOH, was somewhat prevented due to the insertion of Liions within the graphitic layers. Carbon experiences little structural change upon Li-ion
insertion/extraction, with interlayer distance increases of only 10%, and has contributed
to the high-energy density and reasonable cycle life of commercial LIBs today [23].
Though carbon electrodes have a high lithiation capacity of 370 mA h g-1, they are limited
by a low insertion potential. This causes metal Li deposition onto the electrode surface
over time, which has a detrimental effect on battery safety and long cycle life [28].

1.5.3

Conversion and Alloying Materials for Lithium Ion Batteries

High energy density can also be achieved using conversion and alloying materials as they
can store more Li-ions than insertion materials; the insertion material LiCoO 2 can only
store one Li-ion. Despite this, conversion and alloying materials are susceptible to
extreme structural changes during lithiation and have low operational potentials. As such,
they are typically negative electrode materials, as seen in Figure 1.4. A conversion
material is one where the metal oxide converts to its metallic state during the delithiation
process in the forward reaction according to Equation 8.

𝑴𝑴𝒂𝒂 𝑿𝑿𝒃𝒃 + (𝒃𝒃 ∙ 𝒏𝒏)𝑳𝑳𝒊𝒊+ ↔ 𝒂𝒂𝒂𝒂 + 𝒃𝒃 𝑳𝑳𝒊𝒊𝒏𝒏 𝑿𝑿

(8)

The M a X b compound, where M is the metallic cation and X is the anion (S, N, O, P, F),
is reduced to its metal form, aM, with the lithium compound by-product, Li x X. Examples
of candidate conversion materials for LIBs include Fe 2 O 3 and Fe 3 O 4 which have
theoretical capacities of 1007 mA h g-1 and 926 mA h g-1, respectively. These materials
are non-toxic, abundant, inexpensive and environmentally friendly. Despite this, they
suffer substantial capacity fading caused by poor voltage hysteresis [32]. A voltage
hysteresis is the shifting of the activation potential from low to high during delithiation
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of the negative electrode. This potential shift is the result of large volume variations
brought about structural changes experienced during the lithiation/delithiation processes.

Similar to conversion materials, alloying materials show much higher theoretical
capacities, such as 993 mA h g-1 for Sn and 3572 mA h g-1 for Si, compared to
372 mA h g-1 for graphite [33]. The high capacities and low operating potentials of these
materials (Sn Si, Sb, Al) result in higher energy densities for LIBs. Also, like conversion
materials, alloying materials undergo drastic structural changes as up to 15 Li-ions can
be incorporated into the material (Equation 9).

𝑴𝑴 + 𝒛𝒛𝒛𝒛𝒊𝒊+ + 𝒛𝒛𝒆𝒆− ↔ 𝑳𝑳𝒊𝒊𝒛𝒛 𝑴𝑴

(9)

Where the metal (M) alloys with Li-ions to form the compound Li z M. These structural
changes result in drastic irreversible capacity losses which are caused by extreme volume
changes, for example, Sn experiences more than 300% volume change during lithiation
[34]. Such large volume changes can cause separation of the active material from the
negative electrode. This can be mitigated using low active material masses and/or high
conductive carbon loadings [33,35]. These are not long-term solutions as they lower the
energy density in a full cell.
With the increasing energy demands of LIBs, there is an increase in demand for the use
of higher performing electrode materials that have larger gravimetric and volumetric
energy densities [36]. Due to the limitations of electrode materials briefly mentioned in
this section, alternative materials are required for the advancement of LIBs. Other metal
oxide variations are receiving much attention due to their novel properties, in particular
1D nanostructured materials are proving to be a potential solution [37].
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1.5.4

Nanosizing of Electrode Materials for Lithium Ion Batteries

An issue with the use of nanomaterials is the question of toxicity. The effects of continual
exposure to nanosized materials on both humans and the environment are not properly
documented and there are concerns [38]. Additionally, issues with synthesis methods of
nanomaterials also exist, with difficulties in reproduceable morphologies, size control and
cost.
The atoms at the surface of active nanomaterials are less coordinated compared to those
in bulk. This can result in differing chemical and physical behaviours, such as catalytic
effects and cation dissolution. Due to high surface energy, nanomaterials are often
thermodynamically unstable and can self-aggregate within the battery, which reduces the
effective contact area and compromises the merits associated with the use of these
materials [39] as discussed shortly. Transition metal dissolution resulting in the loss of
material contact and degradation is especially a problem with electrodes made up of
nanomaterials

at

higher

active

mass

loadings

[40].

Furthermore,

a

high

electrolyte/electrode surface area promotes a high flux of Li-ions to the surface which can
provide more opportunity for side reactions which can result in capacity losses [41].
Microscale electrode materials are susceptible to kinetic problems which arise from slow
ion diffusion and poor electrical conductivity. Nanomaterials can improve the kinetics,
promote higher solid-state ion diffusivity than those on the bulkscale, achieve higher
electrical conductivity and minimize path lengths for ion and electron transport due to
smaller particle size. Various nanoscale materials, such as metal organic/inorganic
frameworks, LiVPO 4 F, LiMn 1.5 Ni 0.5 O 4 , LiFePO 4 , and Li 3 V 2 (PO 4 ) 3 have been widely
synthesised and have shown improved electrochemical performance in comparison to the
bulk materials [42–46]. Using nanostructured materials in electrodes and electrolytes can
help reduce the weight, volume and cost of materials, leading to an improvement in the
efficiency and durability of LIBs.
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Several studies have shown that materials can become electrochemically active electrode
materials when nanosized compared to their bulk scale counterparts [47–49].
Nanomaterials can buffer the volume expansion that alloying and conversion materials
are extremely susceptible to. Increased band gap energies can be offered by nanomaterials
along with further band quantizing which leads to changes in their electronic behaviour
[50]. Furthermore, nanomaterials offer higher power characteristics due to a higher
surface-to-volume ratio providing more Li-ion storage sites.
Hierarchical nanostructured materials such as nanotubes, hollow nanospheres, and porous
nanostructures can promote large contact areas between the electrode material and the
electrolyte [51,52]. Nanofibres are of interest in energy storage development as, in
addition to large electrolyte/electrode contact areas, they offer facile strain relaxation
during cycling, short Li-ion diffusion distances, and effective electronic transport
pathways. These aspects have been shown to improve both capacity and rate performance
of energy storage devices [14].

1.6 OTHER METAL ION BATTERIES
Research into alternate metal ion battery systems is gaining traction due to the uneven
distribution of Li metal and high material cost. Additionally, with increasing concerns
regarding energy requirements of renewable energy sources, the expanding electric
vehicle market, and high demand of portable devices, much research focus now
encompasses alternate energy storage systems [53]. Li metal is the least abundant of the
metal ion candidates (Table 1.1) implying that LIBs are not sustainable energy storage
devices for the future despite its low oxidation potential and high theoretical capacity.
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Table 1.1: Summary of the energy storage parameters of candidate metal ion negative electrodes
[15,54,55].

Oxidation
state
Atomic
Weight
[g mol-1]
Specific
Capacity
[mA h g-1]
Volumetric
Capacity
[mA h cm-3]
Standard
Potential
[V vs SHE]
Abundance
in crust
[ppm]
Ionic Radius
[pm]

Lithium

Sodium

Magnesium Aluminium Potassium Calcium

Li+

Na+

Mg2+

Al3+

K+

Ca2+

6.94

22.99

24.31

26.98

39.10

40.08

3862

1165

2205

2980

685

1340

2000

1000

3900

8000

600

2000

-3.04

-2.71

-2.36

-1.68

-2.93

-2.87

18

22700

23000

82000

18400

41000

76

102

72

53.5

138

100

Sodium ion batteries (NIBs) are a strong contender for the replacement of Li-based
batteries with sodium’s oxidation potential, abundance, comparable reaction mechanisms
during charge transfer to LIBs, absence of alloying with aluminium, and low cost [56,57].
Despite this, the gravimetric and volumetric densities of NIBs do not exceed LIBs due to
the heavier Na-ion and its larger radius (102 pm vs 76 pm). This results in slower kinetics
during cycling in addition to its lower reducing potential [57,58]. Consequently, electrode
materials for NIBs must possess appropriate structural characteristics to enhance
electrochemical activity during sodiation.
In contrast, K-ion is a relatively poor candidate due its low theoretical capacity combined
with its monovalent state indicating only one charge transfer per redox reaction like that
of Li-ion and Na-ion. Despite this, K-ion does possess a slightly lower redox potential
than Na-ion suggesting higher cell voltages along with lower toxicity and moderate
abundance making K-ion batteries a viable candidate alternative battery system [59–61].
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For Mg-ion, Al-ion, and Ca-ion more than one charge transfer takes place per redox
reaction allowing for higher energy densities and specific capacities. For these metal ion
systems to be viable, the electrode material must allow ion mobility.
It has been claimed that aluminium ion batteries (AIBs) are the most promising battery
technology in development beyond lithium-based energy storage systems [62]. Al is the
most abundant of the metal ion candidates and its volumetric capacity, 8046 mA h mL-1,
is four times higher than that of Li-ion at 2062 mA h mL-1. Additionally, Al-ion has a
smaller ionic radius than Li (53.5 pm vs 76 pm) and is capable of a three-electron redox
reaction via the insertion/extraction of the trivalent Al-ion [22,63]. Its gravimetric density
is lower than that of Li (2980 vs 3861 mAh g-1) though higher than other metals
researched for energy storage devices such as Na-ion (1165 mA h g-1) and Mg-ion
(2205 mA h g-1) [62].
Al-based systems are proving to be quite competitive though electrolyte studies have
shown that performance is limited in aqueous electrolytes due to the formation of resistive
oxide layers on the Al electrode. This leads to polarisation and low cell voltage. The oxide
layer on the Al metal electrode can be dissolved using alkaline electrolytes though this
can lead to corrosion of the electrode itself. Strategies for overcoming this corrosion
include alloying the Al negative electrode, low operational temperatures, increased
current density and corrosion inhibitors [22]. Non-aqueous electrolytes, such as inorganic
and ionic molten salts, have proven to be more practical offering a wider electrochemical
window. In particular, room temperature ionic liquids containing a mixture of aluminium
chloride and imidazolium salts have shown high Al3+ dissolution and plating efficiencies
[64,65].
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1.7 VANADIUM OXIDE
1.7.1

Vanadium Oxide Stoichiometries

The diverse chemistry and catalytic performance of vanadium oxides are the result of a
variety of available oxidation states (2+ to 5+) and oxygen coordination geometries.
These geometries include octahedral, tetrahedral, pentagonal bipyramids and square
pyramids which combine to share edge, faces, and corners in a large variety of structural
arrangements [66]. An illustration of edge and face sharing of two generic square
pyramids are shown in Figure 1.6(a,b). The vanadium oxide system has up to 13 distinct
phases with further variation in stoichiometry and mixed vanadium oxidation states
occurring in some structures, making this material family a potential electrode material
for energy storage technologies [67]. These structures can be broadly categorized into
two families. The first contains structures according to V n O 2n+1 which consists of V 3 O 7 ,
V 4 O 9 , and V 6 O 13 . The second contains structures according to V n O 2n-1 which is
composed of V 4 O 7 , V 5 O 9 , V 6 O 11 , V 7 O 13 , and V 8 O 15 [68].
To highlight the complexity of the vanadium oxide system, vanadium dioxide (VO 2 ) is a
polymorph binary compound with known structures VO 2 (A), VO 2 (B), VO 2 (M) and
VO 2 (R) [69]. A typical thermochromic material; the rutile phase, VO 2 (R), is the most
thermodynamically stable phase and possesses a reversible metal-insulator phase
transition to a monoclinic phase, VO 2 (M), at 68 °C varying the electrical, optical and
magnetic properties. This variation in properties accompanying a reversible phase
transition makes VO 2 (R) a potential candidate for applications in gas sensors, optical
switching devices and optical data storage. The VO 2 (A) is metastable though it is absent
during the preparation of the VO 2 polymorph, as such, it has been less studied. In terms
of LIBs, VO 2 is a useful material due to its low cost, layered structure allowing for rapid
Li-ion intercalation/extraction, and excellent electronic conductivity which is a key
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property for high power performance [70,71]. For detailed discussion of the VO 2
structure and Li-ion intercalation proportions see the review by Chernova et al. where a
range of layered vanadium oxides are discussed [72].

1.7.2

Vanadium Pentoxide (V2O5)

V 2 O 5 possesses mixed valence sates with V5+ and some V4+ and is the most stable of the
vanadium oxide structures preferentially forming when heat treated in air at elevated
temperatures [73]. It has an orthorhombic unit cell of space group Pmmn No. 59, and is
made up of a layered structure consisting of stacks of distorted VO 5 square pyramids that
share edges to form zigzag double chains, as shown in Figure 1.6(c). These pyramids are
arranged in an up-up-down-down configuration. The layers are bonded along the z-axis,
or the (001) direction, by weak van der Waals bonds between the vanadium and oxygen
of neighbouring pyramids in adjacent layers [74,75].

Figure 1.6: Generic illustrations of (a) corner- and (b) edge-sharing square pyramids, and (c)
structural representation of V 2 O 5 , where blue = vanadium atoms and red = oxygen atoms, showing
two individual layers consisting of edge and corner sharing VO 5 distorted square pyramids.
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Nanostructured V 2 O 5 is of interest for use in LIBs as it possesses lower polarisation than
microstructured V 2 O 5 due to reduced particle size. Smaller particle size as offered by
nanostructuring results in increased contact surface area with the electrode and electrolyte
[3,76]. There is also an improvement in the Li-ion intercalation properties due to a
decrease in the diffusion distances. The combination of chemical stability, structure, and
high energy density makes V 2 O 5 a desirable material for use in electrochemical devices
[77]. Additionally, V 2 O 5 is capable of intercalating monovalent and multivalent cations
making it a candidate for other metal ion battery systems [78].

1.7.3

V2O5 Phase Transitions

V 2 O 5 is typically examined in the 2.0 – 4.0 V vs Li/Li+ potential window and possesses
two pairs of intercalation reactions referring to two Li-ions per cycle. The first Li-ion
intercalation/extraction occurs in the range of 3.0 – 4.0 V vs Li/Li+. In some cases,
depending on material morphology, there can be strong peak splitting which suggests
multiple

Li-ion

sites

of

varying

energy

differences

for

multi-stepped

intercalation/extraction processes which is typical of nanoscale V 2 O 5 [76]. This Li-ion
intercalation event occurs with oxidation reaction(s) in the range of 3.3 – 3.5 V vs Li/Li+
and with reduction reaction(s) in the range of 3.1 – 3.3 V vs Li/Li+ which can be described
by Equation 10 and Equation 11 [76,79].

𝜶𝜶 − 𝑽𝑽𝟐𝟐 𝑶𝑶𝟓𝟓 + 𝟎𝟎. 𝟓𝟓𝑳𝑳𝑳𝑳+ + 𝟎𝟎. 𝟓𝟓𝒆𝒆− ↔ 𝜺𝜺 − 𝑳𝑳𝑳𝑳𝟎𝟎.𝟓𝟓 𝑽𝑽𝟐𝟐 𝑶𝑶𝟓𝟓

𝜺𝜺 − 𝑳𝑳𝑳𝑳𝟎𝟎.𝟓𝟓 𝑽𝑽𝟐𝟐 𝑶𝑶𝟓𝟓 + 𝟎𝟎. 𝟓𝟓𝑳𝑳𝑳𝑳+ + 𝟎𝟎. 𝟓𝟓𝒆𝒆− ↔ 𝜹𝜹 − 𝑳𝑳𝑳𝑳𝑽𝑽𝟐𝟐 𝑶𝑶𝟓𝟓

(10)
(11)

The ε-phase is similar to the non-intercalated α-V 2 O 5 phase, as shown in Figure 1.7(a),
with some distortion of the V 2 O 5 layers caused by gliding of the VO 5 square pyramids.
The δ-LiV 2 O 5 phase is also made up of V 2 O 5 layers but they are substantially more
distorted as the VO 5 square pyramids have shifted by half a unit cell parameter along the
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b-axis causing the c-parameter to increase [80]. The effects of this phase change on the
V 2 O 5 structure are shown in Figure 1.7(b) where the distortion in the δ-phase requires
little energy so no V-O bonds are broken. Cheah et al. conducted a detailed study into the
Li-ion intercalation of V 2 O 5 and observed that the structural transformation of the α/ε
and ε/δ phases are reversible during cycling in the range of 2.0 – 4.0 V vs Li/Li+ [81].

Figure 1.7: Structural representations of (a) α-V 2 O 5 the pristine phase, (b) δ-LiV 2 O 5 , (c) уLi 2 V 2 O 5 showing different degrees of structural variations caused by Li-ion intercalation, (d)
galvanostatic profile of V 2 O 5 in the range 2.0 – 4.0 V vs Li/Li+, and (e) cyclic voltammetry trace of
V 2 O 5 in the range 2.0 – 4.0 V vs Li/Li+ with relevant phases labelled.

The second Li-ion intercalation/extraction event occurs in the range of 2.2 – 2.5 V vs
Li/Li+ according to Equation 12.

𝜹𝜹 − 𝑳𝑳𝑳𝑳𝑳𝑳𝟐𝟐 𝑶𝑶𝟓𝟓 + 𝟏𝟏𝑳𝑳𝑳𝑳+ + 𝟏𝟏𝒆𝒆− ↔ 𝜸𝜸 − 𝑳𝑳𝑳𝑳𝟐𝟐 𝑽𝑽𝟐𝟐 𝑶𝑶𝟓𝟓

(12)

Generally, the δ/ƴ phase transformation is partially irreversible as V-O bonds must be
broken during the conversion from δ-LiV 2 O 5 to form the new phase and accommodate
excessive Li-ion intercalation, resulting in extensive bending and flexing of the V 2 O 5
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layers as seen in Figure 1.7(c). The presence of Li-ions combined with V5+ reduction
leads to a modification of the positive charge distribution within the oxygen ion array
[82]. However, 𝑥𝑥 Li-ions within the stoichiometric range 0 < 𝑥𝑥 < 2 0 < 𝑥𝑥 < 2 can be
reversibly cycled in the metastable ƴ-Li x V 2 O 5 phase. Once this phase is formed, ƴ -

Li x V 2 O 5 is retained upon further cycling [83]. These intercalation events described above
can be seen with galvanostatic and potentiodynamic methods according to Figure
1.7(d,e). Several studies have compared the electrochemical performance of commercial
and nanoscale V 2 O 5 and observed comparable phase transitions and cyclic
voltammogram shape as those described above for both types of V 2 O 5 . In all cases, it was
shown that the nanosized V 2 O 5 possessed lower polarisation and higher peak currents
reflecting higher capacities [76,84,85].
When cycled below 2.0 V vs Li/Li+, a third Li-ion is intercalated at ca. 1.9 V vs Li/Li+
forming a rock salt structure according to Equation 13.

𝜸𝜸 − 𝑳𝑳𝑳𝑳𝟐𝟐 𝑽𝑽𝟐𝟐 𝑶𝑶𝟓𝟓 + 𝟏𝟏𝟏𝟏𝟏𝟏+ + 𝟏𝟏𝟏𝟏− ↔ 𝝎𝝎 − 𝑳𝑳𝑳𝑳𝟑𝟑 𝑽𝑽𝟐𝟐 𝑶𝑶𝟓𝟓

(13)

Ban et al. observed the formation of this material when their electrospun V 2 O 5 was cycled
in potential window of 1.75 – 3.75 V vs Li/Li+ which resulted in the loss of potential steps
within the capacity versus potential profile [86]. Dewangan et al. noted the formation of
this structure in the cyclic voltammogram of their V 2 O 5 with a strong oxidation peak at
1.9 V vs Li/Li+ in the first cycle but no corresponding reduction peaks [87]. The formation
of this phase results in significant capacity fading and is irreversible [80].
Due to the tuneable Li-ion intercalation events, schematically represented in Figure 1.8,
it is possible to the examine the electrochemical performance of V 2 O 5 for one Li-ion
intercalation [88,89] (2.5 – 4.0 V vs Li/Li+, 147 mA h g-1), two Li-ion intercalations [90–
92] (2.0 – 4.0 V vs Li/Li+, 294 mA h g-1) or three Li-ion intercalations [51,67] (1.5 – 4.0
V vs Li/Li+, 441 mA h g-1) with appropriate potential window constraints.
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Figure 1.8: The tuneable Li-ion intercalation events for V 2 O 5 are dependent on potential window
variations with one Li-ion for 2.5 – 4.0 V vs Li/Li+, two Li-ions for 2.0 – 4.0 V vs Li/Li+ and three
Li-ions for 1.5 – 4.0 V vs Li/Li+, adapted from [68].

Despite this versatility, V 2 O 5 is susceptible to structural variations and slow
electrochemical kinetics associated with the intercalation/extraction of Li-ions, resulting
in poor cycle stability [93]. In addition, V 2 O 5 is limited by low electrical conductivity
(10-2 to 10-3 S cm-1) and low Li-ion diffusion coefficients (10-12 to 10-15 cm2 s-1) [3].

1.7.4

Structural Effects of Doping V2O5

While V 2 O 5 has drawn wide attention as an electrode material, its poor capacity retention
and rate performance, caused by its low electronic conductivity and low Li-ion diffusion
rate, have hindered the development of this material [94]. Electrochemical properties of
V 2 O 5 can be improved by doping with other metals, which may lead to the expansion of
the crystal lattice; this expansion can provide an increased opportunity for Li-ion
intercalation [74].
Doping materials with other elements is undertaken to introduce a percentage of other
atoms into the crystal structure [95]. This allows for the introduction of mixed-valence
states into the material and the modification of the properties of the host crystal lattice
leading to improved electron conductivity [8]. The mixed conductivities of the host
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material and dopant are necessary for charge neutrality preservation during Li-ion
intercalation/extraction. Additionally, oxygen vacancies, brought about by doping, have
also been shown to increase conductivity in oxide materials [96]. The presence of
increased V4+ in V 2 O 5 is indicative of dislocations and vacancies which may facilitate
charge transfer by providing a more open structure and additional dopant energy levels
along with improved Li-ion transport [97].
Zhan et al. doped V 2 O 5 with Cr3+, prepared via a sol-gel method and showed a prevention
of an irreversible phase change of V 2 O 5 with an improvement in cycling performance
compared to that of undoped V 2 O 5 [74]. Dopant amounts require optimisation as the
effects on structural variations and phases must be considered in conjunction with the
effects on electrochemical performance. For example, Li compounds, such as Li 2 O, can
form within the active electrode materials and cause large volume expansion and material
decomposition which results in capacity fading [98].
The incorporation of carbon or other carbonaceous materials with another material is a
common doping method which can produce a synergetic effect with the long life cycle of
carbon and the defining features of the other additives [99]. Carbon has high electronic
conductivity and hence improves the conductance of composite materials [100].
Producing composites of vanadium oxide has been shown to be an effective way to
improve its electrochemical performance [10]. The introduction of activated carbon,
carbon nanotubes or carbon shells have stabilized vanadium oxide nanostructures [3,101–
105]. Graphene-incorporated vanadium oxide-based materials have shown to improve
electrochemical conductivity, thermal stability and Li-ion diffusion rates in LIB systems
[79,106–109]. In some cases, functionalising graphene oxide is undertaken in order to
introduce hydrophilic groups (-COOH, -C=O, -OH) to the surface of the graphene sheets
which act as anchoring sites for the vanadium oxide nanostructures [39]. Carbon coating
is another effective method for improving electrochemical performance of electrodes by
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forming protective layers on the active materials. A coating can also improve structural
stability during cycling as carbon can act as a barrier to suppress pulverisation and
aggregation of active particles [110].

1.8 NANOSTRUCTURED MATERIAL PROCESSING
1.8.1

Examples of Processing Techniques

Nanotechnology provides a means to produce very small and finely structured materials
and devices. Consequently, processing techniques that reliably fabricate nanostructured
materials are required. These techniques should have tuneable parameters to enable the
exertion of some control over the resulting morphology and structure. Many
nanoprocessing techniques typically make use of “top-down” or “bottom-up” procedures
[15]. These procedures are illustrated in Figure 1.9. A “top down” procedure is the
decomposition of bulkscale into nanoscale dimension, such as ball-milling, grinding or
lithography. A “bottom up” procedure is the synthesis of nanomaterials from atoms or
molecules, such as hydrothermal methods.

Figure 1.9: Schematic of “top-down” and “bottom-up” approaches to nanomaterial processing.

In order for fabrication of nanostructured materials to be convenient and financially
viable, production methods need to be practical in terms of pressure and temperature
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requirements, simplicity, and safety [111,112]. Liquid state processing technologies, such
as electrospinning, co-precipitation, sol-gel methods, micro-emulsions and hydrothermal
synthesis are popular for the development of nanoceramics. Co-precipitation is used for
producing nanoscale metals, oxides, and organics using a combination of nucleation,
particle growth, coarsening and agglomeration processes [113]. Reaction products are
typically insoluble and require a metal salt solution, a base, and a stabilizing agent in
conjunction with specified temperatures, pH, and reaction times. Micro-emulsions make
use of micelles, a thermodynamic stabile and an isotropic dispersion of two non-soluble
solutions, such as water and oil. The micelles, stabilized by surfactants, consist of a metal
salt and a reducing or precipitation agent and are used for the formation of nanoscale
particles after the exchange of the micellar cores [114]. The sol-gel process is a wetchemical technique consisting of a chemical solution or colloidal particles that produce
an integrated network. This network, collectively known as a gel, is formed during a
drying process and is the result of condensation and hydrolysis reactions [115].
Hydrothermal and solvothermal methods take place in sealed containers called autoclaves
under high pressures and moderate temperatures [116,117]. A range of materials can be
produced such as powders, fibres, single crystals, and coatings on metals, polymers, and
ceramics. Particle growth within the autoclave is controlled via specific temperature and
pressures.

1.8.2

The Electrospinning Technique

Electrospinning is an effective, scalable, and inexpensive bottom-up nano-fabrication
technique for synthesizing one dimensional fibres from solutions [77,118].
Electrospinning of sol-gel solutions allows uniform fibres with nanoscale diameters to be
formed without further purification [12].
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There are several types of precursor solutions used for preparing oxide- and polymerbased nanofibres with associated advantages and disadvantages. For example, using
inorganic sols can result in fibres that are several hundred nanometres in diameter which
may be too large for certain applications [119]. Controlling the diameter of electrospun
nanofibres requires the precise control of the composition of the precursor solution,
generally an alkoxide or salt, and the spinning parameters. The spinnability of the solution
is partially dependent on the polymer used and changing the sol-gel precursor enables
different types of ceramic oxides to be produced.
During the electrospinning operation, a strong electric field is applied to the tip of a
capillary containing the precursor solution which is drawn into a droplet. An electrostatic
field is applied between the capillary and a grounded collector such as a flat plate shown
in the experimental set up in Figure 1.10. When the electrostatic force at the end of the
capillary exceeds the surface tension of the droplet, a continuous fine jet of solution is
ejected from the capillary and moves through the electric field to deposit on the collector
[120].

Figure 1.10: Experimental schematic of typical electrospinning apparatus using a grounded plate
collector, adapted from [121].

Elongation of the charged droplet, called the Taylor cone, expelled from the tip of the
needle into a fibre is caused by electrostatic repulsions experienced in the bends of the
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lengthening droplet. The elongation and thinning of the fibre creates uniform fibres with
nanometre-scale diameters [122]. The surface morphology and diameter of the fibres can
be controlled by varying the set-up parameters and sol-gel components [67]. Parameters
of the starting solution include viscosity, surface tension, conductivity, polymer
molecular mass, dipole moment, and solution permittivity. The simplicity of the sol-gel
method and the use of inexpensive equipment are advantageous traits for mass production
[123]. Additionally, a standard solution can easily be doped with a secondary metal
precursor prior to electrospinning.
The setup parameters include solution feed rate, distance between syringe and collector,
electric field density, collector setup, and needle specifications. The environmental
influences are humidity and temperature. A combination of these parameters will
determine the quantity and quality of electrospun fibres. Berezina et al. conducted a study
on electrospun vanadium oxide fibres using a theoretical method based on non-stationary
electrodynamics [123]. They found that the potential difference, which is specified by the
distance between the needle and substrate, is an important factor that can affect the
qualitative and quantitative characteristics of the fibres. At high potentials, solution
splashing took place where fibres did not reach the collector and there was an increased
chance of fibre break-down between the needle and collector. Conversely, at low
potentials fibre defects may increase, such as inconsistence diameters or morphologies.
Fibre defects are also more likely when the distance between the syringe and collector is
small as the fibres do not have enough time to solidify before depositing on the collector.
Sol-gels that have high polymer to precursor ratio, resulting in a higher sol viscosity,
require larger distances between the syringe and collector for fibre solidification.
After the electrospinning operation, the as-spun material is typically subjected to heat
treatment. Figure 1.11 summarises three morphological changes that can occur which are
hollow, hierarchical and single crystalline variations. It has been shown that heat
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treatment temperature plays an important role in determining fibre morphology and can
affect structural characteristics and electrochemical performances of vanadium oxides
[88,124–126].

Figure 1.11: The heat treatment of as-spun material can be used to dictate the resulting
morphology to produce hollow fibres, hierarchical fibres or single crystalline rods.

1.9 ELECTROCHEMICAL PERFORMANCE OF ELECTROSPUN V2O5
Due to the electrochemical nature of V 2 O 5 , it has been extensively studied as a positive
electrode material while, in comparison other vanadium oxide phases have received far
less attention.
The studies discussed in Section 1.9.1 to Section 1.9.6 relate to electrospun undoped
V 2 O 5 fibres with open or layered structures and controllable morphologies for research
as LIB electrode materials. Electrochemical performance details are summarised in Table
1.2 for undoped electrospun V 2 O 5 and in Table 1.3 for doped and carbon incorporated
electrospun V 2 O 5 . The motivation for these studies lies with the advantages of using of
fibrous nanostructures in LIBs combined with the simple, cost-effective and versatile
production technique electrospinning. Electroactive materials possessing porous, hollow
or hierarchical fibres are expected to exhibit the following advantages: efficient one-
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dimensional electron transport in the longitudinal direction, increased Li-ion flux at the
interface of the electrolyte/electrode, decrease in Li-ion diffusion length which promotes
faster charge transfer and improved structural stability against volume expansion thus
improving cycling stability.
V 2 O 5 has been prepared using hydrothermal routes [37,127,128], thermal-decomposition
process [76], ball milling [129], and sol-gel processes [85,130]. Table 1.4 provides a
select summary of the electrochemical performance of vanadium oxides prepared by
synthesis routes other than electrospinning. Comparing Table 1.2 and Table 1.3 to Table
1.4 shows that the electrochemical performance of electrospun vanadium oxides are
competitive LIB positive electrodes to those prepared by other synthesis methods.
Detailed analysis of Table 1.4 is omitted as it falls outside the scope of this project. For
details of electrochemical performances of vanadium oxides prepared by various
synthesis methods see the review by Yue and Liang [68].
An investigation of electrospun V 2 O 5 not tested in a Li-ion coin cell was conducted by
Yu et al. using a three-electrode cell with an electrolyte made up of 1 M LiCoO 4 in
propylene carbonate and Pt as the counter electrode [126]. Galvanostatic cycling was
conducted at a potential range of -0.5 – 0.1 V vs Ag/AgCl with a high current density of
625 mA g-1. The lithiation capacity was initially 372 mA h g-1, decreased by 7% in the
tenth cycle and remained stable for the remaining 30 cycles. This reversible capacity is
significantly higher than the theoretical capacity of 294 mA h g-1 for bulk V 2 O 5 assuming
two Li-ion intercalations per moiety of V 2 O 5 . This electrochemical performance was
attributed to improved Li-ion intercalation kinetics, high surface area, and short diffusion
distances of the V 2 O 5 fibres. As the galvanostatic testing took place in a three-electrode
cell, it is likely that this contributed to the excellent performance as the excess of
electrolyte would have ensured a fresh and constant flow of Li-ions to the surface of the
electrodes.
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Table 1.2: Summary of electrospun undoped V 2 O 5 with corresponding electrochemical performance for long term cycling.

Reference

Material

Morphology

Lithiation capacity 1st cycle (mA h g-1) / rate (mA g-1,
C) / potential range (V vs Li/Li+)

[124]
[131]
[86]

V2O5

Fibres; 1000 nm

N/A

Nth cycle / lithiation capacity (mA h g-1) / rate (mA g-1, C) /
retention % / potential range (V vs Li/Li+)
N/A

120 / 0.1 mA

cm-2

Fibres; 40-70 nm,

350 / 0.1 mA

c-2

Nanowires; 100-200 nm
Nanorods; 50-100 nm

275 / 30 (2 – 4 V),
390 / 30 (1.75 – 4 V)

n = 50 / 187 / 30 / 68% (2 – 4 V),
n = 50 / 201 / 30 / 51% (1.75 – 4 V)

Nanowires; 300-80 nm
Nanorods; 70-800 nm

300 / 35 (1.75 – 4 V),
230 / 35 (2 – 4 V)

n = 50 / 150 / 35 / 50% (1.75 – 4 V),
n = 50 / 170 / 35 / 74% (2 – 4 V)

Fibres; 350 nm
Nanotubes; 560 nm
Nanofibres; 340 nm
Nanobelts; 300 nm

377 / 655 (-0.5 – 1 V vs Ag/AgCl)
Nanotubes; 131.2 / 2000 (2.5 – 4 V)
Nanofibres; 92 / 2000 (2.5 – 4 V)
Nanobelts; 95 / 2000 (2 – 4 V)

n = 40 / 340 / 655/ 90%
Nanotubes; n = 250 / 105.6 / 2000 / 80.5%
Nanofibres; n = 250 / 78.1 / 2000 / 85.4%
Nanobelts; n = 250 / 137.8 / 2000 / 85%

Nanofibres; 500-800 nm

[90]

V2O5
TV2O5
(template), SV2O5
(no
template)

Tubular; 1000 nm,

140 / 20 (2.5 – 4 V)
T-V 2 O 5 : 242 / 294, (2 – 4 V)
T-V 2 O 5 : 174 / 1175, (2 – 4 V)
S-V 2 O 5 : 207 / 294, (2 – 4 V)
S-V 2 O 5 : 138 / 1175 (2 – 4 V)

n = 30, delithiation: 127 / 20 / 91% (2.5 – 4 V)
n = 300, T-V 2 O 5 : 218 / 294 / 89%,
148 / 1175 / 85%,
n = 300, S-V 2 O 5 : 162 / 294 / 78%,
77 / 1176 / 56%

[91]

V2O5

Nanofibres; 200-400 nm

139.4 / 800 (2 – 4 V)

V2O5

Porous nanofibres; 300-500 nm

V 2 O 5 -15: 150 / 0.2 (1 C = 147 mA g-1) (2.5 – 4 V),
275.2 / 0.2 C (1 C = 29 mA g-1) (2 – 4 V)
V 2 O 5 -60: 144 / 0.2 C (I C = 147 mA g-1) (2.5 – 4 V)

n = 100 / 133.9 / 800 / 96.05%
V 2 O 5 -15: n = 50 / 130.5 / 0.2 C (1 C = 147 mA g-1) / 86.9% (2.5
– 4 V),
n=50, / 204 / 0.2 C (1 C=294 mA g-1) / 73.8% (2 –
4 V)
V 2 O 5 -60: no cycling data reported

V2O5

Micro/nanorods, 300 nm diameter

V 2 O 5 -550 °C: 418.8 / 50 (2 – 4 V)

n = 50 / 180.5 / 50, 43%

[51]
[132]
[126]
[88]
[89]

[133]
[92]

H 0.48 V 4 O 10
V2O5
V2O5
(with
impurities
V xO2)
V2O5
V 2 O 5 .nH 2 O

V2O5

Fibres; 250 nm

(1.75 – 3.75 V)

N/A
n = 25 / 241 / 0.1 mA cm-2 / 69%

(1.75 – 4 V)
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Table 1.3: Summary of electrospun doped V 2 O 5 and carbon incorporated V 2 O 5 with corresponding electrochemical performance for long term cycling.

Reference

Lithiation capacity 1st cycle (mA h g-1) /rate (mA g-1,
C), (potential range V vs Li/Li+)
Ambient at 0.1 C (1 C = 350 mA g-1): V 2 O 5 316,
Al 0.5 V 2 O 5 250, Al 1.0 V 2 O 5 350.
At 55°C at 0.1 C, n = 2: V 2 O 5 285, Al 0.5 V 2 O 5 360,
Al 1.0 V 2 O 5 350.
Ambient at 1C: V 2 O 5 114, Al 0.5 V 2 O 5 240, Al 1.0 V 2 O 5
208, (2 – 4 V)

Nth cycle / lithiation capacity (mA h g-1) / rate (mA g-1, C) /
retention %, potential range (V vs Li/Li+)
Ambient at 0.1 C: V 2 O 5 136 / 43%, Al 0.5 V 2 O 5 158 / 63%,
Al 1.0 V 2 O 5 298 /85%
At 55°C n =50: V 2 O 5 120 /40%, Al 0.5 V 2 O 5 180 /50%,
Al 1.0 V 2 O 5 231 / 66%
Ambient at 1C: V 2 O 5 68 / 60% Al 0.5 V 2 O 5 144 / 60%, Al 1.0 V 2 O 5
146 / 70%

Material

Morphology

V2O5,
Al 0.5 V 2 O 5 , Al 1.0 -V 2 O 5

Nanofibres: 100-200 nm

LiV 3 O 8

Fibres; 1 μm

103 / 60, (0.4 – 1.6 V)

n = 50 / 72 / 60 / 70%

Nanorods; diameter 70 nm

n = 30 / 180 / 20 / 72%,
n = 30 / 125 / 100 / 71%

[137]

ß-Ag 0.33 V 2 O 5
reduced graphene
oxide
V2O5
nanowires (GVO)

250 / 20, (2 – 3.6 V)
175 / 100, (2 – 3.6 V)

Nanowires; 100 nm

225 / 0.2 C (50 mA g-1) (2 – 4 V)

N/A

[138]

V 2 O 5 /graphitic
nanotubes

Graphitic nanotubes encapsulating
V 2 O 5 ; 150 nm

224 (reversible capacity) / 150 (2 – 4 V)

n = 200 / 211 / 150 / 91.7%

[134]
[135]
[136]
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Table 1.4: Summary of V 2 O 5 prepared by various synthesis methods with corresponding electrochemical performance for long term cycling.
Synthesis Method
Reference

Material

Morphology

Lithiation capacity 1st cycle (mA h g-1) /rate
(mA g-1, C) (potential range V vs Li/Li+)

Nth cycle / lithiation capacity (mA h g-1) / rate (mA g1
, C) / retention % / potential range (V vs Li/Li+)

Nanobelts

398 / NA (1.5 – 3.75 V)

n = 8 / 284 / N/A / 71%

Nanowires

278 / 50 (2 – 4 V)

n = 50 / 200/ 50 / 72%

Plates

470 / 17 (1.75 – 4 V)

n = 50 / 260 / 170 / 55%

Nanoparticles

274 / C/20 (2 – 4 V)

n = 30 / 225 / C/20 / 82%

Particles

340 / 10 / (1.5 – 3.5 V)

n = 50 / 260 / 10 / 76%

Nanoparticles

249 / 300 / (2 – 4 V)

n = 50 / 229 / 300 / 92%

281 / 58 / (2 – 4 V)

n = 100 / 87 / 58 / 31%

Hydrothermal
ref [37]

V2O5
Hydrothermal

ref [127]

V2O5
Hydrothermal

Ref [128]

V2O5
Thermal-decomposition

Ref [76]

V2O5
Ball-milling

Ref [129]

V2O5
Sol-gel

Ref [84]

V2O5
Sol-gel

Ref [130]

V2O5
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1.9.1

Electrospun Undoped V2O5 – Electrospinning Combined with Hydrothermal

Electrospinning has been used in conjunction with hydrothermal treatments of the as-spun
materials by Ban et al. in two separate studies. In the first study, single crystalline fibres with
diameters of approximately 100 nm produced an initial lithiation capacity at 0.1 mA cm-2 in the
1.75 – 3.75 V vs Li/Li+ range of 120 mA h g-1 [131]. This capacity faded with subsequent
cycling and continuously smoothed galvanostatic capacity versus potential curves were
produced suggesting little Li-ion intercalation within the layered structure.
For the second study by Ban et al. the calcination temperature after the hydrothermal treatment
was increased from 420 °C to 500 °C [86]. H 0.48 V 4 O 10 .2H 2 O with a monoclinic structure was
formed after hydrothermal treatment of the as-spun materials and yielded low initial capacity
of 110 mA h g-1 when delithiated to 1.75 V vs Li/Li+ which decayed rapidly with further
cycling. The evolution of the structure on heating was studied and it was shown that V 2 O 5 was
irreversibly formed between 450 °C and 500 °C. Galvanostatic testing of V 2 O 5 was vastly
improved with an initial lithiation capacity of 350 mA h g-1 at a current density of 0.1 mA cm2

within 1.75 – 3.75 V vs Li/Li+ with multi-step behaviour which is typical for a crystalline

intercalation material. With subsequent galvanostatic cycles the potential steps were lost due to
the formation of rock salt ω-Li x V 2 O 5 where Li and vanadium ions become randomised due to
the formation of this phase. The capacity decreased though it remained reversible above
240 mA h g-1 for 25 cycles despite the formation of ω-Li x V 2 O 5 observed around the 10th cycle.
The improved electrochemical performance was attributed to shorter diffusion lengths
associated with the nanofibres and greater structural stability which lead to better capacity
retention.
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1.9.2

Electrospun Undoped V2O5 – Potential Window Variation

Electrospun V 2 O 5 investigations show an interesting progression in potential window size
variations. It was shown that the potential window affects phase change formation and cycle
stability [51,88,89,132]. Both Mai et al. [51] and Cheah et al. [132] showed that cycling
between 2.0 – 4.0 V vs Li/Li+ yielded higher cycle stability, 68% and 74%, respectively
compared to 1.75 – 4.0 V vs Li/Li+ with retentions of 51% and 50%, respectively. The increased
stability was attributed to absence of the irreversible ω-Li 3 V 2 O 5 rock salt phase which is
formed at potentials less than 2.0 V vs Li/Li+ as shown previously by Ban et al. [86,131].
Structural characterisation of electrospun nanowires by Mai et al. showed that hierarchical
nanowires were made of vanadium nanorods [Figure 1.12(a)] composed of predominantly
V 2 O 5 with V x O 2 impurities [51]. It was proposed by the authors that this structure kept the
contact area of the active materials, conductive additives and electrolyte large allowing high
capacities to be reached. The first galvanostatic lithiation and delithiation capacities when
cycled within 2.0 – 4.0 V vs Li/Li+ were both 275 mA h g-1 indicating no irreversible capacity
loss in the first cycle. Conversely, the first galvanostatic lithiation/delithiation capacities when
cycled in the 1.75 – 4.0 V vs Li/Li+ range were 361 mA h g-1 and 90 mA h g-1, respectively.
Continued cycling showed that multistep lithiation behaviours which were still present for 2.0
– 4.0 V vs Li/Li+ disappeared when cycled in the 1.75 – 4.0 V vs Li/Li+ range owing to the
irreversible formation of ω-Li 3 V 2 O 5 . After 50 cycles, the lithiation capacities were 201 mA g1

at 1.75 – 4.0 V vs Li/Li+ and 187 mA h g-1 at 2.0 – 4 V.0 vs Li/Li+ [Figure 1.12(b)], with

higher efficiencies for the latter range.
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Figure 1.12: (a) TEM of vanadium oxide nanowires with 100 nm scale bar, (b) galvanostatic cycling at
30 mA g-1 at 1.75 – 4.0 V vs Li/Li+ and 2.0 – 4.0 V vs Li/Li+, reprinted and adapted with permission from
[51]. Copyright (2010) American Chemical Society.

Cheah et al. produced electrospun single-phase polycrystalline V 2 O 5 nanowires with an initial
lithiation capacity of 230 mA h g-1 within 2.0 – 4.0 V vs Li/Li+ and a cycle retention of 55%
over 50 cycles at a current density of 35 mA g-1 [132]. Electrical impedance spectroscopy
analysis showed that the V 2 O 5 nanowires had the potential to minimize diffusion barriers, and
ionic/electronic resistances by decreasing the internal resistance and facilitating electrolyte
accessibility in the positive electrode network. The electrospinning process produced singlephase V 2 O 5 nanofibres with porous and randomly interconnected networks that allowed
increased contact with the electrolyte/electrode material and facilitated the movement of Liions into and out of the vanadium-based cathode. It should also be noted that a high proportion
of conductive agent and binder was used in the preparation of these electrodes with a ratio of
60:20:20. This is likely to have affected cycle performance and capacity retention though this
was not quantified in this study.
Cycle stability was improved again by Cheah et al. [89] and Wang et al. [88] by further reducing
the potential range to 2.5 – 4.0 V vs Li/Li+ which prevented the formation of the γ-Li x V 2 O 5
phase by limiting the Li-ion insertion to 1 mol per unit formula. Cheah et al. presented an
interesting analysis of both full- and half-cell results with spinel Li 4 Ti 5 O 12 as the negative
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electrode with an operating potential of 1.8 V vs Li/Li+. Galvanostatic analysis over 30 cycles
at 20 mA g-1 revealed capacity retention of 91% with an initial lithiation of 140 mA h g-1
[Figure 1.13(a,b)] [89].
Wang et al. synthesised electrospun V 2 O 5 nanostructures with morphologies that were dictated
by calcination temperature [88]. The synthesised nanotubes and nanofibres were cycled
between 2.5 – 4.0 V vs Li/Li+ at a high current density of 2000 mA g-1 over 250 cycles with
stabilities of 80.5% and 85.4%, respectively, and final capacities of 106 mA h g-1 and
78 mA h g-1. Capacity versus potential profiles and galvanic cycling for the nanotubes are
presented in Figure 1.13(c,d). However, the electrospun nanobelts were only cycled between
2.0 – 4.0 V vs Li/Li+ and exhibited high cycle stability of 85% over 250 cycles at 2000 mA g-1
with a final capacity of 138 mA h g-1. This performance was attributed to fibre morphology and
advantageous crystal orientation with suppression of the [001] direction which prevented
crystal volume fluctuation and electrode aggregation. The reason as to why the nanobelts were
not cycled in the reduced 2.5 – 4.0 V Li/Li+ range was not specified.

38

LITERATURE REVIEW

Figure 1.13: (a) Capacity versus potential profiles of V 2 O 5 nanofibres over 2.5 – 4.0 V vs Li/Li+ at
20 mA g-1, (b) galvanostatic cycling of V 2 O 5 nanofibres at 20 mA g-1 over 250 cycles at various current
densities, adapted and reprinted with permission from [89]. Copyright (2013) American Chemical Society.
(c) Capacity vs potential profiles and (d) galvanostatic cycling of V 2 O 5 nanotubes at various current
densities over 2.5 – 4.0 V vs Li/Li+, adapted and reproduced from [88] with permission from Wiley.

Li et al. also investigated the potential window variation effects on the electrochemical
performance of V 2 O 5 that was heat treated at 400 °C for either 15 minutes (V 2 O 5 -15) or 60
minutes (V 2 O 5 -60) [133]. The electrochemical performance of V 2 O 5 -15 was investigated more
extensively than V 2 O 5 -60 due the superiority of its performance with an initial lithiation
capacity of 150 mA h g-1 at 0.2 C (1 C = 147 mA g-1) over 2.5 – 4.0 V vs Li/Li+ and a capacity
retention of 86.9% after 50 cycles. For the 2.0 – 4.0 V vs Li/Li+ range, the initial lithiation
capacity was 275 mA h g-1 at 0.2 C (1 C = 294 mA g-1) with a cycle retention of 73.8% over 50
cycles. V 2 O 5 -60 produced an initial capacity of 144 mA h g-1 at 0.2 C for 2.5 – 4.0 V vs Li/Li+.
The improvement in electrochemical performance for V 2 O 5 -15 was attributed to residual
carbon within the porous nanotubes measured at 0.37 wt% according to XPS analysis. Despite
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this, no discussion of morphological changes, such as d-spacing variations or XRD refinements
to compare unit cell variations between the samples were presented.

1.9.3

Electrospun Undoped V2O5 – 2.0 – 4.0 V vs Li/Li+

As previously suggested by Yue and Liang, 2.0 – 4.0 V vs Li/Li+ is the most prevalent
operational window as it provides a compromise between capacity and stability [68]. The
electrospun V 2 O 5 investigations for LIBs electrodes discussed in this section were conducted
over 2.0 – 4.0 V vs Li/Li+.
Electrospun poly(methyl methacrylate) (PMMA) fibres were used as a template by Yu et al. to
prepare V 2 O 5 which was removed after heat treating at 400 °C for 6 h [90]. The resulting porous
nanostructured fibres were cycled over the 2.0 – 4.0 V vs Li/Li+ potential range for 300 cycles
at both 294 mA g-1 and 1175 mA g-1 current densities with respective capacities of 218 mA h g1

and 162 mA h g-1, and corresponding impressive cycle retentions of 89% and 78%. The

improvement in electrochemical performance between templated and non-templated fibres
indicates the extra structural stability provided by the template is beneficial for Li-ion
intercalation kinetics. Despite this improvement, it does introduce another experimental step
into the preparation process which may negate the simplicity of the electrospinning method.
Yan et al. and Zhu et al. added oxalic acid to the precursor solution prior to electrospinning in
order to facilitate the dissolution of the vanadium precursor in the starting solution [91,92].
Fibres produced by Yan et al. showed impressive cycle stability over 100 cycles, when cycled
at 800 mA g-1 over 2.0 – 4.0 V vs Li/Li+, with an initial capacity of 139 mA h g-1 and cycle
retention of 96% at the 100th cycle. This performance was attributed to the porous
nanostructured fibre that increased the electrolyte/electrode interface and consequently reduced
charge transfer resistances. In addition, the reduced particle size, that constituted the porous
nanofibres, promoted electrochemical activity and improved Li-ion kinetics.
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V 2 O 5 micro/nanorods electrospun by Zhu et al. proved to be very competitive with 419 mA h g1

at a current density of 50 mA g-1 over 2.0 – 4.0 V vs Li/Li+ [92]. However, the capacity

consistently degraded to 181 mA h g-1 with a resulting cycle retention of 43%. No indication of
the rate performance was included. The as-spun material was heat treated at 500 °C, 550 °C
and 600 °C though it was not clear which temperature the electrochemical performance data
was obtained from. It would have been interesting to have all data included to compare energy
storage capability as a function of heat treatment.

1.9.4

Electrospun Undoped V2O5 – Heat Treatment Effects

This section highlights the observations made with respect to heat treatment temperature
variations of electrospun V 2 O 5 in studies discussed in Sections 1.9.2 and 1.9.3.
Viswanathamurthi et al. electrospun V 2 O 5 and observed that fibres heat treated at 400 °C,
possessed smoother surfaces compared to those heat treated at 500 °C [124]. This was attributed
to the incomplete combustion of polyvinyl acetate at 400 °C. They showed via X-ray diffraction
that fibres heat treated at higher temperatures possessed higher degrees of crystallinity and
larger particle sizes.
Yu et al. found that the incomplete combustion of poly(vinylpyrrolidone), confirmed by
thermogravimetric analysis, resulted in a small amount of residual carbon at 0.3 wt% in the
electrode material. The competitive performance of the electrospun V 2 O 5 was attributed to the
residual carbon leading to a high performing positive electrode [126].
Wang et al. synthesised electrospun V 2 O 5 with controllable morphologies via heat treatment
in air which included porous nanotubes, hierarchical nanofibres, and single-crystalline
nanobelts at 400, 500 and 600 °C, respectively (Figure 1.14) [88]. The electrochemical
performances for these materials were presented in Section 1.9.2.
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Figure 1.14: SEM images with inset scales of 500 nm of (a) as-spun fibres, (b) porous nanofibres calcined
at 400 °C, (c) hierarchical nanofibres calcined at 500 °C and (d) single crystalline nanofibres calcined at
600 °C, reproduced from [88] with permission from Wiley.

Li et al. varied heat treatment time for their electrospun V 2 O 5 at 400 °C from 15 minutes to 60
minutes, as discussed in Section 1.9.2. It was suggested that residual carbon from the polymer
component of the electrospinning solution after heat treatment was responsible for the
improvement in electrochemical performance for the V 2 O 5 . The incomplete combustion
resulted in higher carbon content within the fibres which led to an improvement in the
delithiation storage capabilities of the positive electrode.

1.9.5

Electrospun Doped V2O5

Doping is easily achieved in electrospinning as the dopant precursor can be added into the
electrospinning solution resulting in a homogenously distributed dopant.
Cheah et al. continued preparing electrospun vanadium oxide for LIBs in a study that examined
the effects of Al3+ doped V 2 O 5 at two different loadings of 20 and 33 at%, with sample names
Al 0.5 V 2 O 5 and Al 1.0 V 2 O 5 , on the electrochemical performance when compared to undoped
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V 2 O 5 electrospun fibres [134]. Characterisation showed porous nanofibres and Rietveld
refinement revealed an increase in the c-parameters between undoped and Al3+ doped V 2 O 5
which was attributed to Al3+ residing between the V 2 O 5 layers. Initial lithiation capacities for
undoped V 2 O 5 , Al 0.5 V 2 O 5 , and Al 1.0 V 2 O 5 at 35 mA g-1 were 316 mA h g-1, 250 mA h g-1, and
350 mA h g-1 with cycle efficiencies over 50 cycles of 43%, 63%, and 85% respectively [Figure
1.15(a)]. Galvanostatic cycling at 35 mA h g-1 over 2.0 – 4.0 V vs Li/Li+ at both room
temperature and at 55 °C revealed the highest capacity for Al 1.0 V 2 O 5 indicating that Al3+
provides thermal stability to V 2 O 5 [Figure 1.15(b)]. Both dopant loadings of Al3+ delivered
improved cycle efficiency compared to undoped V 2 O 5 at current densities 35 mA g-1 and
350 mA g-1 when cycled at room temperature and 55 °C for 1.75 – 4.0 V vs Li/Li+ as shown in
Figure 1.15(c). These results, summarised in Table 1.3, suggests that the Al3+ dopant stabilizes
the V 2 O 5 structure in a way that the irreversible phase change to the ω-Li x V 2 O 5 rock salt form
is prevented or hindered. The electrochemical performance of this Al3+ doped electrospun
vanadium oxide is quite competitive compared to the other electrospun V 2 O 5 studies examined
in this review, especially considering the wide potential range.
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Figure 1.15: Galvanostatic cycling of V 2 O 5 , Al 0.5 V 2 O 5 and Al 1.0 V 2 O 5 at (a) 35 mA g-1 at room
temperature, (b) 35 mA g-1 at 55 °C and (c) 350 mA g-1 at 55 °C, reprinted with permission from [134].
Copyright (2012) American Chemical Society.

Wu et al. synthesised ß-Ag 0.33 V 2 O 5 using as-spun electrospun vanadium oxide for
hydrothermal treatment with AgNO 3 [136]. Electrospinning before hydrothermal treatment
allowed increased contact area between the as-spun fibres and AgNO 3 permitting a complete
reaction to produce ß-Ag 0.33 V 2 O 5 despite adding in an extra experimental step. Galvanostatic
analysis showed improved cycle performance compared to other silver doped vanadium oxide
nanostructures referenced in their study. At 20 mA g-1 and 100 mA g-1 the initial capacities
were 250 mA h g-1 and 175 mA h g-1 respectively with cycle efficiencies of 72% and 71% over
30 cycles in the 2.0 – 3.6 V vs Li/Li+ range.
Despite the competitive performance of electrospun doped V 2 O 5 , there is a significant lack of
these materials present in the literature. This presents a potential path of investigation for the
improvement of V 2 O 5 as an electrode material via electrospinning due to the relative ease of
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dopant addition to the starting solution combined with the interesting role that the dopant plays
within the V 2 O 5 structure.

1.9.6

Electrospun V2O5 with Incorporated Carbon-based Materials

Electrospinning of vanadium oxide with subsequent carbon treatment is not particularly
prevalent in the literature with only two studies, to the best of the authors’ knowledge, in this
section.
Pham-Cong et al. electrospun V 2 O 5 nanowires and mixed them with reduced graphene oxide,
according to Figure 1.16(a), to create a composite that possessed the advantages of both
vanadium oxide and graphene [137]. Electrochemical performance of the composite compared
to the undoped V 2 O 5 nanowires over the 2.0 – 4.0 V vs Li/Li+ range was improved. However,
the improvement was not by a significant amount, with the composite experiencing capacity
decrease continuously over 30 cycles at 0.2 C. The value associated with 1 C in terms of
mA h g-1 was not specified. Consequently, it is assumed here that 1 C to equal to the
approximate theoretical value of V 2 O 5 for the intercalation of 2 mol Li-ions which is
approximately 300 mA h g-1. A rate performance test revealed that the composite did show
good rate capability of 25 mA h g-1 at 5 C though both samples did not show any
electrochemical response at 10 C [Figure 1.16(b)]. Coulombic efficiencies were shown to be
very high for the composite, around 98% over the entire rate performance tests which totalled
60 cycles with 95% for the undoped V 2 O 5 nanowires. Long term galvanostatic cycling was not
included in this study. The improvement was attributed to increased conductivity due to the
presence of graphene which also facilitated volume control during Li-ion movement in the
composite material. This study shows that there is room for improvement of electrospun
vanadium oxide and the incorporation of carbon for use in LIBs.
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Kong et al. also produced a V 2 O 5 composite using electrospun V 2 O 5 nanosheets that were
encapsulated in chemical vapour deposited graphitic carbon layers [138]. The resultant
nanotubes were woven into flexible free-standing sheets and then used directly as positive
electrodes for LIBs. A capacity of 224 mA h g-1 was obtained at 150 mA g-1 (0.5 C) with a
Coulombic efficiency of 92%. Cycle retention after 200 cycles was 211 mA h g-1 with a cycle
stability of 91.7%. Additionally, the composite possessed excellent rate capability with a
capacity of 90 mA h g-1 obtained at a current density of 30 A g-1 (100 C). The good performance
was attributed to not only improved conductivity afforded by the graphitic carbon but also due
to the absence of the standard electrode components (binder, conductive carbon, current
collector foil). This study is an interesting and valid addition to free-standing electrode device
development.

Figure 1.16: (a) TEM image of graphene covered V 2 O 5 particles, (b) galvanostatic cycling at 0.2 C
followed by C-rate test for V 2 O 5 fibres and graphene oxide V 2 O 5 (GVO) from [137] with permission from
Elsevier.

A couple of studies presented in Section 1.9.4 attributed the presence of residual carbon after
heat treatment from the polymer component of the electrospinning solution to an improvement
in electrochemical performance [126,133]. It is then logical that the incorporation of carbon
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into electrospinning is a viable method to achieve improvements in both capacity and cycle
stability.

1.10 SUMMARY
This chapter started with the motivation for this project and its relevancy by explaining that
LIBs have made up a significant portion of the battery market for over a decade due to their
long shelf life and high energy density, in Section 1.2. Furthermore, it is vital that effective
energy storage technologies be continuously developed to address society’s growing energy
demand. However, the discussion of the electrochemistry of LIBs and other metal-ion energy
storage systems in Sections 1.3, 1.4, 1.5, and 1.6 showed that most positive electrode materials,
typically of the formula LiMO 2 , can only store one Li-ion per unit formula, which drastically
limits stored energy and leaves them susceptible to kinetic problems that arise from slow ion
diffusion and poor electrical conductivity. Vanadium oxide was introduced as a candidate
electrode material in Section 1.7 as it capable of multiple electron transfers within its layered
structure. Nanosizing of materials has proven to be a viable way forward in improving electrode
performance. Despite this, the use of nanostructured materials often results in increased side
reactions during cycling due to high surface areas. Consequently, defined structures are used to
enable all advantages of nanostructures. Defined hierarchical structures in the form of fibres
can be produced via the electrospinning technique as shown in Section 1.8 and has been shown
to promote Li-ion transport from the electrolyte to the active material surface, reduce Li-ion
diffusion distances and alleviate volume expansion during cycling.
Section 1.9 explored in detail the literature featuring electrospun V 2 O 5 as an electrode material
for LIBs. Undoped electrospun V 2 O 5 has proven to produce competitive performances by
investigating heat treatment temperatures and varying the operational potential window which
controls the extent and reversibility of lithiation. The studies analysed in this literature review
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presented a range of cases where electrospun vanadium oxide was produced in either a singlestep process (i.e. just electrospinning) or a two-step process (i.e. electrospinning and
hydrothermal treatment).
The common aspects of these studies relating to electrospun V 2 O 5 discussed in this chapter
were the open particle network produced from the electrospinning process providing increased
contact between the positive electrode and a decrease in Li-ion diffusion pathways.
Controlling the number of Li-ions intercalated into the vanadium oxide via potential range
variations presented an evolution in cycle stability investigations. The two Li-ion intercalation
mode (2.0 – 4.0 V vs Li/Li+) is the most adopted mode for electrospun V 2 O 5 -based electrodes.
This thesis first aims to further investigate the effects of process parameter variation, via heat
treatment temperature and starting solution polymer content on the resultant electrospun V 2 O 5
fibres in Chapter 3. Despite the competitive performances of electrospun doped V 2 O 5 discussed
in this chapter, there is a significant lack of these materials present in the literature.
Consequently, this thesis also aims to address this gap in the literature by studying the structural
and electrochemical properties of various doped V 2 O 5 fibres for LIBs, with emphasis on the
structural stabilisation and electronic conductivity effects brought about by the addition of a
dopant material. In Chapter 4 the structural and energy storage properties of electrospun V 2 O 5
are compared to approximately 10 at% Ba2+ and Ti4+ doped equivalents. The investigation
behind the effects and roles that dopants play on electrospun V 2 O 5 continues in Chapter 5using
2 at% Na+, Ba2+ and Al3+ dopants.
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Chapter 2

Experimental Methods

2.1 INTRODUCTION
This chapter introduces the experimental methodology used in this project. Experimental
parameters and equipment specifications are included to emphasise the consistency of results
gathering between the materials discussed in Chapter 3, Chapter 4 and Chapter 5. Where there
is variation in experimental parameters between materials in the afore mentioned chapters,
justification is outlined herein where appropriate.
The synthesis methodology is outlined first and includes the preparation of the electrospinning
solution, details of the electrospinning setup and calcination parameters. The characterisation
of the electrospun fibres are divided into the structural and electrochemical techniques.
Structural characterisation included Powder X-ray Diffraction, X-ray Photoelectron
Spectroscopy, Scanning Electron Microscopy, Transmission Electron Microscopy, Energy
Dispersive

X-ray

Spectroscopy,

Brunauer,

Emmet

and

Teller

Surface

Area

Determination, Thermogravimetric Analysis, and Pair Potential Calculations. The
electrochemcial charaterisation section starts with the process undertaken for electrode
preparation with relevant parameters. The electrochemical techniques employed were Cylic
Voltammetry, Galvanostatic Cycling and Electrical Impedance Spectroscopy. The chapter
concludes with a summary outlining the order of charaterisation undertaken in the relevant
experimental chapter.

2.2 SYNTHESIS METHODOLOGY
The nanostructured vanadium oxides fabricated in this project were produced via
electrospinning with a series of changing system variables to produce a range of vanadium-
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based oxides. This technique, while simple and cost-effective, is capable of producing
nanoscale particles within a fibrous hierarchical structure [119].

2.2.1

Electrospinning solution preparation

The sol-gel (referred to as the starting solution from here on) for the electrospinning process
consisted of a solvent, an organometallic precursor and a polymer. For doped systems, there
was a secondary organometallic precursor. The synthesis method used is unique in its simplicity
with few experimental steps required. Forced hydrolysis of the vanadium precursor was
avoided, by limiting its exposure to air and water, and heating of the sol-gel to promote
precursor dissolution could also be omitted [90].
All chemicals were received and used without further purification. A standard undoped starting
solution in all chapters consisted of 1 g of a vanadium precursor, vanadium oxytripropoxide
(Sigma-Aldrich, 98%), 1 g of ethanol (Chem-Supply, 96%) and 0.3 g of polyvinyl acetate
(PVAc) (Mw 140,00 g cm-3, Sigma-Aldrich) which was prepared by stirring for ca. 3 h or until
the PVAc was completely dissolved to form an orange transparent viscous solution. The PVAc
provided a template for the formation of the fibres. Unwanted hydrolysis of the vanadium
oxytripropoxide was suppressed by limiting exposure to air and eliminating the addition of
water. This was achieved by layering the vanadium precursor under the ethanol prior to stirring.
Consequently, prolonged stirring was not necessary.
Stoichiometric calculations were used to determine the correct amount of dopant precursor, as
an atomic percentage (at%), to add to the starting solution according to Equation 14.

𝒎𝒎𝒅𝒅 = 𝒂𝒂𝒂𝒂 % × 𝒎𝒎𝒗𝒗 ×

𝑴𝑴𝒅𝒅
𝑴𝑴𝒗𝒗

(14)

Where m d is the mass (g) of the dopant precursor, at % is the atomic percentage written as a
decimal, m v is the mass (g) of the vanadium precursor, M d is the molecular weight (g mol-1) of
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the dopant precursor material and M v is the molecular weight (g mol-1) of the vanadium
precursor.
For the 10 at% doped materials featured in Chapter 4, 0.116 g of titanium (IV) isopropoxide
(Sigma-Aldrich, 97%) or 0.126 g of barium oxide (AJAX Chemicals, 90%,) were added to the
standard vanadium oxide starting solution and stirred to obtain a homogeneous mixture. The
Ti4+ starting solution was transparent and dark orange in appearance while the Ba2+ starting
solution was a cloudy and yellow suspension.
For the 2 at% dopant materials featured in Chapter 5, 0.0067 g of sodium acetate (SigmaAldrich, > 98%) was added to the vanadium oxide sol-gel and stirred to obtain a homogeneous
mixture. For a 3 at% dopant amount, 0.0126 g of barium oxide (AJAX Chemicals, 90%,) or
0.017 g of aluminium isopropoxide (Sigma-Aldrich, 98%) were added. The Na+ solution was
transparent and dark orange in appearance while the Ba2+ and Al3+ solutions were cloudy yellow
suspensions.

2.2.2

Electrospinning Setup

A schematic of the electrospinning set up is shown in Figure 2.1(a) which shows a syringe and
needle containing the starting solution, aluminium foil-coated drum and a high-voltage DC
power supply. A photo of the experimental set up is shown in Figure 2.1(b) which contains a
syringe pump (KD Scientific 78-9100 KDS-100-CE) loaded with a syringe (5 cc) and a needle
(Terumo 23 Gauge). The starting solution was fed through the needle at a predetermined rate
of 2 mL h-1, which was controlled by the syringe pump. The positive (red) electrode of the
power supply (Gamma High Voltage Research Inc.) was connected to the needle and the
earthed electrode to the collector drum, which were approximately 10 cm from each other, to
produce a strong electric field of 22 kV between them.
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Figure 2.1: (a) Experimental schematic of the electrospinning procedure where the starting solution in the
syringe was ejected at a constant rate over approximately 10 cm through the electric field and deposited
on an aluminium foil-coated rotating drum collector. (b) A photo of the electrospinning experimental set
up with the major components labelled which also included a cardboard shield between the syringe and
the collector to assist in insulating the syringe pump.

After the electrospinning process was complete, the as-spun fibres were gently scraped from
the aluminium foil-coated drum with a spatula. The aluminium foil was used to assist in the
collection of as-spun fibres. Alignment of as-spun fibres could be facilitated to a certain extent
with the rotating collector though complete alignment of fibres was limited due to the nature of
the electric field which caused random orientation of the fibres as they whipped through it.
Despite this, alignment of the fibres was not the primary goal in this project, rather a rotating
drum served as an effective collection method. Others have shown the merits of aligning
electrospun fibres, especially in tissue biotechnology research [139–141] though in this project
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it was deemed unnecessary as the fibres were later vigorously mixed to separate them during
the electrode fabrication step.

2.2.3

Calcination Procedure

The as-spun fibres were calcined after collection. During calcination, a material is subjected to
high temperatures to remove volatile substances via combustion, and to convert it to an oxide
equivalent without melting the material. Calcination of the as-spun fibres was undertaken to
remove the polymeric and organic substances from the sol-gel polymer network to form a metal
oxide network. Calcination time, temperature and atmosphere can heavily influence the
structural characteristics and hence alter the electrochemical characteristics.
Typically, throughout this project, as-spun fibres were collected and calcined in air in a single
pyrolysis step at 500 °C for 2 h at a heating rate of 3 °C min-1 (furnace: SEM, SA Pty Ltd Cat
No 1022). However, in Chapter 3.1, the structural and electrochemical properties of electrospun
V 2 O 5 were investigated via variation of the calcination temperature from 500 °C to either
450 °C or 550 °C. All other calcination parameters were kept constant.

2.3 STRUCTURAL CHARACTERISATION
2.3.1

Powder X-ray Diffraction

Powder X-ray Diffraction (PXRD) provides information about the molecular and atomic
arrangements of the material under inspection [142]. Diffraction occurs when an incoming xray beam passes through a material and encounters a series of regularly spaced crystal planes
which causes the beam to scatter. If scattering occurs, then the material possesses interplanar
spacings that are comparable to the phase and magnitude of the x-ray beam. X-rays have high
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energy and short wavelengths that are on the order of the atomic spacings for solids. The
necessary conditions for diffraction are described by Bragg’s Law detailed in Equation 15.

𝒏𝒏𝒏𝒏 = 𝟐𝟐𝒅𝒅 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

(15)

Where n is the order of diffraction as an integer, λ is the wavelength (Å) of the incoming x-rays,
d is the interplanar spacing (Å) and θ is the angle (°) between the planes. If these conditions are
not satisfied, then a low intensity diffracted beam will be registered by the collector which
reveals destructive interference. Bragg’s Law is schematically represented in Figure 2.2 which
shows that reflection only occurs at defined angles for constant wavelength and known lattice
plan d.

Figure 2.2: A schematic of Bragg’s Law schematic representing the conditions necessary for diffraction.

Crystallite size (D) can be determined using the width of a diffraction peak in an XRD pattern
according to the equation developed by Scherrer [143] (Equation 16):

𝑫𝑫 =

𝒌𝒌𝒌𝒌

𝜷𝜷𝜷𝜷𝜷𝜷𝜷𝜷𝜷𝜷

(16)

Where D is the apparent crystallite size (nm), λ is the wavelength (nm) of the incoming x-rays,
b is the broadening of the peak (°) at full-width at half-maximum (FWHM) and θ is the Bragg
angle. The Scherrer constant (k) is a shape factor that acts as a dimensionless constant based on
the shape of the crystals and focal properties of the equipment. Crystallite sizes calculated in
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this project used a shape factor 0.9. Typical k values are 0.89 for spherical crystallites, 0.98 for
cubic crystallites or, if crystallite size is unknown, 0.9 is appropriate to use [144]. For a more
comprehensive explanation of the PXRD method see [145].
Reference XRD data for V 2 O 5 were obtained from the Inorganic Crystal Structures Database
(ICSD) with collection code 60767. The space group was Pmmn with unit cell parameters of a
= 11.512 Å, b = 3.564 Å, c = 4.368 Å. Unit cell parameters of the nanostructured fibres were
determined via le Bail refinement in Chapter 3 and Chapter 4 using the Jana2006
crystallography program (version 25/10/2015) with the space group and unit cell parameters
mentioned above as baselines. In Chapter 5, cell parameters were determined via Rietveld
refinement using MAUD software [146]. For both refinement methods, optimisation of the unit
cell was performed to improve the goodness of fit (GOF) and reduce the residual factors R P
and R WP , which indicate how well the refined structure matches the experimental data. R P is
the profile factor that relates to the residual error which is directly calculated from the difference
between the structural model of the PXRD and the experimental data. R WP is the weighted
profile factor which increases the weight of a particular location within the fitted model based
on R P [147].
Le Bail and Rietveld refinements are similar methods used to determine unit cell parameters in
this thesis where phase information is available and reflection intensities are derived from the
unit cell and space group. For le Bail refinement no crystal structure data is available and peak
intensities are not refined. Rietveld refinement can be used quantitative analysis, such as
determining the amount of an impurity phase, as is the case in Chapter 5.
PXRD spectra of the electrospun fibres in Chapter 3 were collected using a Bruker D8 with CuKα radiation (λ = 1.54 Å), a step size of 0.02 ° and step time of 1 s for scattering angles (2θ) of
10-80 °. PXRD electrospun fibres in Chapter 4 and Chapter 5 was performed using a STOE
StadiP diffractometer using Mo-Kα radiation (λ = 0.71 Å) over the 2θ range of 5 to 40° with a
step size of 0.5 ° and step time of 30 s. Different x-ray sources were used for the chapters
55

EXPERIMENTAL METHODS
featuring doped materials to produce a clearer spectra which allowed easier identification of
any impurity phases present.

2.3.2

X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) measures the chemical composition of a material’s
surface and is used to determine the elemental composition, empirical formula, chemical state
and oxidation state of the elements present at the surface. The kinetic energy of the reflected
electron signals are obtained from depths of 10 – 100 Å and includes contributions from both
photoelectron and Auger electron lines [148]. For a more comprehensive explanation of the
XPS technique see [149].
Surface composition measurements and the oxidation state of the elements featured in Chapter
4 and Chapter 5 were carried out using a Thermo ScientificTM K-AlphaTM+ X-ray photoelectron
spectrometer with a monochromatic Al-Kα source. Results were then fitted using Avantage
software [Chapter 4] or CasaXPSTM software (version 2.3.16) [Chapter 5]. The binding energy
scales were calibrated using the adventitious C 1s peak (285.0 eV), which represents the thin
layer of carbonaceous material present on the surface of material samples, or to O 1s (530.0
eV) for V 2 O 5 and to vanadium (517.4 eV) for the doped samples. The elemental peaks were
fitted using Gaussian/Lorentzian line shapes and the relative elemental concentrations were
calculated using peak area determination with the appropriate shape factor.

2.3.3

Scanning Electron Microscopy

During Scanning Electron Microscopy (SEM) a focussed beam of electrons, called primary
electrons, is scanned over the surface of material to gain information about the surface
topography and morphology. The interaction of the electron beam with the surfaces causes high
energy backscattered electrons and low energy secondary electrons to be emitted from the
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material surface [142]. Secondary electrons are produced from inelastic collisions though the
scattering of loosely bound surface electrons. As the secondary electrons escape, the detection
intensity determines whether there are many electrons detected, producing a light greyscale
image, or few electrons detected, producing a darker greyscale image as illustrated in Figure
2.3. Secondary electrons have a low field of depth and shallow interaction with the surface due
to their low energy which results in high sensitivity to topography characteristics [150].

Figure 2.3: A schematic representing the variations in detected greyscale intensities produced during SEM
analysis where the number of secondary electrons originating from the material surface is dependent on
topography allowing for variations in morphology to be determined.

SEM images, in Chapter 3 and Chapter 4, of the fibres were taken with a Zeiss UltraPlus Field
Emission EM, to study the extent of the morphology, fibrosity, and grain structure. In Chapter
5 the SEM images were taken with a JOEL FESEM JSM6700F. Reported dimensions of the
fibres in this project were determined using ImageJ via pixel counting using the scale bar for
distance determination.
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2.3.4

Transmission electron microscopy

Transmission Electron Microscopy (TEM) allows for extremely fine imaging within the order
of 0.3 μm to 0.1 nm using a focussed beam of electrons for viewing of lattice planes [151].
Electron microscopes can image a sample in real space with high resolution and provide
information in reciprocal space of the same sample with electron diffraction patterns. The
electron source is located at the top of the microscope column and is maintained under a high
voltage and vacuum to ensure that a focussed beam of fast moving electrons can be directed
through the sample as illustrated in Figure 2.4. The investigated sample must be carefully
prepared and be of low concentration on a conductive surface to allow electron transmission
through the material.

Figure 2.4: An illustration of the TEM column with the electron source at the top that is focussed with
electromagnetic lenses through the sample towards the viewing screen.
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The size and morphology of the crystallites in Chapter 4 and Chapter 5 were determined by
transmission electron microscopy (TEM) using a JEOL JEM 2100 – LaB 6 filament. Images
were taken with a Gatan Orius digital camera. Samples were prepared by dispersing in methanol
followed by brief sonication and pipetting several droplets on a 300 mesh copper film grid
(Agar Scientific). Reported dimensions of the fibres, particles size and lattice plane distances
of TEM images were determined using ImageJ via pixel counting using the scale bar for
distance determination.

2.3.5

Energy Dispersive X-ray Spectroscopy

Energy Dispersive X-ray Spectroscopy (EDS) is a simple technique that analyses the X-ray
spectrum emitted from a sample that has been bombarded with focussed a beam of electrons.
Analysis of the intensities of the X-ray lines allows for the identification and quantification of
the elements present. Elemental mapping and point analysis is used to determine element
dispersion in the sample. EDS is typically retrofitted with a SEM or TEM.
EDS point analysis was conducted on a JOEL FESEM JSM6700F to determine dopant amounts
in Chapter 4 and Chapter 5.

2.3.6

Brunauer, Emmet and Teller Surface Area Determination

Brunauer, Emmet and Teller (BET) surface area determination is a common technique used to
define surface pore distribution and specific surface area of a material via gas adsorption.
However, it is possible that internal porosity can be misrepresented with this technique.
Physical adsorption, or physisorption, describes the adherence of gas molecules to a surface to
form weak bonds at pressures below the vapour pressure [152]. The measurements are
calculated using an adsorption isotherm which represents the amount of gas (N 2 ) adsorbed over
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a range of adsorptive pressures at a constant temperature (-196 °C for liquid N 2 ). The desorption
isotherm is calculated using the removal of gas over a reduction in pressure.
Surface area measurements in Chapter 4 and Chapter 5 were determined using BET
measurements with N 2 in a micrometrics Tri Star II 3012 analyser. Before measurements were
the taken the powders were degassed at 120 °C for 12 h under vacuum.

2.3.7

Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is analytical method used to determine mass variations and
heat flow of a sample under an applied temperature over time. The sample environment is
controlled by the purge gas which can be reactive or unreactive. The TGA method is used to
analyse the chemical reactions a sample undergoes with heating in a given gaseous environment
by monitoring the sample mass.
A Pyris 1 (Perkin Elmer) was used for TGA analysis in Section 3.1 with a N 2 flow rate of
20 mL min-1 over 40 to 500 °C with a heating rate of 3 °C min-1 to analyse mass variations
experienced by the fibres.

2.3.8

Pair Potential Calculations

The atomistic simulations investigating the incorporation energetics for substitutional and
interstitial Na+, Ba2+ and Al3+ ions in Chapter 5 were conducted using empirically-fitted pairpotential methods. These methods are well established for the investigation of dopants in
positive electrode materials, and their details are discussed in detail elsewhere [153,154]. All
calculations were performed using the General Utility Lattice Program (GULP) [155].
Briefly, all systems are described as ionic crystalline solids, and ion-ion interactions are
described by a combination of long-range Coulombic and short-range interactions. The short-
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range interactions for the materials in Chapter 5 are predominantly described by Buckingham
potentials in Table 2.1 in the form of Equation 17 [156].

𝝓𝝓𝒊𝒊𝒊𝒊 �𝒓𝒓𝒊𝒊𝒊𝒊 � = 𝑨𝑨𝒊𝒊𝒊𝒊 𝐞𝐞𝐞𝐞𝐞𝐞 �

−𝒓𝒓𝒊𝒊𝒊𝒊
𝝆𝝆𝒊𝒊𝒊𝒊

𝑪𝑪𝒊𝒊𝒊𝒊

� − � 𝒓𝒓𝟔𝟔 �

(17)

Where r is the inter-ion distance, A, 𝜌𝜌 and C are constants and i and j are indices of the

interacting ions. Additionally, a short-range Morse potential for the vanadyl bond in V 2 O 5 , in
Table 2.2, takes form according to Equation 18 [157–159].

𝝓𝝓𝒊𝒊𝒊𝒊 �𝒓𝒓𝒊𝒊𝒊𝒊 � = 𝑫𝑫𝒐𝒐 ({𝟏𝟏 − 𝒆𝒆𝒆𝒆𝒆𝒆[𝜶𝜶(𝒓𝒓 − 𝒓𝒓𝟎𝟎 )]}𝟐𝟐 − 𝟏𝟏)

(18)

Where D 0 , 𝛼𝛼 and r 0 are constants. The Morse potential is used to reproduce the short V-O1
‘vanadyl’ bond in V 2 O 5 , with a maximum cutoff length of 1.99 Å. The remaining equatorial

V-O bonds in V 2 O 5 are described by a Buckingham potential, whilst the V-O1 interlayer
distance is reproduced using a highly repulsive Buckingham potential with a minimum r of
1.9 Å. The V-O and O-O potentials have been used successfully to represent the structure of
V 2 O 5 [160] whilst the Al-, Ba- and Na-O potentials have been used to investigate a range of
transition metal oxides [161]. Ion polarizability is described using the core-shell model of Dick
and Overhauser [162] and the parameters used are shown in Table 2.3. Defect calculations are
implemented using the Mott-Littleton scheme using region I and region II sizes of 10.0 and
25.0 Å respectively [163]. All calculations were performed in the GULP program [155].
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Table 2.1: Buckingham potentials and cutoffs used in the potential pair calculations.

𝜌𝜌 (Å)

C (eV Å6) r min (Å) r max (Å)

Interaction

A (eV)

VV–O equatorial

5312.99

0.26797

0.0

0.0

10.0

VVO1 interlayer

2549.73

0.34115

0.0

1.99

10.0

VIV–O

1260.56

0.34039

0.0

0.0

10.0

O–O

22764.30

0.1490

23.0

0.0

10.0

Al–O

2409.505

0.2649

0.0

0.0

10.0

Ba–O

4818.416

0.3067

0.0

0.0

10.0

Na–O

1271.504

0.300

0.0

0.0

10.0

Table 2.2: Morse potential parameters and cutoff used in the potential pair calculations.

Interaction

D 0 (eV)

VV–O1 vanadyl

10.0

𝛼𝛼 (Å-1)

r 0 (Å) r min (Å) r max (Å)

2.302170 1.584

0.0

1.99

Table 2.3: Core-shell model parameters and spring constants used in the potential pair calculations.

Species q core (|e|) q shell (|e|) k (eV Å2)
VV

0.0

5.0

9999.9

VIV

0.0

4.0

9999.9

O

0.717

-2.717

54.952

Al

0.043

2.957

403.98

Ba

0.169

1.831

34.05

Na

1.0

-

-
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2.4 ELECTROCHEMICAL CHARACTERISATION
There are a range of electroanalytical techniques that are useful for the evaluation
electrochemical properties and determining the effectiveness of energy storage devices [164].
Electrochemical techniques can be broadly divided into steady-state and non-steady-state
techniques.
The basis for all electrochemical techniques involves keeping the quantities which describe the
state of the interface, such as temperature, pressure and area, steady while the response of one
of the electrical quantities, current or potential, is observed as the other is changed. There are
two domains that are fundamental in studying the relationship between current and potential.
The cathodic current domain is caused by reduction of the active species in a solvent while the
anodic region results from the oxidation of the active species. The anodic domain, where metal
dissolution occurs, is positive while the cathodic domain, where metal deposition occurs, is
negative. The processes that lead to charge transfer are known as Faradaic processes which
occur via redox reactions and are best studied under steady-state conditions, such as cyclic
voltammetry [165].
Non-steady-state techniques involve the analysis of the electrochemical system’s behaviour in
response to the application of either large or small amplitude perturbations. These perturbations
may be either continuous such as a sine wave, or transient in a stepwise fashion. Subsequent
analysis is related to the relaxation of the perturbed system returning to an equilibrium state.
Relaxation times and responses of the electrochemical of the electrochemical system vary at
different rates for different processes of which the mechanisms can be analysed. Small signal
analysis using a sine wave leads to the impedance of an electrochemical system. These tests are
instrumental is determining charge transfer mechanisms, charge storage capability and material
conductivity of an electrode within an electrochemical cell.

63

EXPERIMENTAL METHODS
2.4.1

Electrode fabrication

The materials were tested against Li metal as this battery system is well-established and most
of the cell characteristics are understood and well explained in the literature. This thesis
focussed on material characterisation of the working electrode. Consequently, there was little
focus on device engineering aspects which would require significantly more consideration in
other metal ion battery systems.
To test materials in Li-ion coin cells the working electrode must be prepared using materials
that ensure the active material can interact with the Li-ions. A conductive additive, such as
carbon

black,

and

a

binding agent,

such

as

polyvinylidene

fluoride (PVDF),

polytetrafluoroethylene (Teflon) or styrene-butadiene-rubber (SBR) is combined with the
active material before doctor blading onto a current collector. To ensure that the electrochemical
performance is reflective of the active material, electrode components must be adequately and
homogenously mixed. Cu and Al foils are typically used as current collectors to minimise cost.
Cu oxidises above 3.6 V vs Li/Li+ while Al forms an alloy with Li below 0.6 V vs Li/Li+,
implying that Cu is used for low potential negative electrodes while Al for high potential
positive electrodes. Alternate current collectors for the positive electrode are graphene fabrics
and for the negative side, alternatives are nickel-based foams and foils [21].
After electrode preparation is complete, electrochemical investigations against Li metal are
undertaken in a coin cell which is assembled in a glove box under argon according to the scheme
in Figure 2.5.
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Figure 2.5: Coin cell components aligned in assembly configuration so that no contact is made between the
positive and negative electrodes.

For the vanadium oxides in Section 3.1, the fibres were processed into positive electrodes and
incorporated into coin cells for electrochemical testing. The working electrode consisted of
80 wt% active material, 10 wt% conductive agent (carbon black, Super P004, MMM Carbon),
and 10 wt% PVDF (Kynar 761) in N-methyl pyrrolidinone (NMP, Sigma Aldrich). After
vigorous mixing using a mortar and pestle, the mixture was doctor-bladed onto Al foil. After
drying in the vacuum furnace at 120 °C, the dried doctor bladed mixtures were pressed through
a roller and then 16 mm working electrode discs were cut and dried at 70 °C overnight. The
electrodes were assembled into CR2016 coin cells in an argon glove box (MBraun) with oxygen
and water levels below 3 ppm. Lithium foil (Hohsen Corp) made up the counter electrode with
separators (glass microfibre filters, Whatman®,GF/B) saturated in 1 M LiPF 6 dissolved in a
1:1 v/v ratio of ethylene carbonate/dimethyl carbonate (EC/DMC) (1:1 v/v, Merck Selectipur
LP40) as the electrolyte. The active mass loadings ranged from 1.0 to 2.0 mg cm-2.
The vanadium-based positive electrodes in Section 3.2 and Chapter 4 were made up of the same
mixture as those in Section 3.1 though the PVDF was stirred in NMP overnight to ensure
complete dissolution followed by addition of the active material and conductive agent. After
ball-milling for 30 min at 500 rpm, the mixture was cast onto aluminium foil and dried for
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approximately 1 h at 70 °C. Working electrode discs were punched with 14 mm diameters,
pressed with 1 ton of force for 30 s and once again dried overnight at 70 °C. Prepared electrodes
were assembled into CR2032-type coin cells and all other assembly parameters were constant.
The active material mass loadings were 1.0 – 2.0 mg cm-2 for Section 3.2 and 0.9±0.1 mg cm-1
for Chapter 4.
The vanadium-based positive electrodes in Chapter 5 were prepared using the same method as
those in Section 3.1. The prepared electrodes were assembled into CR2032-type coin cells and
all other assembly parameters were constant. The active mass loadings were 3.4 ± 0.2 mg cm-2.
The coin cell components used in this thesis were kept as consistent as possible and no
consideration was given to varying the Li-ion coin cells or their configuration, as the
investigations in following experimental chapters were focussed on the electroactive positive
electrode material.

2.4.2

Cyclic Voltammetry

Cyclic Voltammetry (CV) is a potentiodynamic electrochemical technique commonly used in
electrochemical characterisation of ion insertion electrodes made of nanostructured materials
[166]. This technique gives qualitative information about the nature of the charge transfer
process and the reversibility of the reactions of the investigated material. The stability and
presence of phase transformations during lithiation/delithiation can be studied for crystalline
materials which present as sharp peaks. Additionally, the active potential range of the working
electrode can be determined.
During CV testing, the potential of the working electrode is varied linearly between two
vertices, E 1 and E 2 , as an input [Figure 2.6(a)] and the current response is plotted as a function
of potential on a voltammogram [Figure 2.6(b)]. The shape of the voltammogram is determined
by the mass transport which is influenced by equilibrium effects, such as diffusion, at the
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surface. The potential distance between the peaks (ΔE p ) is a measure of reversibility and Li-ion
kinetics which provides an indication of the repeatability of the charge transfer process along
with the ease of Li-ion movement [85].

Figure 2.6: Schematic representing the CV method where (a) an applied scan rate (mV s-1) is inputted and
cycled between two vertex potentials, E 1 and E 2 , and (b) the resultant current (mA) is detected in the
output.

Cyclic voltammetry was conducted on a potentiostat (PGSTAT302, AUTO-LAB, Metrohm)
over a potential range of 2.0 – 4.0 V vs Li/Li+ at a scan rate of 0.15 m Vs-1 in Chapter 3 and
0.1 mV s-1 in Chapter 4 and Chapter 5 over two cycles.

2.4.3

Galvanostatic Cycling

Galvanostatic techniques are used to determine cycle stability and rate capability via
discharge/charge tests. During a galvanostatic discharge/charge (GDC) test, a constant current
is applied with respect to the working electrode’s active mass between two vertex potentials
[Figure 2.7(a)]. C-rate tests are used to determine the rate capability of an electroactive material
by varying the current density. This test can provide information about a material’s high-power
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characteristics which is indicative of surface charge storage. Long-term cycling is conducted at
one current density over many cycles to determine the cycle stability of an electroactive
material. Capacity versus potential profiles in Figure 2.7(b) can be produced for each
lithiation/delithiation sequence. The resultant shape and gradient changes in these profiles
provide information about phase changes. These gradient changes are called potential steps in
this thesis.

Figure 2.7: Schematic representing the galvanostatic discharge/charge cycling method where (a) a
constant current (mA) is applied between two potential vertexes, E1 and E2, and (b) the resultant capacity
(mA h) is measured for each lithiation/delithiation sequence.

An important factor in ascertaining the cyclability of the working electrode is the Coulombic
efficiency, ƞ, which describes the proportion of the capacity (Q delithiation /Q lithiation ) lost during
lithiation compared to delithiation. The higher the value, the more effective the energy storage
material and can be determined according to Equation 19.

𝜼𝜼 [%] =

𝑸𝑸𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 �𝒎𝒎𝒎𝒎 𝒉𝒉 𝒈𝒈−𝟏𝟏 �

𝑸𝑸𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 [𝒎𝒎𝒎𝒎 𝒉𝒉 𝒈𝒈−𝟏𝟏 ]

× 𝟏𝟏𝟏𝟏𝟏𝟏

(19)

In Chapter 3 the C-rate tests were analysed in the potential range 2.0 – 4.0 V vs Li/Li+, using a
NEWARE battery tester at 50 mA g-1 for 16 cycles followed by the proceeding current densities
100, 300, 600, 300, 100 and 50 mA g-1 at ten cycles each. In Chapter 4 and Chapter 5, the C-
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rate tests and long-term cycling performance of the cells were analysed using a MACCOR
battery tester (Model 4200) for 10 cycles at 50, 100, 300, 600, and 50 mA g-1 within a potential
range of 2.0 to 4.0 V vs Li/Li+. Reducing the current density to 50 mA g-1 was included to
provide an indication of capacity recovery after cycling at 600 mA g-1. When Li-free materials
were used as positive electrodes, such as those in this thesis, they were discharged first in order
to lithiate the V 2 O 5 [90].

2.4.4

Electrical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a computational technique used to obtain
and analyse kinetic information regarding electrode structure, electrode surface and solution
resistances of the electrolyte along with lithiation/delithiation properties. EIS is a nondestructive method as the amplitude of the perturbating alternating current (AC) signal is very
small resulting in a polarisation of the electrode in a linear potential region [164]. Impedance
represents the ability of a circuit, or an electrochemical system, to resist an electrical current
though it is not limited by Ohm’s law and is dependent on frequency. Ohm’s law is defined as
the ratio of voltage (U(t)) and current (I(t)) (Equation 20) which is representative as the ideal
resistor with one circuit element.

𝑹𝑹 =

𝑼𝑼(𝒕𝒕)
𝑰𝑰(𝒕𝒕)

(20)

An ideal resistor is independent of frequency and obeys Ohm’s law for all voltages and currents
while remaining in phase. The impedance of a real resistor is frequency (f) dependent and can
be presented using both voltage and current where the AC potential (U(t)) is dependent on time
(t), U o is the amplitude of the signal and ω is the radial frequency (ω = 2πf) while the current
(I(t)) is shifted by φ according to Equation 21 and Equation 22.

𝑼𝑼(𝒕𝒕) = 𝑼𝑼𝟎𝟎 𝒔𝒔𝒔𝒔𝒔𝒔(𝝎𝝎𝝎𝝎)

𝑰𝑰(𝒕𝒕) = 𝑰𝑰𝟎𝟎 𝒔𝒔𝒔𝒔𝒔𝒔(𝝎𝝎𝒕𝒕 + 𝝓𝝓)

(21)
(22)
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By combining Equations 20, 21 and 22 the impedance (Z) can be expressed as Equation 23.

𝒁𝒁 =

𝑼𝑼(𝒕𝒕)
𝑰𝑰(𝒕𝒕)

=

𝑼𝑼𝟎𝟎 𝒔𝒔𝒔𝒔𝒔𝒔(𝝎𝝎𝝎𝝎)

𝑰𝑰𝟎𝟎 𝒔𝒔𝒔𝒔𝒔𝒔(𝝎𝝎𝝎𝝎+𝝓𝝓)

= 𝒁𝒁𝟎𝟎

𝒔𝒔𝒔𝒔𝒔𝒔(𝝎𝝎𝝎𝝎)

(23)

𝒔𝒔𝒔𝒔𝒔𝒔(𝝎𝝎𝝎𝝎+𝝓𝝓)

The impedance can be expressed as a complex function using Euler’s equation, Equation 24.

𝒆𝒆𝒆𝒆𝒆𝒆(𝒊𝒊𝒊𝒊) = 𝒄𝒄𝒄𝒄𝒄𝒄(𝝓𝝓) + 𝒊𝒊𝒊𝒊𝒊𝒊𝒊𝒊(𝝓𝝓)

(24)

Equation 24 combined with transformation of Equations 21 and 22 into exponential
relationships result in the complex function (Z(ω)) according to 25.

𝒁𝒁(𝝎𝝎) =

𝑼𝑼(𝒕𝒕)
𝑰𝑰(𝒕𝒕)

= 𝒁𝒁𝟎𝟎 𝒆𝒆𝒆𝒆𝒆𝒆(𝒊𝒊𝒊𝒊) = 𝒁𝒁𝟎𝟎 (𝒄𝒄𝒄𝒄𝒄𝒄(𝝓𝝓) + 𝒊𝒊 𝒔𝒔𝒔𝒔𝒔𝒔(𝝓𝝓))

(25)

Equation 25 is made up of a real (Z’) and imaginary part (Z’’) which can be represented as a
Nyquist plot according to Figure 2.8. Figure 2.8(a) represents an ideal resistor, R b , and its
relevant electrical equivalents circuit element (inset), which is representative of the electrolyte
in an ideal electrochemical device such as an electric double layer capacitor (EDLC).

Figure 2.8: (a) Nyquist Plot showing real part (Z’) on the x-axis and imaginary part (Z”) on the y-axis with
(inset) relevant electrical equivalent circuit for an ideal resistor R 1 and (b) Nyquist plot with two time
constants and a Warburg impedance tail with the relevant electrical equivalent circuit (inset).

In a non-ideal scenario, other components of the electrochemical cell impact the impedance;
these components include resistances between the electrolyte and electrode, contact between
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the active material and current collectors and grain boundary resistances between the active
material particles. Due to this, two interfaces within the tested coin cells in this project were
considered in the analysis of the impedance data: the first corresponds to the
electrolyte/electrode interface and the second is defined by the grain boundaries between the
nanostructured crystallites of the electrode material. These phenomena are observed in the
distorted semicircle caused by an overlap of two time constants which are representative of
charge transfer processes in Figure 2.8(b) [167,168].
EIS analysis in Chapter 3 and Chapter 5 was performed on a Bio-Logic VMP3 potentiostat over
100 kHz – 100 mHz at the open circuit voltage (≈ 3.4 V vs Li/Li+) with an AC amplitude of
20 mV on pristine coin cells. Nyquist plots and equivalent circuit determination were derived
using the Zfit curve fitting function available in EC-Lab® V10.33 software. The electrical
equivalent circuit in Figure 2.8(b) (inset) was used to represent the faradaic impedances which
consisted of three resistances, two constant phase elements (CPE) and a Warburg impedance
component (σ W ). The bulk resistance (R b ) in the high frequency region corresponds to the ohmic
resistance in the electrolyte and coin cell components [169]. The surface layer resistance (Rs)
and CPE 2 in parallel represent Li-ion transport from the active material particle surface. R s
represents the resistance of Li-ion diffusion through the surface film layer of the electrode
[170]. CPE 2 models the surface layer capacitance in the material structure. The charge transfer
resistance (R ct ) and CPE 3 in parallel represent the electron transport properties of the
electrochemical process and CPE 3 is the non-ideal capacitance of the double layer [79]. The
upturn of the data in the low frequency region on the Nyquist plot [Figure 2.8(b)] is the
beginnings of a straight line corresponding to Li-ion transport within the active material of the
electrode and is represented by σ W [167]. CPEs were chosen to represent non ideal scenarios
such as inhomogeneous surfaces [171].
The EIS investigations were conducted to compare the different electrode material resistances
and conductivities within the respective chapter. It should be noted that direct comparison
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between the experimental chapters in this thesis is unadvised as coin cells were used when
testing these materials. There are differences in the contact between the separator and
electrodes, variations in active material masses, and variations in electrode synthesis conditions.
Consequently, EIS results should be used for qualitative comparison rather than quantitative.

2.5 EXPERIMENTAL METHODOLOGY
The characterisation techniques introduced in this chapter are summarised in Figure 2.9 as a
flow chart. After fibre synthesis, summarised in steps 1-3, initial material characterisation in
step 4 took place for all materials with PXRD and SEM. Only the materials in Section 3.1
underwent TGA analysis. Electrode preparation, CV and GDC tests, summarised in steps 5 and
6, followed the initial material characterisation for all materials. Only the materials in Chapter
3 and Chapter 5 underwent EIS analysis. To gain a greater understanding of dopant loading and
resulting material structures, further material characterisation via BET, XPS and TEM was
undertaken for materials in Chapter 4 and Chapter 5 (Figure 2.9, step 7). This structural
characterisation was only undertaken for doped materials as further investigations were
necessary to ascertain the structural effect of the dopant and to determine exact at% loading.

72

EXPERIMENTAL METHODS

Figure 2.9: Flow chart summarising the characterisation techniques used in this thesis where the blue
boxes correspond to material synthesis (steps 1, 2 and 3), green boxes for structural characterisation
(steps 4 and 7) and red boxes for electrochemical characterisation (steps 5 and 6).

2.6 SUMMARY
Chapter 2 outlined the experimental methodology undertaken in this project. This chapter
contained three sections; the synthesis methodology, structural characterization techniques, and
electrochemical characterisation techniques. Relevant parameters and technique specifications
were included to provide consistency across the project and to align the experimental processes
and electrochemical investigations with those of the energy storage research community.
In Chapter 3, the synthesis and resultant structural aspects of electrospun undoped V 2 O 5 are
investigated via calcination temperature variation of the fibres and variation of the fibre
diameter for use as positive electrodes in LIBs.
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Chapter 3

Synthesis and Structural Investigations of
Electrospun Undoped V2O5

3.1 STRUCTURAL
ELECTROSPUN
TEMPERATURE
3.1.1

ELECTROCHEMICAL
INVESTIGATIONS
OF
UNDOPED V2O5 WITH VARYING CALCINATION

AND

Introduction

In this section, single-phase crystalline V 2 O 5 nanostructured fibres were electrospun from
starting solution components described in Chapter 2 followed by calcination in air at either
450 °C, 500 °C or 550 °C for 2 h. Changing the calcination temperature was undertaken to
determine whether a variation in structure and electrochemical performance could be induced
and controlled to mitigate the limitations of this promising ceramic oxide.

3.1.2

Results and Discussion – Calcination Temperature Variation

The resultant samples were named according to the calcination temperature under which they
were treated. For example, the V 2 O 5 sample that was calcined at 450 °C is called V 2 O 5 -450 °C.
As the heating rate for the calcination treatment was set at 3 °C min-1, each of the samples
experienced different lengths of time during the heating sequence despite all of them
undergoing a 2 h hold at their specified temperature. This heating rate was used to prevent
energetic combustion of any volatile substances contained in the organic material of the as-spun
fibres. Assuming a starting temperature of 20 °C, it took 143 minutes to reach 450 °C, 160
minutes to reach 500 °C and 177 minutes to reach 550 °C. This variation in time spent under
temperature along with the holding temperature, has shown to affect both the resultant
morphology and particle characteristics of the materials shown in the following analysis.
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Powder XRD (PXRD) patterns in Figure 3.1(a), clearly show that for each calcination
temperature (450 °C, 500 °C and 550 °C) the as-spun fibres preferentially converted to V 2 O 5
which is typical when vanadium-based oxides are calcined in air to a high-enough temperature
[73]. The reflections have been labelled according to orthorhombic V 2 O 5 [172]. While V 2 O 5
is exclusively formed, V 2 O 5 -450 °C possessed broader reflections, as seen in Figure 3.1(b),
than both V 2 O 5 -500 °C and V 2 O 5 -550 °C implying smaller individual crystallites and lower
degree of crystallinity [76,173]. Additionally, Figure 3.1(b) also shows a variation in reflection
intensity with V 2 O 5 -550 °C possessing the sharpest peaks, followed by V 2 O 5 -500 °C and
V 2 O 5 -450 °C. This implies that there is a progressive increase in crystallinity and particle size
with increasing temperature and is in agreement with a number of other studies [85,92,124,125].

Figure 3.1: (a) XRD patterns for V 2 O 5 -450 °C, V 2 O 5 -500 °C and V 2 O 5 -550 °C with ICSD Reference
Code: 60767 for orthorhombic V 2 O 5 , (b) 18° < 2θ < 36° range showing variation in reflection intensity and
placement and (c) TGA profile showing complete removal of the polymer constituents at 400 °C.

D-spacings were calculated using Bragg’s Law for the (010) peak and produced a non-linear
trend with temperature, according to Table 3.1, with 4.42, 4.37, 4.40 Å for V 2 O 5 -450 °C,
V 2 O 5 -500 °C and V 2 O 5 -550 °C respectively. The interlayer spacing for V 2 O 5 -450 °C was
larger than V 2 O 5 -500 °C which was likely due to less time under temperature for V 2 O 5 layer
rearrangement. V 2 O 5 -550 °C had a larger interlayer spacing than V 2 O 5 -500 °C and was more
crystalline indicating that the layers became more separated in the presence of higher
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temperatures. Scherrer crystal sizes, summarised in Table 3.1, were calculated using the (200),
(010), (101) and (400) peaks with averages of 16.07, 22.55, and 23.59 nm for V 2 O 5 -450 °C,
V 2 O 5 -500 °C and V 2 O 5 -550 °C respectively, confirming a progressive increase in crystallinity
with particle size.

Table 3.1: PXRD characterisation summary of the electrospun V 2 O 5 -450 °C, V 2 O 5 -500 °C and V 2 O 5 550 °C where D-spacings were calculated via Bragg’s law and crystallite size was determined via the
Scherrer equation.

Sample
V 2 O 5 -450 °C
V 2 O 5 -500 °C
V 2 O 5 -550 °C

D-spacings for (010) (Å)
4.42
4.37
4.40

Crystallite size (nm)
16.07
22.55
23.59

TGA analysis was undertaken to ascertain whether the crystal structure was affected by the
presence of any residual carbon resulting from an incomplete combustion of the polymer
constituents from the starting solution. Figure 3.1(c) shows the TGA results and it indicates that
at 400 °C the weight change plateaus implying that all organics and polymer components had
been removed with an approximate 49 wt% loss. D-spacing calculations and crystallite size
variations in conjunction with TGA results imply that while the mass of the material does not
appear to change from 400 °C, the materials still underwent structural rearrangements with
crystallite size and interlayer space variations according to Table 3.1.
Le Bail refinement in Table 3.2 shows that lattice parameters increased between V 2 O 5 -450 °C
and V 2 O 5 -500 °C while V 2 O 5 -550 °C possessed the smallest lattice parameters and the
smallest unit cell volume. It has been shown that an increase in calcination temperature results
in an increase in lattice parameters, which is observed between V2O5-450 °C and V2O5-500 °C
[174,175]. However, it has been observed that contraction of the unit cell is caused by a
difference in bond length [176]. This suggests, considering analysis above, that a prolonged
time in the furnace allowed the V2O5-550 °C to become more ordered producing smaller lattice
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parameters due to variations in bond length while allowing larger nanostructured particles to
grow.

Table 3.2: Lattice parameters from le Bail refinement for V 2 O 5 calcined at 450 °C, 500 °C, and 550 °C.

Sample
V 2 O 5 -450 °C
V 2 O 5 -500 °C
V 2 O 5 -550 °C

a (Å)
11.534(1)
11.544(1)
11.530(1)

b (Å)
3.5745(5)
3.5769(4)
3.5714(3)

c (Å)
4.3873(8)
4.3929(6)
4.3827(5)

Volume (Å3)
180.885(84)
181.395(67)
180.467(50)

R wp
9.90
10.09
9.98

χ2
1.28
1.27
1.29

The analysis so far shows that the higher calcination temperature of 550 °C does not imply
increased lattice parameters and unit cell volume despite the increase in crystallinity. Rather, it
likely symbolises a prolonged opportunity for reordering of the structure when more total time
was spent under heat treatment.
SEM images in Figure 3.2(a,b) show that calcination in air for 2 h at 450 °C produced particles
with rounded edges in hierarchical microscale fibres. The smaller crystallite size indicated by
both PXRD and the Scherrer calculation are observed in the SEM images of V 2 O 5 -450 °C. The
nanoscale particles had diameters and lengths ca. 100 nm and ca. 300 nm, respectively, while
fibre diameters ranged in size from 1 to 5 µm. Calcination at 500 °C produced fibres with
diameter ranges from 0.7 to 2.3 µm that were made up of nanoparticles with well-defined
boundaries as seen in Figure 3.2(c,d). Figure 3.2(e,f) shows V 2 O 5 -550 °C fibres with longer
grains suggesting higher directionality associated with their growth and a higher degree of
crystallinity than those of V 2 O 5 -450 °C and V 2 O 5 -500 °C. The larger and greater definition
associated with the V 2 O 5 -550 °C fibres was likely to due to longer time spent in the furnace
during the 3 °C min-1 temperature increase which allowed for larger particles to grow. Particle
diameters ranged from 120 to 160 nm and lengths of ca. 230 to 760 nm which were significantly
larger than that of V 2 O 5 -450 °C and V 2 O 5 -500 °C. The fibre diameter range, while large, was
similar to V 2 O 5 -450 °C fibres with 0.5 to 4.5 µm. A similar observation in minimal diameter
variation between V 2 O 5 calcined at 400 °C and 500 °C was made by Viswanathamurthi et al.,
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who reported that when polymer and organic constituents are removed, fibre diameters undergo
little change [124]. The non-uniformity of the fibre diameters in all three samples may be
evidence of uncontrolled hydrolysis or gelation rates [119]. This was minimized by monitoring
humidity readings in the laboratory. The vanadium precursor starting solution is moisture
sensitive, so hydrolysis rates were likely to be higher when the electrospinning experiment is
conducted in air with higher humidity. There is evidence of this in Figure 3.2(b) for V 2 O 5 450 °C and in Figure 3.2(f) for V 2 O 5 -550 °C where some of the fibres appear to be fused
together.

Figure 3.2: High resolution and low resolution SEM images emphasising both the hierarchical nature of
the fibres and variation in particle definition of (a,b) V 2 O 5 -450 °C, (c,d) V 2 O 5 -500 °C, and (e,f) V 2 O 5 550 °C.

The trend observed in the PXRD [Figure 3.1] with reflection width and intensity increase with
calcination temperature also matches the particle definition in the SEM images (Figure 3.2)
indicating that the crystallinity was affected by calcination temperature. In particular, SEM
images of V 2 O 5 -550 °C show well defined nanoparticles and PXRD showed narrower
reflections indicating a higher degree in crystallinity.
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The cyclic voltammograms in Figure 3.3 revealed a series of phase transitions which
corresponded to α-V 2 O 5 , ε-Li 0.5 V 2 O 5 , δ-LiV 2 O 5 and ƴ-Li 2 V 2 O 5 as described in Section 1.7.3.
This indicated that the capacity of the tested materials resulted primarily from oxidation and
reduction reactions that were associated with redox mechanisms via changes in oxidation state
[177]. The lack of symmetry between the positive and negative current regions shows that the
redox species was only partially recovered and that charge transfer was diffusion controlled
which would eventually lead to a loss of redox activity [178,179]. The lack of rectangular
current response shows that the redox reactions possessed little double-layer capacitive
properties.

Figure 3.3: Cyclic voltammograms at 0.15 mV s-1 over 2 cycles clearly show a series of phases changes
brought about by redox reactions at defined potentials for (a) V 2 O 5 -450 °C with ΔE P labelled for the α/ε,
ε/δ, and δ/ƴ transitions, (b) V 2 O 5 -500 °C, (c) V 2 O 5 -550 °C and (d) voltammograms for each material over
cycle 2 emphasising the variation in redox peak definition.
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There was quite strong peak splitting observed in all three samples, especially in the reduction
peak at ca. 3.0 – 3.5 V vs. Li/Li+. This suggests that there were multiple Li-ion sites of varying
energy differences for multi-stepped intercalation/extraction processes [180]. Additionally, the
redox reduction peak at ca. 3.6 V vs Li/Li+ and the oxidation shoulder peak at ca. 3.7 V vs
Li/Li+ has been attributed to the irreversible phase transition of the ƴ/ƴ’ system [91,181]. The
metastable ƴ-Li x V 2 O 5 phase formed within the 2.2 – 2.5 V vs Li/Li+ potential range is
reversible if cycled within 0≤x≤2 [83]. Once this phase is formed there was a loss of redox
capacity observed for α/ε phase change in the form of a decrease in peak current in the second
CV cycle which was observable for each material. Comparison of oxidation and reduction peak
current outputs show that reduction in the cathode domain was favoured for the δ/ƴ phase
change while oxidation in the anode domain was favoured for the α/ε phase change. This high
degree of redox imbalance is likely to lead to irreversibilities.
The peak separations (∆E p ) evident in all samples reflect polarisation in the relevant
electrochemical reaction and low reversibility [3]. The values are summarised in Table 3.3 and
show that V 2 O 5 -450 °C experienced the lowest polarisation for the δ/γ phase followed by
V 2 O 5 -500 °C and V 2 O 5 -550 °C. Conversely, V 2 O 5 -450 °C experienced the largest
polarisation variation between cycles 1 and 2 for the α/ε phase change compared to V 2 O 5 500 °C and V 2 O 5 -550 °C. These redox peak splits could be reduced with the introduction of
dopants which would act to facilitate or prevent these phase transitions [74]. Most of these peak
separations are smaller than that of those analysed by Yan et al. who compared the redox peak
separations between micro- and nanoscale V 2 O 5 [91]. Their CV analysis clearly showed an
improvement in the electrochemical activity and Li-ion insertion capability of nanofibrous
V 2 O 5 compared to the bulkscale counterpart which was attributed to improved Li-ion kinetics
during charge transfer processes.
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Table 3.3: Redox peak separations (∆E p ) from the cyclic voltammetry analysis for the δ/γ and α/ε phase for
V 2 O 5 -450 °C, V 2 O 5 -500 °C and V 2 O 5 -550 °C.

Sample
V 2 O 5 -450 °C
V 2 O 5 -500 °C
V 2 O 5 -550 °C

Cycle

∆E p δ/γ (V vs Li/Li+)

Cycle

1
2
1
2
1
2

0.27
0.25
0.29
0.27
0.30
0.29

1
2
1
2
1
2

∆E p α/ε (V vs
Li/Li+)
0.25
0.31
0.18
0.18
0.27
0.23

Figure 3.3(d) shows a comparison of CV traces between the samples. V 2 O 5 -500 °C and V 2 O 5 550 °C had significantly higher curve areas and higher redox peak currents compared to V 2 O 5 450 °C which suggest higher capacity and faster Li-ion insertion/extraction kinetics [91].
Additionally, the presence of an extra oxidation/reduction peak in the form of small shoulders
for all samples labelled with a star (*), has been identified as evidence of a well-defined
crystalline micro-nanostructured material [76,79]. This observation was confirmed with the
well-defined nanoparticle constituents of the microfibres observed in the SEM images and sharp
reflection intensities in the PXRD.
A C-rate test was conducted to investigate the rate capability of the materials with cycling at
50 mA g-1 for 16 cycles followed by 100, 300, 600, 300, 100, and 50 mA g-1 for 10 cycles each
as shown in Figure 3.4.
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Figure 3.4: (a) C-rate test at the following current densities: 50 mA g-1 for 16 cycles followed by 100, 300,
and 600, 300, 100, 50 mA g-1 for 10 cycles each and the (b) associated Coulombic efficiencies during C-rate
test for V 2 O 5 -450 °C, V 2 O 5 -500 °C and V 2 O 5 -550 °C electrospun fibres from starting solutions containing
0.3 g of polymer.

Cycle stability was quite low in the first 16 cycles at 50 mA g-1 [Figure 3.4(a)] with capacities
and stabilities of 349 mA h g-1 at cycle 2 (n = 2) and 71% for V 2 O 5 -450 °C, 425 mA h g-1 (n =
2) and 68% for V 2 O 5 -500 °C, 292 mA h g-1 (n = 2) and 71% for V 2 O 5 -550 °C. This variation
in cycle stabilities over these initial cycles was not large suggesting that calcination
temperature, over the range investigated in this chapter, does not play a significant role in
improving stability. Additionally, the sharp decrease in capacity during the initial cycles has
been seen previously by others which was caused by phase transitions that V 2 O 5 is susceptible
to over the 2.0 – 4.0 V vs Li/Li+ range [57–59]. Improvement in stability can be clearly seen at
each current density after the first 16 cycles at 50 mA g-1 which was likely due to a reduction
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in side reactions [130]. The irreversible capacity loss (ICL) is high with 256 mA h g-1 for V 2 O 5 450 °C, 372 mA h g-1 for V 2 O 5 -500 °C and 417 mA h g-1 for V 2 O 5 -550 °C. These high values
indicate that there was substantial interfacial storage across the electrode/electrolyte interface
[134].
All materials showed poor rate capability when changing current densities with V 2 O 5 -450 °C
performing only slightly better than the other two materials. This poor rate capability was likely
due to large fibre diameters as seen in SEM images in Figure 3.2. Fibres with large diameters
do not have the advantages associated with large surface areas and short diffusion distances
seen in nanostructures [184]. At 600 mA g-1, there was little capacity recorded, especially for
V 2 O 5 -550 °C which is indicative of little interaction between the materials’ surface and the Liions. This implies that these materials were high energy rather than high power materials. This
is characteristic of V 2 O 5 and could be improved with the incorporation of a dopant or a carbonbased material.
A review of vanadium oxides and their electrochemical performance in LIBs by Yue and Liang
found that statistically, the optimal current density range is 30 – 500 mA g-1 [68]. Consequently,
it is unsurprising to see poor capacity retention at 600 mA g-1 which indicated that the
performance of the electrospun V 2 O 5 in this study was comparable to the literature. There was
little capacity recovery after cycling at 600 mA g-1 which was likely due to the stepwise
decrease in current density back to 50 mA g-1. As the materials showed poor rate retention
during current density increase, it is then reasonable to observe low capacity recovery as current
density was decreased to 300 mA g-1, 100 mA g-1 and 50 mA g-1. This indicates that the ionic
pathways created during initial cycling were destroyed with significant Li-ion trapping resulting
in permanent structural damage [185].
The average Coulombic efficiencies over the investigated C-rate cycles were determined and
revealed to be 98% for both V 2 O 5 -450 °C and V 2 O 5 -500 °C and 97% for V 2 O 5 -550 °C. These
Coulombic efficiencies are quite competitive and overall there was little variation between
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samples suggesting that calcination temperature does not play a significant role in dictating
efficiency. This is likely due to the small variation in crystallite size between the materials. The
Coulombic efficiencies achieved during the initial cycling at 50 mA g-1 for all samples is low
suggesting that overcharging occurred. This implies that at a lower current density of 50 mA g1

the positive electrode became over-oxidised due to side reactions with the electrolyte [86].

The over-oxidised state of the positive electrode indicated that the V 2 O 5 was fully delithiated
with each cycle which was likely contributing to large volume expansions and hence decreased
cycle stability and low coulombic efficiency. Low Coulombic efficiencies are also caused by
Li-ion trapping which occurs during phase transitions [185]. This combination of overoxidation and Li-ion trapping likely caused the erratic Coulombic efficiencies for V 2 O 5 -550 °C
during 600 mA g-1, which did not fit the scale shown in Figure 3.4(b).
Impedance measurements were undertaken to compare the relative conductivities and
resistances of the electrospun materials with resultant Nyquist plots in Figure 3.5(a). All
Nyquist plots were composed of a distorted semicircle in the high-to-moderate frequency range
with a small upturning in the low frequency range.

Figure 3.5: (a) Nyquist plots of pristine cells for V 2 O 5 calcined at 450 °C, 550 °C and 550 °C with an
enlargement of the high frequency region (inset) and (b) linear curves of ω-1/2 vs Z’ in the low frequency
region with the electrical equivalent circuit (inset).
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The resistances were quantified using the electrical equivalent circuit in Figure 3.5(b) (inset)
with relevant explanation of electrical equivalent circuit components in Section 2.3.4. Briefly,
R b , R s and R ct are the bulk, solution and charge transfer resistances, respectively, CPE 2 and
CPE 3 are the constant phase elements representing charge storage and σ w is the Warburg
impedance coefficient. The resistance values are summarised in Table 3.4, where the surface
layer resistance, R s , and charge transfer resistance, R ct , decreased with increasing calcination
temperature implying an improvement in cycling efficiency and electronic conductivity
[186,187]. A higher calcination temperature has been shown by others to lower charge transfer
resistances [127,188].

Table 3.4: Curve fitted resistance values, χ2 goodness of fit and the Warburg impedance coefficient (σ w ).

Sample
V2O5450 °C
V2O5500 °C
V2O5550 °C

Rb electrolyte (Ω)

R s – surface
layer (Ω)

R ct – charge
transfer (Ω)

χ2

σ w (Ω cm2 s-1/2)

9

318

530

0.06852

322.74

8

134

465

0.00608

201.75

4

109

237

0.00436

80.44

The Warburg impedance, σ w , was determined by calculating the slope of ω-1/2 vs Z’ in Figure
3.5(b) and is inversely related the Li-ion diffusion coefficient, D Li . A decrease in σ w (Table
3.4) implies an increase in D Li [3,186]. This trend also matches calcination temperature.
Interestingly, V 2 O 5 -550 °C showed favourable impedance results in the pristine state, which is
likely due to its high degree of crystallinity in facilitating Li-ion movement into the V 2 O 5
structure. Despite this, the highly crystalline nature of V 2 O 5 -550 °C, along with its large
crystallites, resulted in the lowest capacities during the C-rate test. V 2 O 5 -450 °C in comparison
did not show favourable impedance results but this material produced the lowest ICL and the
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best rate retention of the investigated materials. Electrochemical analysis of V 2 O 5 -500 °C
showed that the combination of moderate polarisation, reversibility and impedance results,
compared to V 2 O 5 -450 °C and V 2 O 5 -550 °C, and produced the highest capacities in the C-rate
test. After analysis of these results, the compromise in structural characteristics and
electrochemical performance offered by calcination of the electrospun fibres at 500 °C was
considered to be the most effective heat treatment temperature to use in further investigations
of this material. These results indicate that varying the calcination temperature was a necessary
investigation towards understanding how the calcination process parameters affect structural
and electrochemical characteristics of this electrospun V 2 O 5 system.

3.1.3

Conclusion – Varying Calcination Temperature

The results showed that improving crystallinity did improve conductivity, as seen with V 2 O 5 550 °C in the EIS analysis but did not necessarily lead to an improvement in capacity. A highly
crystalline material promotes Li-ion intercalation/extraction but is more susceptible to material
degradation. Furthermore, CV tests indicated that calcination temperature has an moderately
appreciable impact on phase changes and kinetics of the insertion capability of Li-ions. C-rate
results showed poor rate capability which was attributed to large fibre diameters. Consequently,
it is assumed that a reduction in fibre diameter would decrease Li-ion diffusion distances and
improve rate capability.

3.2 STRUCTURAL
AND
ELECTROCHEMICAL
INVESTIGATIONS
ELECTROSPUN UNDOPED V2O5 WITH VARYING FIBRE DIAMETERS
3.2.1

OF

Introduction

V 2 O 5 fibres made with the standard sol-gel components and amounts, used in the previous
section, ranged from 1 to 5 µm in diameter indicating that they are nanostructured microfibres
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rather than nanofibres. Fibres with large diameters do not have the advantages associated with
large surface area and short diffusion distances of nanostructures [184]. Rather, small fibre
diameters haven been shown to decrease Li-ion diffusion distances and hence increase capacity
in lithiation/delithiation tests by allowing high contact areas between the electrolyte and
electrode [67,86].
The diameters of electrospun fibres with circular cross sections can be controlled by varying
the concentration of the polymer, the conductivity of the electrospinning solution, electric field
potential and the feed rate [189]. Li and Xia showed that by varying the amount of poly(vinyl
pyrrolidone) (PVP)-to-alkoxide precursor ratio in their starting solution, the resulting diameter
of their TiO 2 fibres could be controlled [190].
This section investigates the synthesis of electrospun V 2 O 5 from starting solutions containing
varying amounts of the polymer poly(vinyl acetate) (PVAc) to determine whether the fibre
diameter was controllable. This was achieved by systematically decreasing the polymer content
while all other parameters were kept constant. Subsequent structural analysis of the resultant
electrospun fibres was undertaken to ascertain whether fibre diameter decrease was
accomplished and what effects on electrochemical properties were imparted.

3.2.2 Materials and Methods
The standard V 2 O 5 starting solution as introduced in Section 2.1.1 was used though the amount
of PVAc was progressively decreased according to Table 3.5.

Table 3.5: Starting solution variation summary indicating amount of PVAc variation.

PVAc amount (g)
0.30
0.24
0.20
0.16

PVAc (%)
100
80.0
66.7
53.3

Sample name
PVAc-0.30 g
PVAc-0.24 g
PVAc-0.20 g
PVAc-0.16 g
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0.12
0.08

3.2.3

40.0
26.7

PVAc-0.12 g
PVAc-0.08 g

Results and Discussion – Varying Polymer Amount

A summary of PXRD patterns with varying polymer amount is shown in Figure 3.6 with
reflections assigned to orthorhombic V 2 O 5 [172]. This stoichiometry was preferentially formed
when calcined in air regardless of the amount of polymer used in the electrospinning starting
solution.

Figure 3.6: PXRD for V 2 O 5 with varying polymer amount and (inset) enlarged region of 19.5° < 2θ <
21.25° emphasizing minimal peak shift.

D-spacings were calculated using Bragg’s Law for the (010) peak and according to Table 3.6
(a) there was no substantial variation in the interlayer spacing with decreasing polymer content.
This was also observable in the minimal shifting in the (010) peak to lower 2θ values in Figure
3.6 (inset).
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Table 3.6: Structural data summary for V 2 O 5 with varying polymer amount with (a) D-spacings, (b)
Scherrer crystal sizes and (c) fibre diameters determined from pixel counting of the SEM images.

Sample

PVAc-0.30 g
PVAc-0.24 g
PVAc-0.20 g
PVAc-0.16 g
PVAc-0.12 g
PVAc-0.08 g

(a)
D-spacing (010)
(Å)
4.37
4.37
4.38
4.37
4.38
4.37

(b)
Scherrer crystal size (010)
(nm)
23.73
28.21
30.33
30.33
31.51
40.74

(c)
Fibre dimeters
0.74 – 2.3 μm
600 – 700 nm
ca. 600 nm
ca. 700 nm
300 – 500 nm
N/A

Scherrer crystal sizes were determined and averaged using the (200), (010), (101) and (400)
reflections with results according to Table 3.6 (b). There is an overall increase in crystal size
with decrease in polymer content of the starting solution. This suggests that if there was less
organic material within the as-spun material, then there was more room and opportunity for
crystal growth during the calcination treatment. The results of the le Bail refinement of the
PXRD patterns are shown in Table 3.7. Overall, there was a decrease in the unit cell volumes
with decrease in polymer amount. This suggests improved packing efficiency of the vanadium
and oxygen atoms when there were less polymer constituents to remove during calcination.

Table 3.7: Lattice parameters from le Bail refinement for V 2 O 5 with varying polymer content showing an
overall decrease in unit cell volumes.

Sample
PVAc-0.30 g
PVAc-0.24 g
PVAc-0.20 g
PVAc-0.16 g
PVAc-0.12 g
PVAc-0.08 g

a (Å)
11.544(1)
11.534(1)
11.531(1)
11.535(1)
11.531(1)
11.520(1)

b (Å)
3.5769(4)
3.5730(3)
3.5713(3)
3.5724(3)
3.5711(3)
3.56712(2)

c (Å)
4.3929(6)
4.3862(5)
4.3829(5)
4.3842(5)
4.3820(4)
4.3772(3)

Volume (Å3)
181.395(67)
180.762(54)
180.496(50)
180.666(57)
180.437(47)
179.864(27)

R wp
10.09
10.05
10.18
10.73
10.68
10.11

χ2
1.27
1.28
1.27
1.29
1.27
1.28
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SEM images are presented in Figure 3.7 with approximate fibre dimensions recorded in Table
3.6(c). The as-spun fibres made from a starting solution containing 0.3 g of polymer (not
pictured), possessed diameters of 1 – 3.390 µm with featureless surfaces. Calcination of PVAc0.30 g in air for 2 h at 500 °C produced fibres with diameters of 0.7 – 2.3 µm and were made
up of interconnected nanoparticles with well-defined boundaries as seen in Figure 3.7 (a,b).
Fibre shrinkage after heat treatment was caused by the decomposition of the PVAc resulting in
the development of interlinked nanocrystals of metal oxides [67].

Figure 3.7: High resolution and low resolution SEM images emphasizing both the hierarchical nature of
the fibres and variation in fibre morphology of (a,b) PVAc-0.30 g, (c,d) PVAc-0.24 g, (e,f) PVAc-0.20 g,
(g,h) PVAc-0.16 g, (i,j) PVAc-0.12 g, and (k, l) PVAc-0.08 g.

Figure 3.7(c,d) shows a mix of fibre morphologies for PVAc-0.24 g with thin fibres possessing
diameters of 600 – 700 nm and microscale ribbons of thicknesses ca. 2.8 – 3.3 μm. It has been
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suggested that a ribbon morphology can be formed when the solvent rapidly evaporates on the
surface of the spinning fibres resulting in the collapse in the circular cross section of the fibres
[191–193].
PVAc-0.20 g in Figure 3.7(e,f) shows particles that were elongated and two dimensional in
nature with inconsistent fibre diameters of ca. 600 nm along their length. For Figure 3.7(g,h)
the PVAc-0.16 g fibres were consistently formed and with consistent diameters of ca. 700 nm.
Fibre diameters were inconsistent for PVAc-0.12 g in Figure 3.7(i,j) with dimensions ranging
from 300 to 500 nm and decreased fibre lengths. There is very little fibre formation evident for
PVAc-0.08 g in Figure 3.7(k,l) and the 3D hierarchical nanostructures do not appear to be of
consistent shapes. These clusters of nanoparticles are likely to be evidence of electrospraying
implying that with little polymer in solution, no consistent templating was available for fibre
formation.
SEM analysis showed that fibre diameter was controlled by polymer content in the starting
solution. As polymers are used as a template for fibre formation, it is reasonable then that a
decrease in PVAc provided less opportunity for long fibres to form as seen in Figure 3.7(i,j) for
PVAc-0.12 g. Additionally, reduction of polymer content resulted in the elongation of the
particles suggesting that with less polymer there was less organic material to be removed during
calcination. From this, the V 2 O 5 layers can stack more effectively, as suggested by unit cell
refinement in Table 3.7, which resulted in the increased two-dimensional nature of the particles.
The increased crystallite size shown in Table 3.6(b) can be visually observed in the SEM images
where particle size increased with decreasing polymer content.
Capacity versus potential profiles for cycles 1 and 5 of the C-rate test are plotted for each sample
in Figure 3.8. The potential steps in Figure 3.8 can be easily assigned to α-V 2 O 5 , ε-Li 0.5 V 2 O 5 ,
δ-LiV 2 O 5 and ƴ-Li 2 V 2 O 5 as outlined in Section 1.7.3. Figure 3.8(b) shows that the V 2 O 5
phases were still present along with an improvement in the conductivity, observed in a
decreased overpotential, with cycling.
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Figure 3.8: Capacity versus potential profiles for V 2 O 5 with varying polymer content during the C-rate test
for (a) the first cycle and (b) the fifth cycle at 50 mA g-1.

Initial lithiation capacities for the materials are summarised in Table 3.8 and show that PVAc0.3 g, PVAc-0.16 g, and PVAc-0.08 g achieved capacities above the theoretical capacity for
V 2 O 5 , assuming 2 mol Li intercalation over 2.0 – 4.0 V vs Li/Li+ which is 294 mA h g-1.
Achieving a capacity over the theoretical value highlights common issues with the use of
nanostructured materials for battery applications. This is typically the result of side reactions
between the less coordinated surface atoms and the electrolyte. While this phenomenon
produces higher capacities, it is difficult to control and predict. The capacities and stabilities
shown in Table 3.8 do not display a trend with polymer content and fibre diameter.
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Table 3.8: GDC results summaries for V 2 O 5 with varying polymer content with initial lithiation capacities
and cycle stabilities for 2 < n < 10 at 50 mA g-1.

Sample
PVAc-0.30 g
PVAc-0.24 g
PVAc-0.20 g
PVAc-0.16 g
PVAc-0.12 g
PVAc-0.08 g

Initial lithiation
capacities (mA h g-1)
366
141
164
370
361
71

Cycle stabilities for 2 < n <
10 at 50 mA g-1 (%)
73
79
87
65
84
60

The capacity versus potential profiles in Figure 3.8 also clearly show the variations in the
irreversible capacity losses (ICLs) which correlate to the difference in obtained capacities for
the first lithiation and first delithiation sequences. When the first delithiation capacity is higher
than the first lithiation it indicates that the excess capacity was due to interfacial storage across
the electrolyte/electrode interface [134]. This is evident for PVAc-0.24 g and -0.2 g which have
large ICLs of 168 and 262 mA h g-1 respectively.
The capacity versus potential profile for PVAc-0.08 g suggested a very large overpotential
which indicated low conductivity for the material [194]. This may be related to the morphology
of this sample [Figure 3.7(k,l)] which did possess nanostructured particles, though there is no
defined hierarchical structure. Without a hierarchical structure, there was likely decreased
contact between the particles resulting in lower conductivity.
The results of the C-rate test at 50, 100, 300, 600 and back to 50 mA g-1 over 10 cycles at each
current density along with associated Coulombic efficiencies are presented Figure 3.9(a) and
Figure 3.9 (b), respectively.
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Figure 3.9: (a) C-rate test at the following current densities: 50, 100, 300, 600 mA g-1 and 50 mA g-1 for 10
cycles each and (b) associated Coulombic efficiencies during the C-rate test for V 2 O 5 with varying
polymer content.

Cycle stability is variable for all materials which is clear in the first 10 cycles at 50 mA g-1 in
Figure 3.9(a), with stabilities summarised in Table 3.8. There is an improvement in cycle
stability for these initial cycles for PVAc-0.24 g, PVAc-0.20 g, and PVAc-0.12 g though there
was still considerable capacity fading which was likely due to the agglomeration of nanoscale
particles [195,196]. These cycle stabilities were similar to those obtained in Section 3.1.2. The
increased cycle stability at higher currents was visibly observable in the C-rate and is due to a
decrease in side reactions within the cells [130].
Table 3.9 summarises the capacity decreases between differing current densities and it shows
that PVAc-0.12 g experienced the lowest capacity decreases indicating the highest capacity
retention of the investigated samples. Interestingly, there appears to be no trend with fibre
diameter and C-rate performance with the highest to lowest rate retention performer occurring
in the following order: PVAc-0.12 g, PVAc-0.30 g, PVAc-0.16 g, PVAc-0.48 g, PVAc-0.20 g,
PVAc-0.08 g.
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Table 3.9: A summary of capacity decreases, as percentages, between differing current densities for V 2 O 5
with varying polymer content for (a) 100 mA g-1 to 50 mA g-1, (b) 300 mA g-1 to 100 mA g-1, (c) 600 mA g-1
to 300 mA g-1 and (d) the recovery in capacity as a percentage between n = 42 at 50 mA g-1 after cycling at
600 mA g-1 and n = 10 at 50 mA g-1.

Sample

PVAc0.30 g
PVAc0.24 g
PVAc0.20 g
PVAc0.16 g
PVAc0.12 g
PVAc0.08 g

(a)
% drop between n
= 15 (100 mA g-1)
and n = 5
(50 mA g-1)

(b)
% drop between
n = 25
(300 mA g-1)
and n = 15
(100 mA g-1)

(c)
% drop between
n = 35
(600 mA g-1)
and n = 25
(300 mA g-1)

(d)
% recovery
between n = 42
(600 mA g-1) and n
= 10 (50 mA g-1)

22.8

59.8

89.3

94.0

42.0

90.4

96.6

89.9

44.6

89.2

97.6

94.3

31.9

63.0

98.7

95.1

17.6

46.0

69.2

95.4

55.8

95.8

93.5

93.0

All materials performed poorly at 600 mA g-1 indicating that these materials do not fall under
the category of high power materials which is unsurprising as V 2 O 5 is susceptible to low
electronic conductivity and low Li-ion diffusion rates [94]. The low capacities at 600 mA g-1
are likely caused by a diffusion effect implying that there was no Li-ion interaction with the
surface of these materials [197]. Despite this, all materials made an almost complete recovery
when cycling returned to 50 mA g-1 in Figure 3.9(a) according to Table 3.9(d). This recovery
was not observed for V 2 O 5 -450 °C, V 2 O 5 -500 °C and V 2 O 5 -550 °C in Figure 3.4 which was
likely due to large diameters of fibres combined with the stepwise decrease in current density
(600 mA g-1 to 300 mA g-1 to 100 mA g-1 to 50 mA g-1) which reflected low rate retention. In
this section the current density variation from 600 mA g-1 to 50 mA g-1 was undertaken to
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determine how well the materials could retain their capacity with large a large variation in
current density (600 mA g-1 to 50 mA g-1).
PVAc-0.08 g had the lowest rate retention, lowest capacities and highest overpotential. This
was the only sample that did not clearly possess a fibrous morphology, implying that a defined
hierarchical structure is beneficial to prevent agglomeration and volume expansion [91,198].
The particles in PVAc-0.08 g also appeared to be quite plate-like and two dimensional in nature
with a large average crystal size and pronounced PXRD reflection intensities. The results
suggest that highly crystalline V 2 O 5 is not beneficial for efficient charge transfer. This is also
seen in the erratic Coulombic efficiencies which is indicative of Li-ion trapping. A similar result
was shown in the Section 3.1 for V 2 O 5 -550 °C which was more crystalline in nature compared
to the samples treated at lower temperatures. Additionally, Yue and Liang observed in their
review that vanadium oxide electrode materials consisting of hierarchical structures produced
higher capacities [68].
Impedance measurements were undertaken to compare the relative conductivities of the
electrospun materials with resultant Nyquist plots presented in Figure 3.10(a). All Nyquist plots
were composed of a distorted semicircle in the high-to-moderate frequency range with a small
upturning in the low frequency range.
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Figure 3.10: (a) Nyquist plots of pristine cells for V 2 O 5 with varying polymer content and (b) linear curves
of ω-1/2 vs Z’ in the low frequency region.

The electrical equivalent circuit in Figure 3.5 of Section 3.1 was in the analysis of these Nyquist
plots in Figure 3.10. The resultant resistant values are summarised in Table 3.10.

Table 3.10: Curve fitted resistance values, χ2 goodness of fit and the Warburg impedance coefficient (σ w )
for varying polymer samples.

Sample
PVAc0.30 g
PVAc0.24 g
PVAc0.20 g
PVAc0.16 g
PVAc0.12 g
PVAc0.08 g

Rb
electrolyte
(Ω)

Rs
surface
layer (Ω)

R ct
charge
transfer (Ω)

χ2

σw
(Ω cm2 s-1/2)

ƩR
(Ω)

34.31

26.12

238.30

0.0004

15.3

264.42

7.01

58.87

269.10

0.0016

17.99

328.00

5.18

26.72

366.70

0.0013

16.48

393.42

4.92

248.2

11.34

0.0013

11.09

259.54

3.73

152.8

10.69

0.0081

10.7

259.70

8.28

497.9

19.17

0.0022

23.04

517.07
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Overall, it can be observed that there was an increase in the surface layer resistance (R s ) with
an overall decrease in charge transfer resistance (R ct ) with lower polymer content. It should be
noted that the impedance results in Table 3.10 suggest that some resistance values must be
examined together, rather than separately, as the Nyquist plots and electrical equivalent circuit
indicate that there were two overlapping time constants which was seen in the distorted
semicircle. Therefore, it is reasonable that R s and R ct are examined in conjunction with one
another [199,200].
The summation of resistances indicates that there was little to no trend with fibre diameter
except for PVAc-0.08 g which has the largest semicircle in the Nyquist plot implying low
conductivity. This sample also had poor rate capability with high overpotential. The results
support the observation that a defined hierarchical structure promotes contact between the
nanoparticles and reduces charge transfer resistances [91].
The Warburg impedance is smaller for samples (PVAc-0.16 g and PVAc-0.12 g) that have
noticeably smaller fibre diameters than PVAc-0.30 g, though this trend is not exclusively
observed for all samples with smaller diameters such as for PVAc-0.24 g and PVAc-0.20 g.
Despite PVAc-0.12 g showing the best electrochemical performance in terms of rate retention
and capacities which is likely due to its small fibre diameter range of 300 – 500 nm, PVAc0.30 g proved to be nearly as competitive. This polymer content was used in the previous
section for V 2 O 5 -450 °C, V 2 O 5 -500 °C and V 2 O 5 -550 °C. Consequently, the polymer content
was used to electrospin the doped vanadium-based oxide fibres in the following chapters.

3.2.4

Conclusion – Varying Polymer Amount

Results showed that fibre diameter can be controlled via electrospinning with polymer variation
in the starting solution. Despite this, a clear trend was not present in the electrochemical
performance, with no trend in the ICLs, rate retention or impedance analysis. These results do
98

SYNTHESIS AND STRUCTURAL INVESTIGATION
show that a defined hierarchical structure is beneficial for these electrospun V 2 O 5 fibres which
likely prevented particle agglomeration and promoted improved conductivity. This was clearly
shown with PVAc-0.08 g which possessed the lowest polymer content and consequently no
fibrous morphology. Additionally, a fibrous morphology is likely to provide increased contact
between the particles of the material, which improved conductivity and may have alleviated
volume expansion.

3.3 SUMMARY
This chapter focussed on the structural and electrochemical investigations of electrospun V 2 O 5
calcined at 450 °C, 500 °C, and 500 °C, in Section 3.1, and that of V 2 O 5 electrospun from
starting solutions of varying polymer content, in Section 3.2.
Both sections showed that crystallite size, d-spacings, fibre diameters, and Faradaic impedances
could be controlled by varying either calcination temperature treatment or polymer content in
the starting solution. Despite this, the electrospun V 2 O 5 remained susceptible to substantial
capacity decay and poor rate capability. Investigations as positive electrode materials in Li-ion
coin cells showed that a compromise with capacity, stability and crystallinity of the
nanostructured particles must be considered during material suitability evaluation for energy
storage. The systematic investigation of the electrospun undoped vanadium oxide in Chapter 3
was unique and showed that another strategy is required to improve the performance of this
promising electrode material. This chapter showed that calcination at 500 °C and a polymer
content of 0.3 g gave promising results and was deemed acceptable for further analysis of
electrospun vanadium-based oxides for LIBs.
This was a worthwhile investigation as several studies have emphasised the importance of the
crystalline nature of the V 2 O 5 with the resultant electrochemical performance [88,92,130].
Meanwhile others have focussed on improving V 2 O 5 electrochemical performances by
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introducing defects into the structure [91]. The intentional introduction of defects has gained
traction recently as a potential path of investigation in the development of amorphous vanadium
oxides, such as the introduction of dopants.
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Chapter 4

Electrospun V2O5, barium-doped and
titanium-doped V2O5 as positive electrodes for lithium
ion batteries

4.1.1

Introduction

Redox-inactive dopants (for which there is no additional redox charge transfer reactions upon
lithiation/delithiation) are often used for positive electrode materials in LIBs. Lithium iron
phosphate (LFP) is a very stable high-power electrode material and many redox-inactive
dopants have been shown to improve the cycling performance, e.g. Nb5+ [201], Ti4+ [202], and
Al3+ [203]. The occupying site of the dopant depends on the cation and has been often shown
to improve the electronic and/or ionic conductivity [203]. For lithiated transition metal oxides,
one main issue is the stability upon cycling, which can be improved by using redox-inactive
cations such as Mn4+ or Al3+. NCA (LiNi 0.8 Co 0.15 Al 0.05 O 2 ) is one such example where a small
amount of the redox inactive dopant Al3+ has been shown to improve electrochemical
performance and reduce cell impedance, resulting in a stabilisation of both the material structure
and surface reactivity [204]. The use of the Al3+ dopant combined with the reduction of cationic
disorder caused by the partial substitution of Ni with Co [205], as Co3+ is not as readily reduced
as Ni3+ [30], results in NCA having a high lithiation capacity of approximately 200 mA h g-1,
long storage life and reduced cost compared to undoped Co-based positive electrodes [27].
In terms of V 2 O 5 , redox-inactive dopants include, but are not limited to Cr3+ [74,206], Ag+
[136,207], Cu2+ [182], Al3+ [134,207,208], Nb5+ [171], Na+ [209], and Fe3+ [210] when studied
within or near to the 2.0 – 4.0 V vs Li/Li+ range. The use of Ti4+ as a dopant for vanadium
oxides has shown to improve electronic conductivity when used as electrode materials for
supercapacitors [211]. Ti4+ is a useful potential dopant as it has valence states of 4+ and 3+ and
its diameter is comparable to V5+ with a coordination number of six [184]. Like many of the
previously mentioned dopants, alkaline earth metals, such as Ba2+ and Ca2+ are redox-inactive,
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meaning they do not show additional redox charge transfer during lithiation/delithiation
between 2.0 to 4.0 V vs Li/Li+. They have been used because they have shown to improve the
cycling performance in materials such as tin oxide [212,213]. Zhan et al. reported that Cr3+
doped vanadium oxide, Cr 0.1 V 2 O 5.15 , prepared via a sol-gel method, partially prevented
irreversible phase transitions of the V 2 O 5 structure using a cyclic voltammetry analysis [74].
This was made apparent with irreversible redox peaks present in the V 2 O 5 voltammogram plot
while reversible redox peaks were seen in the Cr 0.1 V 2 O 5.15 voltammogram. Also observed was
an improvement in cycling performance compared to that of undoped V 2 O 5 . Li-ion diffusion
has been shown to increase via the use of dopants [184]. Liang et al. showed that Na+ doped
V 2 O 5 formed ß-Na 0.33 V 2 O 5 and resulted in improved Li-ion diffusion caused by a mesoporous
flake-like structure produced via the introduction of the Na+ dopant [209].
In this chapter, redox-inactive Ti4+ and Ba2+ were homogeneously mixed with a vanadiumbased oxide starting solution and electrospun to produce continuous microscale nanostructured
fibres. Ti4+ was chosen to explore the effects of introducing a redox-inactive dopant that is
similar in size to V5+. Ba2+ was used to determine the structural and electrochemical effects of
incorporating a redox-inactive large ion into the electrospun V 2 O 5 . The structural variations
created due to the introduction of both dopants were investigated along with the electrochemical
properties. It was observed that 10 at% Ti4+ doping made significant improvements on
electrochemical performance and that phase changes that occurred during cycling were
noticeably different between undoped V 2 O 5 and doped V 2 O 5 .
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4.2 RESULTS AND DISCUSSION
4.2.1

Morphology and Structure

XPS and EDS analysis were used to confirm the amount of Ba2+ and Ti4+ doped into electrospun
V 2 O 5 . The results from these techniques, which will be discussed in greater detail later in this
section, indicate that the formulas for the doped materials are V 1.79 Ba 0.21 O 5 and V 1.81 Ti 0.19 O 5 .
The PXRD patterns comparing undoped V 2 O 5 to V 1.79 Ba 0.21 O 5 and V 1.81 Ti 0.19 O 5 obtained
through electrospinning are shown in Figure 4.1(a) showing that orthorhombic α-V 2 O 5 was
produced corresponding to the space group Pmmn (ICSD 60767) with appropriate reflection
labelling [172]. The slight impurity detected in the PXRD for V 1.79 Ba 0.21 O 5 , highlighted with
an asterisk in Figure 4.1(a,b), is tentatively attributed to a phase separated compound of
Ba 3 (VO 4 ) 2 [214]. The PXRD pattern of V 1.81 Ti 0.19 O 5 sample shows no impurity reflections
indicating that a stable single phase solid solution was formed [215]. The materials were of
varying colours according to Figure 4.1(a) (inset) in which undoped V 2 O 5 was bright yellow,
V 1.79 Ba 0.21 O 5 material appeared orange and V 1.81 Ti 0.19 O 5 was dark yellow.

Figure 4.1: (a) PXRD patterns for V 2 O 5 , V 1.79 Ba 0.21 O 5 , and V 1.81 Ti 0.19 O 5 with a slight impurity
highlighted with an asterisk at 2θ = 12.7° for V 1.79 Ba 0.21 O 5 and (inset) a photo emphasizing the colour
variations caused by the introduction of a dopant from bright yellow (undoped V 2 O 5 ) to orange (Ba2+)
and dark yellow (Ti4+). (b) Enlarged region of impurity for V 1.79 Ba 0.21 O 5 .
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Le Bail refinement results are shown in Table 4.1. Refinement of the PXRD patterns revealed
increased a- and b-directions for the doped samples compared to undoped V 2 O 5 . The cdirection increased for V 1.79 Ba 0.21 O 5 and decreased for V 1.81 Ti 0.19 O 5 when respectively
compared to the undoped V 2 O 5 . Overall V 1.81 Ti 0.19 O 5 had a smaller unit cell than the undoped
sample while the V 1.79 Ba 0.21 O 5 had a larger unit cell.

Table 4.1: Le Bail refinements of lattice parameters with the resultant unit cell volumes of V 2 O 5 ,
V 1.79 Ba 0.21 O 5 , and V 1.81 Ti 0.19 O 5 .

Sample
V2O5
V 1.79 Ba 0.21 O 5
V 1.81 Ti 0.19 O 5

Volume
a (Å)
b (Å)
c (Å)
(Å3)
11.544(1) 3.5769(4) 4.3929(6) 181.395(67)
11.589(3) 3.587(1) 4.417(1) 183.63(17)
11.581(3) 3.578(1) 4.365(1) 180.86(13)

R wp
(%)
10.09
10.24
10.17

Χ2
1.27
1.26
1.26

The same progression observed in the unit cell volumes was also seen in the d-spacings which
were calculated using the (010) peak and Bragg’s law with 4.08, 4.37, and 4.38 Å for
V 1.81 Ti 0.19 O 5 , V 2 O 5 , and V 1.79 Ba 0.21 O 5 respectively. A decreased interlayer spacing for
V 1.81 Ti 0.19 O 5 can be attributed to a reduction in the electrostatic repulsion between the V 2 O 5
layers caused by the Ti4+ shielding the negative charge associated with the apical oxygen atoms
on the VO 5 pyramids [207,216,217]. This is a reasonable conclusion as the ionic radius of Ti4+
is larger (0.51 Å, CN = 5) than V5+ (0.46 Å, CN = 5) and hence could have provided increased
shielding. Ba2+ (1.35 Å, CN = 6) is significantly larger than V5+ which was reflected in an
increased unit cell volume and likely distortion of the V 2 O 5 layers.
XPS analysis for the materials in this chapter, which were later processed into electrodes for
this study, are shown in Figure 4.2. Figure 4.2(a) showed a V4+:V5+ ratio of 0.06:0.94 for
undoped V 2 O 5 . XPS analysis of V 1.79 Ba 0.21 O 5 in Figure 4.2(b) revealed a V4+:V5+ ratio of
0.05:0.95 and a Ba2+:V atomic ratio of 10.5:89.5 which was slightly higher than 8:92 suggested
by EDS. XPS analysis of V 1.81 Ti 0.19 O 5 in Figure 4.2 (c) revealed a V4+:V5+ ratio of 0.06:0.94
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and a Ti4+:V atomic ratio of 9.5:90.5 which was in good agreement with 10:90 as suggested by
EDS. The variation in atomic ratios for V 1.79 Ba 0.21 O 5 was likely due to the precursor falling
out of suspension during the electrospinning process as the Ba2+ precursor, BaO, was less
compatible with the ethanol solvent. Despite this, very little precursor was seen to fall out of
the suspension, consequently the electrospinning process was allowed to continue. As the
solubility limit of the starting solution was surpassed, as evidenced by the suspension, it is likely
that there was a slightly higher concentration of Ba2+ at the surface of the microfibres.

Figure 4.2: XPS elemental scans of the (a) V2p 3/2 peak for V 2 O 5 . (b) V2p 3/2 peak and the Ba3d 5/2 peak
(inset) for V 1.79 Ba 0.21 O 5 . (c) V2p 3/2 peak and the Ti2p 3/2 peak (inset) for V 1.81 Ti 0.19 O 5.

The SEM images presented in Figure 4.3 reveal microscale fibres made up of nanoscale
particles in a hierarchical structure. The fibres possess diameters of ca. 1100 nm for V 2 O 5 fibres
[Figure 4.3(a,b)], a range of 700 – 1000 nm for V 1.79 Ba 0.21 O 5 [Figure 4.3(c,d)] and ca. 1660 nm
for V 1.81 Ti 0.19 O 5 [Figure 4.3(e,f)]. The V 2 O 5 fibres, as shown in Figure 4.3(a,b), were not
consistent with the V 2 O 5 fibres in Chapter 3 which had a large fibre diameter range of 0.72.3 μm compared to ca. 1100 nm. This was likely due to the electrospinning operation
undertaken in lower humidity.
In some cases, it appeared that some of fibres had adhered during the electrospinning operation.
The larger diameter fibres in Figure 4.3(d) for V 1.79 Ba 0.21 O 5 and in Figure 4.3(f) for
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V 1.81 Ti 0.19 O 5 are approximately 1500 nm in size. This may have been caused by inconsistencies
in the electrospinning operation such as blockage of the needle, inhomogeneous sol-gel, slow
solvent evaporation or elevated humidity [218,219]. The optimisation of the starting solution
components for these materials along with the electrospinning environment would produce
fibres which are more consistent in diameter. This was not undertaken in this thesis as the
electrospinning parameters and starting solution components were kept constant during this
investigation of doped V 2 O 5 . Vreize et al. found that an increase in humidity resulted in an
increase in fibre diameters of their electrospun cellulose acetate and PVP [218]. Furthermore,
they observed that with starting solutions containing ethanol, an increase in humidity led to
absorption of water by the fibres making them solidify slower.

Figure 4.3: SEM images of (a,b) undoped V 2 O 5 , (c,d) V 1.79 Ba 0.21 O 5. , (e,f) V 1.81 Ti 0.19 O 5 highlighting the
nanostructured microfibres produced via electrospinning.

Particle morphology of the microfibres was examined using TEM and was seen to substantially
vary between materials, suggesting that particle growth and morphology was heavily influenced
by the addition of a dopant material, as seen in Figure 4.4. The undoped V 2 O 5 fibres and
particles [Figure 4.4(a,b,c)] were large and angular in appearance suggesting directional growth
of the V 2 O 5 layers with lengths of 240 – 260 nm and widths of 150 – 180 nm. The V 1.79 Ba 0.21 O 5
particles as seen in Figure 4.4(e) were needle-like in appearance and upon closer inspection
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possessed widths of approximately 10 nm and lengths up to 1 µm [Figure 4.4(f,g)].
V 1.81 Ti 0.19 O 5 particles showed a similar shape to those of undoped V 2 O 5 though smaller and
less directional with dimensions of 130 – 230 nm [Figure 4.4(j)]. The porous particle surface
suggested in Figure 4.4(h) was also observed in Figure 4.4(k) for V 1.81 Ti 0.19 O 5 . In addition,
lattice spacings were less defined in the V 1.79 Ba 0.21 O 5 material [Figure 4.4(h)] compared to
V 2 O 5 [Figure 4.4(d)] and V 1.81 Ti 0.19 O 5 [Figure 4.4(i)] with detected lattice spacings of 0.57 nm
and 0.33 nm corresponding to the (200) and (101) plane for V 2 O 5 and V 1.81 Ti 0.19 O 5 ,
respectively. The lack of lattice space definition for V 1.79 Ba 0.21 O 5 may be due to a combination
of the large Ba2+ dopant and the small amount of Ba 3 (VO 4 ) 2 impurity resulting in a slightly
defective structure and marked variations in particle morphology between the samples with
doping [220–222].

Figure 4.4: TEM images of (a) V 2 O 5 microfibres, (b,c) V 2 O 5 particles, (d) high resolution image of the
V 2 O 5 particle surface with lattice spacings highlighted, (e) V 1.79 Ba 0.21 O 5 microfibres, (f,g) V 1.79 Ba 0.21 O 5
particles, (h) high resolution image of V 1.79 Ba 0.21 O 5 particle surface showing an absence of defined lattice
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spacings, (i) V 1.81 Ti 0.19 O 5 microfibres, (j,k) V 1.81 Ti 0.19 O 5 particles, (l) high resolution image of
V 1.81 Ti 0.19 O 5 particle surface with lattice spacings highlighted.

BET specific surface area measurements for undoped V 2 O 5 , V 1.79 Ba 0.21 O 5 and V 1.81 Ti 0.19 O 5
were 9.0, 12.8, and 19.3 m2 g-1 respectively. While the variation between samples was not that
great, it has been suggested that as crystallinity increases the surface area decreases [127]. This
is reflected in the preceding structural analysis.

4.2.2

Electrochemical Performance

Figure 4.5 details the cyclic voltammograms for the three materials and shows that the undoped
and doped materials possessed oxidation and reduction peaks. This implies that the charge
transfer mechanisms are predominantly redox-based with phase transitions that match α-V 2 O 5 ,
ε-Li 0.5 V 2 O 5 , δ-LiV 2 O 5 , and ƴ-Li 2 V 2 O 5 using Figure 1.7 and the literature [76,79]. The
voltammogram for V 2 O 5 in Figure 4.5(a) is similar to that of V 2 O 5 -500 °C in Figure 3.3(a)
which showed that the fibre diameter variation observed between Figure 4.3(a,b) for V 2 O 5 in
this chapter and Figure 3.2(a,b) for V 2 O 5 -500 °C does not overly affects CV test results.

Figure 4.5: Cyclic voltammograms at 0.1 mV s-1 over 2 cycles with ΔE p labelled for the δ/ƴ transition for
(a) V 2 O 5 , (b) V 1.79 Ba 0.21 O 5 and (c) V 1.81 Ti 0.19 O 5 .
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Redox peak separations (ΔE p ) for the δ/ƴ transition, which are highlighted on the appropriate
voltammogram, are 0.54, 0.30 and 0.65 V vs Li/Li+ for V 2 O 5 , V 1.79 Ba 0.21 O 5 , V 1.81 Ti 0.19 O 5 ,
respectively. The larger ΔE p value for V 1.81 Ti 0.19 O 5 suggests that the electrochemical
reversibility of the δ/ƴ transition was lower for this material, compared to V 2 O 5 and
V 1.79 Ba 0.21 O 5, implying that the Ti4+ dopant may have been hindering this phase transition
[206,223,224]. There is also a reduction in ΔE p for the α/ε and ε/δ transitions in the doped
materials compared to V 2 O 5 indicating that Li-ion kinetics were improved for the doped
materials along with reduced polarisation and higher reversibility [3]. The shoulder peaks on
the undoped V 2 O 5 voltammogram at ca. 3.5 V vs Li/Li+ indicate that the undoped sample
offered multiple Li-ion active sites for multi-stepped intercalation/extraction processes [180]
and had a higher degree of crystallinity compared to the doped counterparts [76,79]. The
absence of these shoulder peaks for both V 1.79 Ba 0.21 O 5 and V 1.81 Ti 0.19 O 5 indicated that the
complex structural changes occurring for V 2 O 5 were reduced for both doped counterparts
[134]. Moreover, the V 1.81 Ti 0.19 O 5 voltammogram occupied a greater area than either V 2 O 5 or
V 1.79 Ba 0.21 O 5 which suggested that in addition to diffusion controlled processes via Li-ion
insertion there may be non-diffusion-controlled processes which occurred resulting in increased
storage capability [102].
Capacity versus potential profiles for cycles 1, 5, 15 and 25 of the C-rate test are plotted for
each sample in Figure 4.6. The initial lithiation capacities seen in Figure 4.6(a) were
146 mA h g-1 for V 2 O 5 , 87 mA h g-1 for V 1.79 Ba 0.21 O 5 , and 215 mA h g-1 for V 1.81 Ti 0.19 O 5 .
These capacities improved to 231 mA h g-1 for V 2 O 5 , 142 mA h g-1 for V 1.79 Ba 0.21 O 5 , and
237 mA h g-1 for V 1.81 Ti 0.19 O 5 for cycle 5 in Figure 4.6(b) as ionic pathways were established
[179].
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Figure 4.6: Capacity versus potential profiles for all materials during the C-rate test for (a) cycle 1 at
50 mA g-1 with a circle emphasising the range of potential step definition, (b) cycle 4 at 50 mA g-1, (c) cycle
15 at 100 m Ag-1, and (d) cycle 25 at 300 mA g-1.

The phase transitions in V 2 O 5 were quite distinct and could be assigned to α-V 2 O 5 , εLi 0.5 V 2 O 5 , δ-LiV 2 O 5 , and ƴ -Li 2 V 2 O 5 referring to Figure 1.7. However, these phase
transitions, observed as potential steps, were less defined for the doped counterparts, though
arguably still present, as shown in Figure 4.6(a) within the circle. This is likely due to a
dispersion of strain caused by the lithiation/delithiation process [225].
Irreversible capacity loss (ICL) is variable for all materials where V 2 O 5 experienced the largest
ICL of 169 mA h g-1 followed by V 1.79 Ba 0.21 O 5 at 64 mA h g-1 and V 1.81 Ti 0.19 O 5 with
29 mA h g-1. This indicated that there was a large layer built up between the V 2 O 5 and
electrolyte which appeared to be significantly reduced for both doped samples. A large ICL of
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111 mA h g-1 was observed by Yu et al. for undoped V 2 O 5 thin films compared to 36 mA h g1

for Mn2+ doped V 2 O 5 films [225]. The authors attributed this improvement in Li-ion

intercalation/extraction of the Mn2+ doped film to the amorphisity of the films and increased
oxygen vacancies providing nucleation centres for phase transitions. The capacity versus
potential profiles also showed that as current density increased, the overpotential remains lower
for V 1.79 Ba 0.21 O 5 and V 1.81 Ti 0.19 O 5 compared to the undoped V 2 O 5 which implied higher
electronic conductivity for the doped materials in this chapter [194].
The C-rate tests for the three materials are presented in Figure 4.7(a). Undoped V 2 O 5 underwent
high capacity losses over the initial 10 cycles at 50 mA g-1 with 285 mA h g-1 (n=2) which
decreases to 185 mA g-1 (n=10) equating to a 35% loss. Conversely, V 1.79 Ba 0.21 O 5 and
V 1.81 Ti 0.19 O 5 experienced no such capacity loss over the initial 10 cycles at 50 mA g-1 implying
increased stabilisation brought about by the dopants.
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Figure 4.7: (a) C-rate test at various current rates with (b) the relevant Coulombic efficiencies. (c) Cycling
at 50 mA g-1 after the C-rate test detailed in (a) and (d) relevant Coulombic efficiencies.

Rate retention was variable between samples with a noticeable improvement between both
doped samples and undoped V 2 O 5 [Figure 4.7(a)]. Table 4.2 summarises this rate retention
variety and confirmed that the dopants improved the rate capability of V 2 O 5 . This variation in
rate capability followed the same trend as the resultant surface areas with undoped V 2 O 5
showing the poorest rate performance and smallest surface area (9.0 m2g-1). Additionally,
V 1.81 Ti 0.19 O 5 showed the best rate performance of the three samples with the highest surface
area (19.3 m2g-1) suggesting more surface reactivity. This was also observed in the cyclic
voltammogram for V 1.81 Ti 0.19 O 5 in Figure 4.5 which possessed less defined redox peaks.
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Table 4.2: A summary of capacity decreases as percentages between differing current densities for V 2 O 5 ,
V 1.79 Ba 0.21 O 5 and V 1.81 Ti 0.19 O 5 for (a) 100 mA g-1 to 50 mA g-1, (b) 300 mA g-1 to 100 mA g-1, (c) 600 mA g-1
to 300 mA g-1 and (d) the recovery in capacity as a percentage between n = 42 at 50 mA g-1 after cycling at
600 mA g-1 and n = 10 at 50 mA g-1.

Sample

V2O5
V 1.79 Ba 0.21 O

(b)
(a)
% drop
% drop between
between n = 25
n = 15
(300 mA g-1)
(100 mA g-1) and
and n = 15
n = 5 (50 mA g-1)
(100 mA g-1)
50
90

(c)
% drop between
n = 35
(600 mA g-1) and
n = 25
(300 mA g-1)
97

(d)
% recovery
between n = 42
(600 mA g-1) and
n = 10 (50 mA g1
)
85

20

50

84

94

18

64

96

91

5

V 1.81 Ti 0.19 O 5

After the C-rate tests, the samples were further cycled at a current density of 50 mA g-1 for 25
cycles [Figure 4.7(c)]. Undoped V 2 O 5 retained 65% capacity from 158 mA h g-1 (n=2) to
102 mA h g-1 (n=25). V 1.79 Ba 0.21 O 5 experienced no overall capacity loss with 128 mA h g-1
obtained at n=2 and n=25. V 1.81 Ti 0.19 O 5 retained 91% capacity from 213 mA h g-1 (n=2) to
194 mA h g-1 (n=25). Average Coulombic efficiencies of samples over these cycles were 87%
for V 2 O 5 , 95% for V 1.79 Ba 0.21 O 5 and 99% for V 1.81 Ti 0.19 O 5 . Clearly V 1.79 Ba 0.21 O 5 and
V 1.81 Ti 0.19 O 5 behaved much more efficiently than V 2 O 5 as characterized by nearly 100%
capacity retention compared to V 2 O 5 in Figure 4.7(d).
The variation in obtained capacities was larger for the undoped V 2 O 5 and had a higher initial
capacity than that of the doped materials. This is expected as V 2 O 5 is susceptible to substantial
structural variations resulting in high capacity fading as more Li-ions can intercalate into the
structure and cause more profound structural changes. This significant loss of capacity seen in
the V 2 O 5 material in the initial cycles of Figure 4.7(a) has been confirmed by others [182,210].
Conversely, neither of the doped samples experienced capacity losses over these initial 10
cycles indicating that the dopants provided a role in stabilizing the V 2 O 5 structure. There is
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also an improvement in cycle stability for the doped materials compared to undoped across all
current rates. This was also observed to some extent in the voltammograms in Figure 4.5 as
there is a greater overlap between cycles 1 and 2 for V 1.79 Ba 0.21 O 5 and V 1.81 Ti 0.19 O 5 compared
to undoped V 2 O 5 .
All materials performed poorly at a current rate of 600 mA g-1 which was reflected in virtually
no capacity response at this current density, clearly showing that these materials did not perform
well under high rates. The poor capacity retention at 600 mA g-1 was likely due to a diffusion
effect which implying that there was little to no interaction with the surface of the material at
higher current densities. V 2 O 5 has drawn wide attention as an electrode material, though its
poor capacity retention and rate performance is caused by its low electronic conductivity and
low Li-ion diffusion rate [94] which was clearly seen at 600 mA g-1. Due to the poor capacity
response at 600 mA g-1 for undoped V 2 O 5 and V 1.81 Ti 0.19 O 5 their Coulombic efficiencies have
not been included in Figure 4.7(b).
Additionally, Coulombic efficiency was variable for all materials though noticeably improved
for the doped materials in both the C-rate and cycling data, implying that there was a prevention
of Li-ion trapping in the V 1.79 Ba 0.21 O 5 and V 1.81 Ti 0.19 O 5 materials. Despite this, the Coulombic
efficiencies were still quite variable at lower rates, such as 50 mA g-1, which was likely caused
by increased side reactions.
To closely examine what occurred during the first cycling process, ex-situ XRDs were obtained
after the first lithiation to 2.0 V vs Li/Li+ and the first delithiation to 4.0 V vs Li/Li+ for each of
the investigated materials in Figure 4.8. The coin cells were dismantled in an argon-filled
glovebox and the electrodes were rinsed with dimethyl carbonate (DMC) before ex-situ XRD
was undertaken.
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Figure 4.8: Ex-situ XRD of the lithiated (2 V vs Li/Li+) and delithiated (4 V vs Li/Li+) states showing a
higher proportion of (a) γ-LiV 2 O 5 ( ) for V 2 O 5 and a higher proportion of α-V 2 O 5 (●) for both (b)
V 1.81 Ti 0.19 O 5 and (c) V 1.79 Ba 0.21 O 5 .

All materials had lower reflection intensities at both 2.0 V vs Li/Li+ and 4.0V vs Li/Li+
compared to the pristine powder which was indicative of a decrease in crystallite size [48,226].
Reflection shift variation between the lithiated and delithiated states was largest for V 2 O 5
indicating a significant shift in the V 2 O 5 layers as seen in an interlayer distance reduction after
extraction of Li-ions from the material. V 1.81 Ti 0.19 O 5 and V 1.79 Ba 0.21 O 5 had smaller reflection
variations implying that the doped materials experienced increased structural stabilisation [90]
which was observed in both the C-rate and cycling results, detailed in Figure 4.7(a,c).
The (200) peak at 2θ = 7° disappeared at the lithiated (2.0 V vs Li/Li+) stage and then returned
at the delithiated (4.0 V vs Li/Li+) stage for undoped V 2 O 5 and V 1.81 Ti 0.19 O 5 which was an
indication of disordering of the V 2 O 5 structure during lithiation and reordering during
delithiation caused by the intercalation/extraction of Li-ions.
The PXRDs for the lithiated (2.0 V vs Li/Li+) and delithiated (4.0 V vs Li/Li+) states of V 2 O 5
clearly show a mix of both α-V 2 O 5 , the orthorhombic unintercalated phase, and ƴ-LiV 2 O 5 with
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a space group of Pnma [227] that has been known to irreversibly form in the 2.0 – 2.7 V vs
Li/Li+ range resulting in capacity fading. Conversely, the reflections of V 1.81 Ti 0.19 O 5 and
V 1.79 Ba 0.21 O 5 at the lithiated (2.0 V vs Li/Li+) and delithiated (4.0 V vs Li/Li+) states can be
attributed to a higher proportion of orthorhombic V 2 O 5 than that of the ƴ-LiV 2 O 5 , indicating
that both the Ti4+ and Ba2+ dopants provided increased stabilisation and promoted higher degree
of reversibility in the facilitation of phase changes. The absence of ε-Li 0.5 V 2 O 5 and δ-LiV 2 O 5
suggested that these intermediate phases were reversibly formed and that a complete conversion
of them occurred during the first lithiation at 2.0 V vs Li/Li+ and the first delithiation at 4.0 V
vs Li/Li+.
The large ΔE P value for the δ/ƴ transition for V 1.81 Ti 0.19 O 5 [Figure 4.5(c)] not only suggests
that this transition was not favoured but was also in agreement with the ex-situ XRD [Figure
4.8(b)] that possess a smaller proportion of ƴ-LiV 2 O 5 compared to α-V 2 O 5 . Moreover, the large
irreversible capacity loss observed for undoped V 2 O 5 in the capacity versus potential profiles
(Figure 4.6) was most likely a result of the high proportion of ƴ-LiV 2 O 5 formed in this material
and large structural variations which resulted from the build-up of Li-ions at the
electrode/electrolyte interface.
Reflection intensities for V 1.79 Ba 0.21 O 5 at the delithiated state (4.0 V vs Li/Li+) were much
lower than that of undoped V 2 O 5 and V 1.81 Ti 0.19 O 5 indicating a lower degree of crystallinity.
This agrees with the high-resolution TEM image in Figure 4.4(h) which did not clearly show
defined lattice planes, suggesting a distorted structure. This was likely caused by the large Ba2+
dopant combined with the high dopant loading of 10 at% causing blockages of active sites.

4.3 CONCLUSION AND SUMMARY
In this chapter, the structural and energy storage properties of electrospun V 2 O 5 were compared
to approximately 10 at% Ba2+ and Ti4+ doped equivalents. V 2 O 5 , V 1.79 Ba 0.21 O 5 and
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V 1.81 Ti 0.19 O 5 were produced via the electrospinning process followed by a single pyrolysis step
and were investigated as positive electrodes for Li-ion coin cells (vs Li metal). V 2 O 5 was doped
to improve its electrochemical performance and to investigate the effects of intentionally
introduced defects. X-ray diffraction analysis showed that each dopant had a critical effect on
lattice distortions whilst showing no influence in the overall crystal structure, which was
unusual for such large dopant amounts. Both dopant materials offered increased stabilisation of
the V 2 O 5 and rendered the V 2 O 5 structure less susceptible to distortion caused by the
intercalation/extraction of the Li-ions. This was observed in an improvement in cycle stabilities
and Coulombic efficiencies. Ti4+ was shown to be a suitable redox-inactive dopant providing
increased structural stabilisation with cycling via phase change prevention. Ex-situ X-ray
diffraction measurements showed detrimental phase changes within undoped V 2 O 5 whereas
the Ba2+ and Ti4+ doped V 2 O 5 predominantly remained as α-V 2 O 5 after the first cycle. The
improved electrochemical performance of the Ti4+ doped sample could be found in the
suppressed irreversible phase transformation towards ƴ-LiV 2 O 5 as shown by both the ex-situ
PXRDs and CV cycling data. This shows that focussing on the improvement of material
performance via use of dopants for structural stabilisation is a worthwhile path of investigation.
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Chapter 5

Electrochemical stabilisation of electrospun
V2O5 using dopants with progressive oxidation states

5.1 INTRODUCTION
Dopants have been demonstrated to modify V 2 O 5 properties, however determining the precise
location of a dopant is often challenging. Incorporation between the layers is generally stated
as the likely location as inferred from changes in interlayer spacing [97,228] Giorgetti et al.
used X-ray Absorption Spectroscopy to investigate the position of dopants in V 2 O 5 aerogels,
finding that dopants can occupy the space between the V 2 O 5 bilayers or sit close to a single
layer [229]. It has been suggested that the dopants that sit between the bilayers block active
sites for Li-ion interaction and hence do not contribute to a higher capacity. Conversely, dopants
that sit closer to one of the single layers still allow movement of Li-ions while simultaneously
offering improved structural stability and improved capacities. In V 2 O 5 materials exhibiting
conventional interlayer d-spacing, dopants will be able to occupy either interstitial sites,
between the layers, or substitutional sites, replacing V5+.
Determining the location of dopants is challenging experimentally, consequently atomistic
simulations can provide key energetic insights. An empirically-fitted pair-potential
computational technique has been used in this chapter to investigate the energetics for
substitutional and interstitial Na+, Ba2+ and Al3+ to determine their likely positions in the V 2 O 5
lattice and help rationalize the experimental electronic conductivity and electrochemical
behavior of the doped systems. The dopant loading was decreased to 2-3 at% to determine
whether a lower dopant level would result in electronical conductivity variations rather than
pure structural effects. The dopants were selected with the intent to systemically vary the
oxidation state hence producing a range of ionic radii variations incorporated in the V 2 O 5 whilst
providing opportunity for electronic mis-match between dopant and host material.
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This chapter explores in the role these dopants play on the vanadium oxide structure via an
investigation of oxidation state effects on the electrical and ionic conductivities and the role of
V4+ on the electrochemical properties.

5.2 RESULTS AND DISCUSSION
5.2.1

Morphology and Structure

XPS and EDS analysis were used to confirm the amount of Na+, Ba2+ and Al3+ doped into
electrospun V 2 O 5 . The results from these techniques, which will be discussed in greater detail
later in this section, indicate that the formulas for the doped materials are V 1.96 Na 0.04 O 5 ,
V 1.94 Ba 0.06 O 5 and V 1.94 Al 0.06 O 5 respectively.
The PXRD patterns in Figure 5.1(a) show that α-V 2 O 5 was formed via the electrospinning
process with the space group Pmmn (ICSD collection code 60767) and reflection labelling for
orthorhombic V 2 O 5 according to Shklover et al. [172]. There are multiple impurity peaks
detected in the PXRD pattern for V 1.96 Na 0.04 O 5 , highlighted with asterisks that are attributed to
NaV 6 O 15 [230]. Rietveld refinement indicated that the volume ratio of V 2 O 5 :NaV 6 O 15 was
83:17. This was converted into a molar ratio according to Equation 26.
𝑽𝑽𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓_𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽 ×𝝆𝝆𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽 𝑽𝑽𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓_𝑵𝑵𝒂𝒂𝑽𝑽𝟔𝟔𝑶𝑶𝟏𝟏𝟏𝟏 ×𝝆𝝆𝑵𝑵𝑵𝑵𝑽𝑽𝟔𝟔𝑶𝑶𝟏𝟏𝟏𝟏
𝑴𝑴𝑴𝑴𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽

:

𝑴𝑴𝑴𝑴𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵

(26)

Where the density of V 2 O 5 (ρ V2O5 ) is 3.36 g cm3, the molecular weight of V 2 O 5 (MW V2O5 ) is
181.83 g mol-1, the density of NaV 6 O 15 (ρ NaV6O15 ) is 3.57 g cm3, and the molecular weight of
NaV 6 O 15 (MWNaV6O15 ) is 587.39 g mol-1. It is reasonable to expect that the impurity will affect
the electrochemical performance.
The PXRD patterns for V 1.94 Ba 0.06 O 5 and V 1.94 Al 0.06 O 5 showed no impurity peaks indicating
that a stable solid solution was formed at this doping level [215]. Additionally, there was a
variation in material colour where undoped V 2 O 5 was yellow, V 1.96 Na 0.04 O 5 appeared dark
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green/yellow, V 1.94 Ba 0.06 O 5 was orange and V 1.94 Al 0.06 O 5 was a bright yellow according to
Figure 5.1(a) inset. Figure 5.1(b,c) shows that there is little peak shifting and broadening
between the XRD data of the different samples

Figure 5.1: (a) PXRD patterns for V 2 O 5 , V 1.96 Na 0.04 O 5 , V 0.94 Ba 0.06 O 5 , and V 1.94 Al 0.06 O 5 with impurity
peaks highlighted with asterisks for NaV 6 O 15 and (inset) a photo showing the colour of the calcined
powder was affected by dopant type. Enlarged region of (b) 8.5° < 2θ < 10.5° and (c) 11.8° < 2θ < 12.1°
emphasising intensity variation and the lack of peak shift.

Table 5.1(a) summarises the Rietveld refined unit cell parameters and resultant unit cell
volumes for each material. The unit cell volumes between samples are not particularly varied
which was likely to due to the low doping level. The unit cell volume for V 1.96 Na 0.04 O 5 is the
smallest which may be related to the impurity producing a breakdown or altering of the V 2 O 5
unit cell. Conversely, V 1.94 Ba 0.06 O 5 had the largest unit cell volume, which was likely due to
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both the size and location of the Ba2+ atom as it is significantly larger than that of any of the
other dopants [with an ionic radius of 1.35 Å for a coordination number (CN) of 6 compared to
1.00 Å for CN = 5 for Na+, 0.48 Å for CN = 5 for Al3+ and 0.46 Å for CN = 5 for V5+]. This
will be discussed in greater detail in Section 5.2.3. Additionally, the c parameter was the largest
out of the investigated materials implying that large Ba2+ dopant distorted the V 2 O 5 unit cell.
This trend with V 1.94 Ba 0.06 O 5 possessing the large unit cell volume was also observed in
Section 4.2.1 for V 1.79 Ba 0.21 O 5 which showed a significantly larger volume of 183.63 Å3, which
is reasonable given the approximate loading of 10 at% compared to 3 at% in this Chapter. Cheah
et al. observed an increase in the a and c parameters of Al3+ incorporated into V 2 O 5 [134],
whereas V 1.94 Al 0.06 O 5 in this chapter displayed increased c- and reduced a- parameters
suggesting a different Al3+ dopant location in this sample.

Table 5.1: Characterisation summary: (a) Rietveld refinements of lattice parameters with resultant unit cell
volumes, (b) crystallite size determined via the Scherrer equation, (c) the vanadium oxidation state ratios
V4+:V5+ identified via XPS measurements, (d) specific surface area determined via BET surface area
measurements.
a

b

c

d

Sample

a (Å)

b (Å)

c (Å)

V (Å3)

R wp (%)

χ2

Crystallite
size (nm)

V4+:V5+
ratio

Surface
area (m2 g1
)

V2O5

11.5210(3)

3.56773(9)

4.37694(12)

179.909(14)

9.59

1.48

36.1

0.08:0.92

8.70

V 1.96 Na 0.04 O 5

11.5223(2)

3.56754(7)

4.37513(9)

178.846(10)

7.53

1.05

47.9

0.11:0.89

11.80

V 1.94 Ba 0.06 O 5

11.5205(3)

3.56719(8)

4.37950(11)

179.979(13)

8.81

1.32

42.1

0.09:0.91

14.30

V 1.94 Al 0.06 O 5

11.5197(3)

3.56687(1)

4.37905(14)

179.932(16)

8.45

1.17

36.5

0.02:0.98

22.18

The Scherrer equation was used to calculate apparent crystallite size from the average of the
(200), (010), (101) and (400) peaks with estimates of 36.1 nm for undoped V 2 O 5 , 47.9 nm for
V 1.96 Na 0.04 O 5 , 42.1 nm for V 1.94 Ba 0.06 O 5 and 36.5 nm for V 1.94 Al 0.06 O 5 as summarised in
Table 5.1(b). The crystal sizes are likely to be influenced by the dopant ion affecting crystal
growth.
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The oxidation states of the dopants were assigned in Figure 5.2 using the Na 1s [230], Ba 3d 5/2
[231] and Al 2p peaks [232], whilst the ratio of the oxidation states for the vanadium was
assigned using the V 2p 3/2 peak. Analysis of the vanadium XPS data in Figure 5.2 showed a
V4+:V5+ ratio of 0.08:0.92 for V 2 O 5 , 0.11:0.89 for V 1.96 Na 0.04 O 5 , 0.09:0.91 for V 1.94 Ba 0.06 O 5
and 0.02:0.98 for V 1.94 Al 0.06 O 5 , also seen in Table 5.1(c). The presence of V4+ in the V 2 O 5
indicates an intrinsic n-type semiconducting nature, where an equilibrium is created between
oxygen vacancies and reduced vanadium ions. The incorporation of the dopants had a clear
effect on the ratio of V4+:V5+, and may also have modified the oxygen vacancy concentrations,
which will be discussed in greater detail later. The reduction of V5+ (d0) to V4+ (d1) has been
linked to improved electronic conductivity, as the d1 electrons can ‘hop’ between vanadium
atoms [233]. The increased V4+ proportion in V 1.96 Na 0.04 O 5 , V 1.94 Ba 0.06 O 5 may therefore be
expected to contribute to improved electronic conductivity, whilst the lower V4+ content in
V 1.94 Al 0.06 O 5 was expected to reduce electronic conductivity and may degrade electrochemical
performance. The Na+:V atomic ratio according to the XPS analysis for V 1.96 Na 0.04 O 5 was 2:98
which agreed reasonably well with 3:97 suggested by EDS. For V 1.94 Ba 0.06 O 5 the Ba2+:V ratio
was 3:97 (EDS indicated 2:98) and V 1.94 Al 0.06 O 5 the Al3+:V ratio was 2.5:97.5 (EDS indicated
3:97).
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Figure 5.2: XPS elemental scans of the (a) V 2p 3/2 peak for undoped V 2 O 5 , (b) V 2p 3/2 peak and the Na 1s
peak (inset) for V 1.96 Na 0.04 O 5 , (c) V 2p 3/2 peak and the Ba 3d 5/2 peak (inset) for V 1.94 Ba 0.06 O 5 and (d) the V
2p 3/2 peak and the Al 2p peak (inset) for V 1.94 Al 0.06 O 5 .

The SEM images in Figure 5.3 revealed that the electrospun fibres in this study were of
consistent diameters and were made up of nanostructured particles which formed hierarchical
structures. The diameters of the undoped V 2 O 5 [Figure 5.3(a)], V 1.96 Na 0.04 O 5 [Figure 5.3(b)],
V 1.94 Ba 0.06 O 5 [Figure 5.3(c)] and V 1.94 Al 0.06 O 5 [Figure 5.3(d)] were approximately 0.63 –
0.72 µm, 0.88 – 1.25 µm, 1.11 – 1.40 µm, and 1.44 – 1.68 µm, respectively. V 1.94 Al 0.06 O 5
appeared to have clusters stuck on the side on the fibres in Figure 5.3(d) which could be
indicative of an inconsistent electrospinning operation produced by a small imbalance within
the starting solution in the ratio between polymer to solvent.
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Figure 5.3: SEM images of (a) V 2 O 5 , (b) V 1.96 Na 0.04 O 5 , (c) V 1.94 Ba 0.06 O 5 , and (d) V 1.94 Al 0.06 O 5 showing the
nanostructured microfibers produced via electrospinning.

TEM images in Figure 5.4 showed that the electrospun fibres were made up of nanoscale
particles that were of high crystallinity as evidenced by detectable lattice spacings. Figure 5.4(ac) and Figure 5.4(d-f) showed similar morphologies for V 2 O 5 and V 1.96 Na 0.04 O 5 , respectively.
These particles were elongated with lengths ca. 400 nm for V 2 O 5 and up to several hundred
nanometres for V 1.96 Na 0.04 O 5 suggesting directional growth during particle formation. They
possessed well-defined lattice spacings of approximately 0.34 nm corresponding to (101) for
V 2 O 5 [Figure 5.4(c)] and 0.44 nm for (010) in V 1.96 Na 0.04 O 5 [Figure 5.4(f)]. The V 1.96 Na 0.04 O 5
material had particularly well-defined lattice spacings. The addition of Al3+ or Ba2+ resulted in
differing morphologies with rounder particles possessing diameters of ca. 400 nm for
V 1.94 Ba 0.06 O 5 and ca. 120 nm for V 1.94 Al 0.06 O 5 Additionally, the materials had less defined
lattice spacings of approximately 0.34 nm for (101) in V 1.94 Ba 0.06 O 5 and in V 1.94 Al 0.06 O 5 . The
interplanar spacings were well matched to the relevant XRD reflections. The decrease in lattice
space definition suggested that there was a distortion of the V 2 O 5 layers with the Al3+ and Ba2+
dopants. Furthermore, the differing lattice spacings observed in the TEM images suggested that
these particles were not single-crystalline. A similar observation was previously made in
Section 4.2.1.
BET surface area measurements, according to Table 5.1(d), showed that for undoped V 2 O 5 ,
V 1.96 Na 0.04 O 5 , V 1.94 Ba 0.06 O 5 and V 1.94 Al 0.06 O 5 the resultant surface areas were 8.70, 11.80,
14.30 and 22.18 m2 g-1, respectively, indicating that the presence of a dopant influenced not
only the structural characteristics as seen in the XRD refinements but also the surface area. The
124

STABILISATION OF DOPED V2O5
doped materials seem to favour particle nucleation rather than Ostwald ripening and growth
which resulted in higher surfaces areas. As previously suggested by Huang et. al., crystallinity
increases with a decrease in surface area [127], which was especially valid for V 1.94 Al 0.06 O 5
possessing the smallest particles of the investigated materials herein.

Figure 5.4: TEM images showing the microfiber in the first row, single particles in the second and lattice
spacings via HRTEM in the third for (a-c) undoped V 2 O 5 , (d-f) V 1.96 Na 0.04 O 5 , (g-i) V 1.94 Ba 0.06 O 5 and (j-l)
V 1.94 Al 0.06 O 5 , respectively.

5.2.2

Electrochemical Performance

The CV results presented in Figure 5.5 clearly showed defined redox peaks indicating
intercalation which corresponded to two Li-ions for each material as explained in Section 1.7.3.
In brief, one Li-ion intercalation occurred at ca. 3.0 – 3.5 V vs Li/Li+ which corresponded to
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the formation of δ-LiV 2 O 5 from the unintercalated phase α-V 2 O 5 via the intermediate εLi 0.5 V 2 O 5 . The second Li-ion intercalation occurred at 2.1 – 2.5 V vs Li/Li+ which
corresponded to the irreversible formation of ƴ-Li 2 V 2 O 5 [76,79].

Figure 5.5: Cyclic voltammograms at 0.1 mV s-1 over 2 cycles for (a) V 2 O 5 with ΔE P labelled for the α/ε,
ε/δ, and δ/γ transitions, (b) V 1.96 Na 0.04 O 5 with a circle around the extra redox pair, (c) V 1.94 Ba 0.06 O 5 and
(d) V 1.94 Al 0.06 O 5 .

The first phase change at ca. 3.0 – 3.5 V vs Li/Li+ (α/ε and ε/δ) appeared to be of similar shape
for all tested materials implying that the structural variations that occurred during this phase
change were similar. Redox peak separations (ΔE p ) for the α/ε, ε/δ, and δ/γ transitions were
calculated for each sample. The smallest peak separations were 0.15, 0.24 and 0.24 V vs Li/Li+
for V 1.94 Ba 0.06 O 5 while the largest at 0.31, 0.40, and 0.53 V vs Li/Li+ corresponded to
V 1.94 Al 0.06 O 5 for the α/ε, ε/δ, and δ/γ transitions, respectively. Additionally, V 1.94 Ba 0.06 O 5
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possessed quite sharp peaks, especially the delithiation peak at 2.6 V vs Li/Li+ indicating
improved ionic diffusion. Peak separations for undoped V 2 O 5 and V 1.96 Na 0.04 O 5 were similar
at 0.24, 0.33 and 0.46 V vs Li/Li+ and 0.24, 0.32 and 0.41 V vs Li/Li+, respectively, for the α/ε,
ε/δ, and δ/ƴ transitions. This shows that polarisation decreased and reversibility increased for
the V 1.94 Ba 0.06 O 5 and V 1.96 Na 0.04 O 5 [3]. The opposite effect is seen for the Al3+ dopant, which
might be due to the low V4+ content limiting Li-ion mobility and electronic conductivity.
Additionally, the small shoulder peaks at ca. 3.5 – 3.7 V vs Li/Li+ for V 2 O 5 and V 1.94 Ba 0.06 O 5
indicated the availability of multiple Li-ion active sites for multi-stepped lithiation/delithiation
processes [180].
The extra redox peaks in Figure 5.5(b) within the circle for V 1.96 Na 0.04 O 5 at 2.85 V vs Li/Li+
(lithiation) and 2.98 V vs Li/Li+ (delithiation) has been previously attributed to the presence of
electrochemically active vanadium oxides with significant amounts of lower oxidation state V4+
[51,92]. This observation does not seem to be relevant here given that a comparable V4+ content
was determined for V 2 O 5 , V 1.96 Na 0.04 O 5 and V 1.94 Ba 0.06 O 5 at 1.6%, 2.2% and 1.8%,
respectively. These peaks were also present in the CV of Na-preinserted V 2 O 5 by Li et al.
though it was not explained in any detail as to why they were present [147]. As there was a
significant proportion of NaV 6 O 15 impurity present in V 1.96 Na 0.04 O 5 it was more likely that
these extra redox peaks were the result of Li-ion interaction with this phase rather than the V4+
content. This will be discussed in more detail later. There were also strong shoulder peaks
associated with the δ/γ transition for V 1.96 Na 0.04 O 5 at 2.45 V vs Li/Li+ (lithiation) and 2.78 V
vs Li/Li+ (delithiation). Liu et al. attributed lithiation peaks in a similar region in their CV to a
multistep Li-ion insertion process with NaV 6 O 15 [147].
Capacity versus potential profiles for the materials cycled at 50 mA g-1 are shown in Figure
5.6(a,b) for the 1st and 5th cycles, respectively. The potential steps at ca. 2.2 V vs Li/Li+ and
above 3.1 V vs Li/Li+ predictably corresponded to the phase transitions of ε-Li 0.5 V 2 O 5 , δLiV 2 O 5 , and ƴ-Li 2 V 2 O 5 which match well with the redox peaks in the Figure 5.5. The reduced
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presence of the first potential step for V 2 O 5 , V 1.96 Na 0.04 O 5 and V 1.94 Ba 0.06 O 5 is likely due to
the higher V4+ content facilitating the α/ε phase change.

Figure 5.6: Capacity versus potential profiles of V 2 O 5 , V 1.96 Na 0.04 O 5 , V 1.94 Ba 0.06 O 5 and V 1.94 Al 0.06 O 5 at
50 mA g-1 for (a) cycle 1 with a circle around the extra potential steps in V 1.96 Na 0.04 O 5 and (b) cycle 5 from
the C-rate test with a black arrow emphasising the decrease in overpotential for V 1.96 Na 0.04 O 5 and
V 1.94 Ba 0.06 O 5 .

The extra redox peaks for V 1.96 Na 0.04 O 5 observed in the CV in Figure 5.5(b) are clearly
observed in Figure 5.6(a) within the circle as potential steps located at 2.85 V vs Li/Li+
(lithiation) and 3.0 V vs Li/Li+ (delithiation). The potential steps at 2.48 V vs Li/Li+ (lithiation)
and 2.72 V vs Li/Li+ (delithiation), also within the circle, match the strong shoulder redox peaks
from Figure 5.5. These extra potential steps have been previously observed in lithiation capacity
vs potential profiles for NaV 6 O 15 nanorods [147]. They were attributed to the formation of
LiNaV 6 O 15 in the range of 2.85 – 3.5 V vs Li/Li+ and Li 2 NaV 6 O 15 within 2.5 – 2.8 V vs Li/Li+.
Similarly placed redox peaks and potential steps were also attributed to the extraction of Na+
from the host material in NaV 6 O 15 by Hu et al. allowing more Li-ions to be inserted thus
maintaining high capacities [234]. These extra redox peaks and potential steps were also
observed by Zhu et al. [92] and Mai et al. [51] which were attributed to other active vanadium
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oxides of lower valences. Both studies cited a review on layered vanadium oxides by Chernova
et al. [235]. V 1.94 Ba 0.06 O 5 possessed a similar V4+ content (9%) as V 1.96 Na 0.04 O 5 (11%) and
V 2 O 5 (8%) though no potential steps at ca. 2.9 V vs Li/Li+ and 2.5 V vs Li/Li+ are observed.
This leads to the conclusion that the V4+ content is not responsible for these extra redox peaks
[Figure 5.5(b)] and potential steps [Figure 5.6(b)] as it is more likely that the NaV 6 O 15 impurity
is the reason.
The ICL from cycle 1 in Figure 5.6(a) are representative of delithiation storage across a Li-ion
layer build up. According to Table 5.2(a), ICLs for V 2 O 5 , V 1.96 Na 0.04 O 5 , V 1.94 Ba 0.06 O 5 and
V 1.94 Al 0.06 O 5 were 23.2, 49.6, 19.4 and 1.4 mA h g-1, respectively. This implied that there was
a large build-up of excess Li-ions on the working electrode for V 1.96 Na 0.04 O 5 and less so for
V 2 O 5 , V 1.94 Ba 0.06 O 5 and V 1.94 Al 0.06 O 5 . The high ICL for the samples highlights common
issues with the use of nanostructured materials for battery applications, as discussed in Section
1.5.4, such as side reactions between the less-coordinated surface atoms and the electrolyte.
Additionally, V 2 O 5 is a good catalyst which promotes unpredictable surface reactions with
potential cation dissolution. The potential steps for V 1.94 Ba 0.06 O 5 appeared to be smoother and
less defined than the others especially in Figure 5.6(b) suggesting that the Ba2+ dopant caused
a dispersion of the strain caused by the lithiation/delithiation process [225].
The results of a C-rate test at 50 mA g-1, 100 mA g-1, 300 mA g-1, and 600 mA g-1 over 10
cycles at each current density immediately followed by cycling test at 50 mA g-1 for a further
60 cycles is presented in Figure 5.7(a). Cycle stability was improved for the doped materials
which is clear in the first 10 cycles at 50 mA g-1 (Figure 5.7(a)) with capacities and stabilities
of 226 mA h g-1 (n = 2) and 81% for V 2 O 5 , 230 mA h g-1 (n = 2) and 85% for V 1.96 Na 0.04 O 5 ,
268 mA h g-1 (n = 2) and 90% for V 1.94 Ba 0.06 O 5 , and 138 mA h g-1 (n = 2) and 94% for
V 1.94 Al 0.06 O 5 . The increased cycle stability at higher currents was visibly observable in the Crate test and was due to decreased side reactions within the cells [236]. Capacity retention with
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varying current density, summarised in Table 5.2(b), was improved for the doped samples
compared to the undoped, especially for V 1.94 Ba 0.06 O 5 . Both V 2 O 5 and V 1.94 Al 0.06 O 5 had
negligible capacities at 600 mA g-1 while rate retention noticeably improved for V 1.96 Na 0.04 O 5
and V 1.94 Ba 0.06 O 5 . Despite the poor performance at 600 mA g-1, all materials recovered well
when cycling returned to 50 mA g-1. The Coulombic efficiencies for the C-rate test in Figure
5.7(b) were much more consistent for V 1.96 Na 0.04 O 5 and V 1.94 Ba 0.06 O 5 with respect to current
density changes compared to V 2 O 5 and V 1.94 Al 0.06 O 5 , especially at 300 mA g-1. Coulombic
efficiencies were particularly erratic for undoped V 2 O 5 and V 1.94 Al 0.06 O 5 at 600 mA g-1 due to
the extremely small capacities obtained at this current density so they have not been included.
The capacity, capacity retention and Coulombic efficiencies for the 60 cycles at 50 mA g-1 after
the C-rate test is summarised in Table 5.2(c). The efficiencies of V 1.96 Na 0.04 O 5 and
V 1.94 Ba 0.06 O 5 were lower than that of undoped V 2 O 5 and V 0.94 Al 0.06 O 5 which contrasts the rate
capability performance.
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Figure 5.7: (a) C-rate test at the following current densities: 50 mA g-1, 100 mA g-1, 300 mA g-1, and
600 mA g-1 mA g-1 for 10 cycles each followed by cycling at 50 mA g-1 over 50 cycles after the C-rate test,
(b) associated Coulombic efficiencies from the C-rate test for V 2 O 5 , V 1.96 Na 0.04 O 5 , V 1.94 Ba 0.06 O 5 and
V 1.94 Al 0.06 O 5 .

When considering the effect of surface area on rate capability, undoped V 2 O 5 possessed both
the lowest surface area (8.7 m2 g-1) and lowest rate capabilities. Interestingly, V 1.94 Al 0.06 O 5 ,
despite having the largest surface area (22.18 m2 g-1) of the materials examined in this study,
did not result in substantial rate capability improvement. This suggests that the surface area is
not the most significant factor in rate capability improvement for these materials and that some
other aspects, such as dopant location or conductivity variations are more responsible
[127,187,237].
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Table 5.2: Cycling data (a) for irreversible capacity loss at n = 1, (b) capacities at n = 5, 15, 25, 35 at each
current density in mAh g-1, (c) cycling stability after C-rate at 50 mA g-1 (42 < n < 100) for for V 2 O 5 ,
V 1.96 Na 0.04 O 5 , V 1.94 Ba 0.06 O 5 and V 1.94 Al 0.06 O 5 .
a

b

c

Sample

ICL (mA h g-1)

n = 5 at
50 mA g-1

n = 15 at
100 mA g-1

n = 25 at
300 mA g-1

n = 35 at
600 mA g-1

n = 42
(mA h g-1)

Capacity
retention
(%)

Coulombic
efficiencies
(%)

V2O5

23.2

204

141

3

N/A

166

80

98

V 1.96 Na 0.04 O 5

49.6

210

182

110

14

182

82

97

V 1.94 Ba 0.06 O 5

19.4

260

218

170

120

216

83

98

V 1.94 Al 0.06 O 5

1.4

135

104

15

N/A

124

74

97

V 1.94 Al 0.06 O 5 capacities were particularly low which is unexpected as other studies have
reported superior performance of Al3+ doped materials [134,228]. The results in this chapter
suggest that the low V4+ content and amount of oxygen vacancies for V 1.94 Al 0.06 O 5 (as
estimated by XPS) played a significant role in decreasing the electronic conductivity and Liion transport and thus limiting the electrochemical performance.
Impedance measurements were undertaken to compare the relative conductivities of the
electrospun materials with resultant Nyquist plots in Figure 5.8(a). All Nyquist plots are
composed of a distorted depressed semicircle in the high-to-moderate frequency range with a
small upturning in the low frequency range.

132

STABILISATION OF DOPED V2O5

Figure 5.8: (a) Nyquist plots of pristine cells for V 2 O 5 , V 1.96 Na 0.04 O 5 , V 1.94 Ba 0.06 O 5 and V 1.94 Al 0.06 O 5 with
an enlargement of the high frequency region (inset) and (b) linear curves of ω-1/2 vs Z’ in the low
frequency region with the electrical equivalent circuit (inset).

The electrical equivalent circuit in Figure 5.8(b) (inset) used to represent the Faradaic
impedances, consisted of three resistances, two constant phase elements (CPE) and a Warburg
impedance component (σ W ). The relevant descriptions of the circuit components are in Section
2.3.4 and the resistance values of are summarised in Table 5.3.

Table 5.3: Curve fitted resistance values, χ2 goodness of fit and the Warburg impedance coefficient (σ w ) for
V 2 O 5 , V 1.96 Na 0.04 O 5 , V 1.94 Ba 0.06 O 5 and V 1.94 Al 0.06 O 5

Sample
V2O5
V 1.96 Na 0.04 O 5
V 1.94 Ba 0.06 O 5
V 1.94 Al 0.06 O 5

R b - electrolyte
(Ω)
7.58
6.32
4.90
7.69

R s – surface
layer (Ω)
138.60
71.40
112.30
262.20

R ct – charge
transfer (Ω)
99.89
116.10
102.70
73.54

χ2

σ w (Ω cm2 s-1/2)

0.0125
0.0039
0.0190
0.0326

38.44
13.81
23.82
100.16

Figure 5.8(b) details the linear relationship between Z’ and the inverse squared angular
frequency (ω-1/2) in the low frequency region. The slope of this curve is the Warburg impedance
coefficient (σ W ), summarised in Table 5.3, which can be used to determine the Li-ion diffusion
coefficient (D Li ). An indication of Li-ion diffusion can be inferred from the inverse proportional
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relationship of D Li and σ W [186]. Therefore, it can be reasoned that the Li-ion diffusion was
improved for V 1.96 Na 0.04 O 5 and V 1.94 Ba 0.06 O 5 while the opposite was seen for V 1.94 Al 0.06 O 5 .
R b was reasonably consistent for the samples while the smaller R s values for V 1.96 Na 0.04 O 5 and
V 1.94 Ba 0.06 O 5 supported the cyclic voltammetry results [Figure 5.5] showing that there was
improved current flow through these electrode surfaces resulting in more effective Li-ion
diffusion [168]. The opposite was seen for R ct with V 1.96 Na 0.04 O 5 and V 1.94 Ba 0.06 O 5 possessing
the largest resistances (116.10 Ω and 102.70 Ω, respectively) and V 1.94 Al 0.06 O 5 showing the
lowest with 73.54 Ω. It has been shown that a decrease in R ct represents higher intrinsic
conductivity resulting in improved electrochemical performance [186,187,238]. Additionally,
increased oxygen vacancies result in decreased charge transfer resistances [147,187]. The
opposite effect was seen in this study with V 1.96 Na 0.04 O 5 and V 1.94 Ba 0.06 O 5 possessing higher
proportions of V4+ and oxygen vacancies and superior electrochemical performances despite
the higher R ct values. The impedance results in Table 5.3 suggests that R s and R ct be examined
together rather than separately as the Nyquist plots indicate that there were two overlapping
time constants which was seen in the distorted semicircle [199,200]. Despite the low R ct for
V 1.94 Al 0.06 O 5 , R s is significantly higher implying hindered Li-ion movement through the
surface layer. Additionally, σ W is drastically higher for V 1.94 Al 0.06 O 5 indicating that despite a
low R ct , overall conductivity is not improved for this material which has been shown throughout
the presented analysis. This suggested that the Al3+ dopant was blocking Li-ion movement and
lowering kinetics [147,186]. Conversely, V 1.96 Na 0.04 O 5 and V 1.94 Ba 0.06 O 5 R s values implied
that these dopants are facilitating the movement of Li-ion through the surface layer of the
electrodes.
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5.2.3

Potential Pair Calculations

The calculated V 2 O 5 lattice parameters and interatomic distances are reported in Table 5.4(a)
and Table 5.4(b), respectively, and are in good agreement when compared to the V 2 O 5 XRD
reference pattern (ICSD code 60676).

Table 5.4: (a) Comparison of V 2 O 5 XRD ICSD reference pattern (code 60676) and (b) GULP calculated
lattice parameters of bulk V 2 O 5 .

a

b

Unit cell
parameter

ICSD

GULP calculated

a (Å)

3.564

3.565 (+0.0 %)

b (Å)
c (Å)
Vol (Å3)

11.512
4.368
179.213

11.374 (-1.1 %)
4.366 (+0.0 %)
177.034 (-1.2 %)

Interatomic
distance
V-O1
(vanadyl)
(Å)
V-O2 (Å)
V-O3 (Å)
V-O3’ (Å)
V-O1
(interlayer)
(Å)

ICSD

GULP
calculated

1.576

1.575 (-0.1%)

1.778
1.878
2.017

1.843 (+3.7%)
1.936 (+3.0%)
1.975 (-2.1%)

2.793

2.790 (-0.1%)

To rationalise the conductivity and electrochemical changes produced by the different dopants,
their locations in the V 2 O 5 structure were investigated using atomistic simulations. Dopants
can be incorporated either substitutionally or interstitially into V 2 O 5 , with different delithiation
compensating effects as a result. Substitutional replacement of V5+ by the relevant cations can
be compensated by the formation of oxygen vacancies, which in Kroger-Vink notation is
expressed according to Equation 27, Equation 28 and Equation 29.
𝟏𝟏
𝟐𝟐

𝐀𝐀𝐀𝐀𝟐𝟐 𝐎𝐎𝟑𝟑 + 𝐕𝐕𝐕𝐕𝐗𝐗𝐕𝐕𝐕𝐕 ⇆ 𝐀𝐀𝐀𝐀𝐗𝐗𝐕𝐕𝐕𝐕 +
𝟏𝟏

𝟏𝟏
𝟐𝟐

𝐕𝐕𝟐𝟐 𝐎𝐎𝟓𝟓

𝐁𝐁𝐁𝐁𝐁𝐁 + 𝐕𝐕𝐕𝐕𝐗𝐗𝐕𝐕𝐕𝐕 + 𝐎𝐎𝐗𝐗𝐎𝐎 ⇆ 𝐁𝐁𝐁𝐁′𝐕𝐕𝐕𝐕 +
𝟏𝟏
𝟐𝟐

𝟐𝟐

𝟏𝟏
𝟐𝟐

(27)


 +
𝐎𝐎



𝐍𝐍𝐍𝐍𝟐𝟐 𝐎𝐎 + 𝐕𝐕𝐕𝐕𝐗𝐗𝐕𝐕𝐕𝐕 + 𝐎𝐎𝐗𝐗𝐎𝐎 ⇆ 𝐍𝐍𝐍𝐍′′
𝐕𝐕𝐕𝐕 + 𝐎𝐎 +

𝟏𝟏
𝟐𝟐

𝟏𝟏
𝟐𝟐

𝐕𝐕𝟐𝟐 𝐎𝐎𝟓𝟓

𝐕𝐕𝟐𝟐 𝐎𝐎𝟓𝟓

(28)

(29)
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Where VO VO X indicates a V-O vanadyl group in the V 2 O 5 lattice, AlXVO indicates an Al3+
replacing a V-O vanadyl group with neutral delithiation, Ba′VO and Na′′VO are Ba2+ and Na+


replacing a V-O vanadyl group without neutral charge, and O indicates a vacancy on an

isolated oxygen site with a net positive delithiation of +2. The simultaneous ‘clustered’
replacement of a V-O vanadyl group with a cation has a lower formation energy than isolated


vanadium and oxygen (M V + O ) defects and is therefore considered as the main scheme for

forming oxygen vacancies due to substitutional doping. Interstitial incorporation of the cations

can be accompanied by oxide interstitials (𝐎𝐎𝐢𝐢 ′′ ) for Al3+, Ba2+ and Na+ as summarised in
Equation 30, Equation 31 and Equation 32, respectively.

𝟏𝟏
𝟐𝟐

𝐀𝐀𝐀𝐀𝟐𝟐 𝐎𝐎𝟑𝟑 ⇆ 𝐀𝐀𝐀𝐀•••
𝐢𝐢 +

𝟑𝟑
𝟐𝟐

′′
𝐁𝐁𝐁𝐁𝐁𝐁 ⇆ 𝐁𝐁𝐁𝐁••
𝐢𝐢 + 𝐎𝐎𝐢𝐢
𝟏𝟏
𝟐𝟐

𝟏𝟏

𝐍𝐍𝐍𝐍𝟐𝟐 𝐎𝐎 ⇆ 𝐍𝐍𝐍𝐍•𝐢𝐢 +

𝟐𝟐

𝐎𝐎𝐢𝐢 ′′

𝐎𝐎𝐢𝐢

(30)

(31)

′′

(32)

Alternatively, interstitial incorporation of the cations can create vanadium vacancies (Equation
33, Equation 34 and Equation 35).
𝟏𝟏
𝟐𝟐

𝐀𝐀𝐀𝐀𝟐𝟐 𝐎𝐎𝟑𝟑 ⇆ 𝐀𝐀𝐀𝐀•••
𝐢𝐢 +

𝐁𝐁𝐁𝐁𝐁𝐁 ⇆ 𝐁𝐁𝐁𝐁••
𝐢𝐢 +
𝟏𝟏
𝟐𝟐

𝟐𝟐
𝟓𝟓

𝐍𝐍𝐍𝐍𝟐𝟐 𝐎𝐎 ⇆ 𝐍𝐍𝐍𝐍•𝐢𝐢 +

𝟑𝟑
𝟓𝟓


𝟏𝟏
𝟓𝟓

𝐕𝐕

𝐕𝐕

′′′′′



𝐕𝐕

′′′′′

+

′′′′′

+

𝟏𝟏
𝟓𝟓

+

𝟑𝟑

𝟏𝟏𝟏𝟏

𝐕𝐕𝟐𝟐 𝐎𝐎𝟓𝟓

(33)

𝐕𝐕𝟐𝟐 𝐎𝐎𝟓𝟓
𝟏𝟏

𝟏𝟏𝟏𝟏

𝐕𝐕𝟐𝟐 𝐎𝐎𝟓𝟓

•
2+
+
Where Ali••• represents Al3+, Ba••
i is Ba , Na i is Na and V

(34)

(35)
′′′′′

are vanadium vacancies.

The calculated defect formation energies are reported in Table 5.5. The interstitial cation
defects, compensated by vanadium vacancies have high formation energies and are thus not
likely to occur. The Al3+ substitutional defect is lower in energy than the interstitial defect by

2 eV, therefore it is likely that Al3+ will predominantly occupy substitutional sites. However,
the energy difference of 2 eV between substitutional and interstitial sites means that it may be
136

STABILISATION OF DOPED V2O5
possible for Al3+ to occupy interstitial sites under some conditions. In contrast, Ba2+ and Na+,
the interstitial cation defects with oxygen interstitials are significantly lower in energy than the
substitutional sites by 8.6 eV and 14.4 eV, respectively. Due to the greater energy difference
between the substitutional and interstitial sites, it can be predicted that these cations will only
occupy interstitial sites.

Table 5.5: Calculated defect formation energies determined via pair potential calculations.

Defect site

Delithiation compensation Species Defect energy (eV) Equation
Al3+
0.66
27
2+
Substitutional
Oxygen vacancies
Ba
5.61
28
+
Na
9.80
29
3+
Al
2.64
30
2+
Oxide interstitial
Ba
-2.96
31
+
Na
-4.58
32
Interstitial
3+
Al
23.57
33
2+
Vanadium vacancy
Ba
11.26
34
+
Na
2.84
35

As discussed earlier, V 2 O 5 is oxygen deficient and shows intrinsic n-type semiconducting
behaviour, displaying an equilibrium between oxygen vacancies and the partial reduction of
V5+ (d0) to V4+ (d1), which keeps the bulk material electronically neutral which is represented
by Equation 36.


𝐕𝐕𝐕𝐕𝐗𝐗 + 𝐎𝐎𝐗𝐗𝐎𝐎 ⇆ 𝟐𝟐𝟐𝟐𝐕𝐕′ + 𝐎𝐎 +

𝟏𝟏
𝟐𝟐

𝐎𝐎𝟐𝟐

(36)

In Equation 37, an equilibrium reaction constant (K int ) is applied to the products of Equation

36.



𝟏𝟏

𝐊𝐊 𝐢𝐢𝐢𝐢𝐢𝐢 = �𝐎𝐎 �[𝐕𝐕𝐕𝐕′ ]𝟐𝟐 ∙ 𝐩𝐩𝐎𝐎𝟐𝟐 𝟐𝟐

(37)


The concentration of oxygen vacancies �O � is approximately equivalent to half the

concentration of V4+ ([VV′ ]) according to Equation 38.


�𝐎𝐎 � ≈

𝟏𝟏
𝟐𝟐

[𝐕𝐕𝐕𝐕′ ]

(38)
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The introduction of interstitial Ba2+ (Equation 39) or Na+ (Equation 40) will modify the
equilibrium between oxygen vacancies and V4+.

�𝐎𝐎 � + [𝐁𝐁𝐁𝐁
𝐢𝐢 ] ≈

�𝐎𝐎 � + [𝐍𝐍𝐍𝐍𝐢𝐢 ] ≈

𝟏𝟏
𝟐𝟐

𝟏𝟏
𝟐𝟐

[𝐕𝐕𝐕𝐕′ ]

[𝐕𝐕𝐕𝐕′ ]

(39)

(40)

This will likely lower the concentration of oxygen vacancies, whilst increasing the
concentration of V4+. Also relevant to the concentration equilibria will be the formation of
oxygen Frenkel defects (K O−Frenkel) in Equation 41, which will have a low equilibrium
constant, due to the preference for oxygen deficiency.


𝐊𝐊 𝐎𝐎−𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅𝐅 = �𝐎𝐎 �[𝐎𝐎′′
𝐢𝐢 ]

(41)

The concentration of oxygen vacancies exceeds the concentration of oxide interstitials for the
following condition in Equation 42.


�𝐎𝐎 � = 𝒙𝒙[𝐎𝐎′′
𝐢𝐢 ] , 𝒙𝒙 ≫ 𝟏𝟏

(42)

The introduction of interstitial Ba2+ or Na+ and associated interstitial oxide ions will push the
equilibrium towards lower oxygen vacancy concentrations. This may explain the slightly
increased V4+ concentrations in the Na+ and Ba2+ doped samples compared to undoped V 2 O 5
as indicated by the XPS results. The reduction of V5+ to V4+ produced by oxygen vacancy
formation will tend to result in d1 electrons localised on the V atoms neighbouring the oxygen
vacancy. In contrast, if the oxygen vacancy concentration is suppressed, the d1 electrons may
be delocalised to a greater extent throughout the material, and this higher mobility may result
in the increased conductivity observed for the Na+ and Ba2+ doped materials.

5.2.4

Comparison of experimental and computational results

The experimental results for V 1.96 Na 0.04 O 5 support the pair potential calculations in Section
5.2.3 and showed improved capacities along with decreased overpotential [Figure 5.6].
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Additionally, Li et al. suggested that an increase in V4+ content, brought about by the
introduction of Na+, caused the reduction of V5+ rather than the substitution of vanadium [147].
With the presence of 6 at% NaV 6 O 15 impurity, as determined by Rietveld refinement, the extra
redox peaks and potential steps observed in Figure 5.5 and Figure 5.6, respectively, was caused
by partial substitution of Na+ for Li-ions with this impurity phase [239]. The NaV 6 O 15 impurity
may also have contributed to the improved capacity of V 1.96 Na 0.04 O 5 given its tunnel-like
structure.
A low at% loading of Ba2+ in this chapter shows that dopant amount played an important role
in both structural stability and electron conductivity. V 1.94 Ba 0.06 O 5 not only showed improved
rate capability and cycle stability but also improved diffusion according to the EIS analysis.
There was an electron conductivity contribution, suggested by the calculations, as evidenced
by a higher V4+ content compared to that of the undoped V 2 O 5 along with the reduced
overpotentials in the capacity versus potential profiles.
The introduction of substitutional Al3+ ions will modify the equilibrium between oxygen
vacancies and V4+ in the material, by producing a different effect to the interstitial ions
according to Equation 43.


�𝐎𝐎 � =

𝟏𝟏
𝟐𝟐

[𝐕𝐕𝐕𝐕′ ] + [𝐀𝐀𝐀𝐀′′
𝐕𝐕 ]

(43)

If it is assumed that the total concentration of oxygen vacancies remains approximately constant
and does not significantly decrease, since each Al3+ dopant will be associated with a ‘vanadyl’
O1 oxygen vacancy, then the concentration of V4+ will be reduced by the incorporation of Al3+.
These predictions correlate with the observed reduction in V4+ concentration (2%) for the Al3+
doped materials with respect to the undoped V 2 O 5 (8%) in the XPS analysis. The reduction in
V4+ concentration will tend to reduce electronic conductivity in V 2 O 5 . Experimentally, this was
observed in the C-rate test, CV and impedance results. V 1.94 Al 0.06 O 5 did however offer
improved cycle stability during the C-rate test though structural stability was not improved
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during cycling at 50 mA g-1- after the C-rate test [Figure 5.8(a)]. The low V4+ content in
V 1.94 Al 0.06 O 5 , along with large redox pair variation [Figure 5.5(d)] and large overpotentials
[Figure

5.6]

suggested

fewer

nucleation

centres

for

phase

transitions

during

lithiation/delithiation [225].
Al3+ doped materials have received positive attention in the literature, though the V 1.94 Al 0.06 O 5
presented in this study did not perform to the expectations presented by others [134,228,240].
Zhan et al. used a soft-chemical method with V 2 O 5 powder and aluminium nitrate assisted by
oxalic acid followed by heat treatment at 350 °C to obtain V 2 O 5 nanoparticles with 9 at%
loading of Al3+ [228]. Zhu et al. also used a soft chemical method with the same components
and reduced graphene oxide to produce V 2 O 5 and V 2 O 5 incorporated reduce graphene oxide
both with 7 at% loadings of Al3+ [240]. Cheah et al. electrospun their 20 at% Al3+ doped V 2 O 5
and 33 at% Al3+ doped V 2 O 5 fibres from a solution of vanadyl acetylacetonate, aluminium
nitrate and PVP followed by heat treatment at 400 °C [134]. All studies showed an increased in
V4+ for the Al3+ doped V 2 O 5 via XPS measurements and an increase in the a-parameter, though
for the c-parameter, Zhan et al. showed a decrease while Zhu et al. and Cheah et al. reported
an increase.
It is likely that the combination of different starting materials, higher heat treatment
temperature, which produces nucleation variations, and lower Al3+ loading used in this study
are responsible for the substitutional Al3+ dopant location and low V4+ content which resulted
in poor performance. The energetics of Al3+ incorporation shows that substitutional sites are
favoured, but interstitial sites were only 2 eV higher in energy, so they may be accessible under
some conditions. Whilst Cheah et al. also used electrospinning, the higher loading (20% and
33%) may tend to favour interstitial Al3+ sites, or a mix of substitutional and interstitial. These
variations in synthesis methods, indicates the important role starting materials play along with
fabrication method on the resultant V4+ content.
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5.3 CONCLUSION AND SUMMARY
Electrospinning was used to produce microscale fibres which consisted of nanostructured V 2 O 5
particles. Na+, Ba2+, Al3+ were systematically incorporated into V 2 O 5 to produce V 1.96 Na 0.04 O 5 ,
V 1.94 Ba 0.06 O 5 , and V 1.94 Al 0.06 O 5 , respectively. Ba2+ was investigated again to determine
whether the dopant loading was responsible for negatively impacting the capacity. All dopants
offered improved rate capability but only V 1.96 Na 0.04 O 5 and V 1.94 Ba 0.06 O 5 showed improved
cycle stability and improved capacities indicating that an increase in structural stability,
afforded by the dopants, and an increase in electrical conductivity is necessary for overall
enhanced electrochemical performance. Another key parameter that dictated the performance
of these materials was the V4+ content where V 1.94 Al 0.06 O 5 possessed the lowest V4+
concentration along with the poorest electrochemical performance. The location of the dopants,
V4+ content and electronic conductivity were rationalised by atomistic simulations, from which
it could be inferred that interstitial dopants are important to improved electrochemical
performance. After examination of the literature, it is suggested that synthesis methods of
nanomaterials require careful consideration to optimise oxidation state concentrations.
The results presented in Chapter 5 showed that the interstitial Na+ and Ba2+ dopants in
electrospun V 2 O 5 provided both improved structural and electronic effects for the V 2 O 5
structure and resulted in improved electrochemical performance, while substitutional Al3+
provided an improved structural effect, but decreased electronic conductivity. This indicates
that dopant location is important in affecting the overall electrochemical performance of the
host material, and dopant loading and oxidation state can influence where dopants are located.

141

Chapter 6

Conclusions and Future Work

6.1 CONCLUSIONS
This thesis examines the synthesis, characterisation and electrochemical properties of fibrous
vanadium-based oxides as positive electrodes for LIBs. The research and development of
alternative electrode materials for energy storage devices, such as LIBs, is necessary in order
to meet society’s growing energy needs. V 2 O 5 is a potential candidate as an electrode material
on account of its structure, theoretical capacity and abundance. The use of V 2 O 5 in energy
storage devices, while promising, is limited by its low structural stability and slow
electrochemical kinetics associated with Li-ion intercalation which results in poor cycle
stability. The incorporation of dopant materials into V 2 O 5 is an important avenue for improving
its electrochemical performance. To produce nanostructured undoped and doped V 2 O 5 , the
electrospinning technique was used. Electrospinning is a simple and versatile liquid-state
processing technique that can form fibrous nanostructured oxides. The vanadium-based oxide
fibres in this thesis were made up nanostructured particles in a hierarchical fibrous structure. A
starting solution of vanadium oxytripropoxide, PVAc and ethanol was used to produce the
undoped V 2 O 5 studied in this thesis followed by a calcination temperature of 500 °C of the asspun fibres.
Effect of the process parameters calcination temperature and polymer content were investigated
to determine whether this route of investigation could address the electrochemical limitations
of V 2 O 5 as a positive electrode material. Varying the calcination temperature to 450 °C and
550 °C affected the crystallinity of the V 2 O 5 particles and the morphology of the fibres with
larger crystallites produced by higher calcination temperatures. This was shown via XRD and
SEM analysis. Electrochemical analysis via CV and GDC showed that the materials underwent
the expected V 2 O 5 phase changes over 2.0 – 4.0 V vs Li/Li+ though displayed poor rate
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retention with varying current density despite producing competitive initial capacities.
Impedance measurements showed an improvement in conductivity with an increase in
calcination temperature. Overall fibres calcined at 500 °C produced the highest capacities
indicating that a compromise between structural characteristics and electrochemical
performance must be considered in optimisation investigations of electrode materials.
Varying the polymer content of the starting solution from the standard 0.3 g of PVAc to lower
amounts prior to electrospinning indicated, via SEM analysis, that fibre diameter could be
controlled. XRD analysis showed an overall increase with crystallite size which was likely
caused by less organic constituents in the starting solution which allowed more opportunity for
particle growth. Despite this, no trends in the electrochemical performance and impedance
measurements were observed except for the sample with the lowest polymer content, PVAc0.08 g. PVAc-0.08 g did not possess a defined fibrous morphology. Varying the polymer
content showed that a hierarchical fibrous structure was beneficial for Li-ion intercalation.
These results indicated that the polymer amount of 0.3 g used in the varying calcination
investigation was suitable for further use. The electrochemical analysis via CV, GDC and EIS
still showed poor rate capability for the V 2 O 5 fibres. To address this, dopants were incorporated
into V 2 O 5 . This was achieved via the addition of a dopant precursor into the starting solution.
The polymer content of these starting solutions was 0.3 g of PVAc and the as-spun fibres were
calcined at 500 °C.
A high dopant amount of approximately 10 at% of Ba2+ and Ti4+ was incorporated into V 2 O 5 .
It was shown that a high dopant loading did not guarantee an improvement in capacity despite
offering significant improvement in the cycle stability. Structural characterisation analyses
showed that each dopant had a critical effect on lattice distortions whilst showing little influence
in the overall crystal structure as the V 2 O 5 remained the dominate phase, which is unusual for
such large dopant amounts. The doped materials showed better cycle stability and higher
efficiencies than the undoped equivalent in the CV and GDC analyses. Ex-situ XRD
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measurements clearly showed detrimental phase changes within undoped V 2 O 5 whereas the
Ti4+ doped V 2 O 5 predominantly remained as α-V 2 O 5 after the first cycle. This investigation
clearly showed that dopant can prevent phase changes, which was the mechanistic reason
behind improved structural stability observed for these materials.
The dopant investigation continued with the structural and electrochemical investigation of
electrospun V 2 O 5 with selected redox-inactive dopants possessing varying oxidation states,
namely 3 at% Na+, 3 at% Ba2+, and 2 at% Al3+. Structural characterisations showed that there
was marked variation in the V4+/V5+ ratio which was affected by dopant occupying sites within
V 2 O 5 as suggested by atomistic simulations. Electrochemical investigations using CV, GDC
and EIS showed that electrochemical performance was dependent on V4+ concentration which
influenced electronic conductivity. Na+ and Ba2+ doped V 2 O 5 offered improved conductivities
and lithium ion diffusion characteristics while Al3+ doped V 2 O 5 at 3 at% was shown to be
detrimental to these properties.

6.2 FUTURE WORK
The development of new functional materials requires not only consideration of the efficiency
and capacity characteristics, but also cost effectiveness for production. Due to this, it is
important that optimisation of nanomaterial fabrication methods continue. Further optimisation
of the electrospinning technique via examination of the starting solution components or
experimental parameters, such as solution feed rate or electric field, could produce fibres with
more consistent diameters and with higher structural integrity. This would prove to be beneficial
to the electrochemical properties, as varying the polymer content in the starting solution in this
thesis emphasised the importance of a fibrous morphology for V 2 O 5 during Li-ion intercalation.
SEM analysis of the 10 at% Ti4+ doped V 2 O 5 showed that some fibres had fused together which
suggested inappropriate humidity levels during the electrospinning operation. Additionally, 2
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at% Al3+ doped V 2 O 5 possessed particle clusters along the fibre length indicating that there was
an imbalance between the polymer and solvent ratios.
Chapter 4 and Chapter 5 showed that the incorporation of dopants produced varied effects in
terms of their location, loading and oxidation state, on both the stabilization of the host V 2 O 5
structure and on electronic conductivity. Given this series of variables, a general conclusion
about valence state alone cannot be provided. The analysis in this project suggests that dopants
with low valence state are electronically and structurally favourable, however, dopant loading
must also be considered. An avenue of investigation could involve the systematic doping of
V 2 O 5 at a low loading with low valence state materials to ascertain the effect of 1+ and 2+
oxidates states on the electrochemical properties.
Comparing the performance of 2 at% Al3+ doped V 2 O 5 in Chapter 5 to the literature, notable
differences included the fabrication technique, Al3+ loading and the heat treatment temperature.
At this stage, it is difficult to ascertain which aspect was the main contributor of the poor
performance of electrospun Al3+ doped V 2 O 5 in Chapter 5. Consequently, it may be worthwhile
to investigate the V4+ content variation in V 2 O 5 with heat treatment temperature and/or
systematically vary the Al3+ concentration. Varying the Al3+ would require revisiting the
electrospinning technique as the spinnability of the starting solutions would need to be
continually reassessed with each dopant level, to ensure that fibrous materials were produced.
The dopants introduced into V 2 O 5 in this thesis were redox-inactive in order to study the
stabilisation and conductivity effects on the V 2 O 5 structure provided by the dopant. To expand
the dopant investigation, incorporating V 2 O 5 with conversion/alloying elements, such as Sn4+
or Fe2+/Fe3+, could combine the stability of the intercalation host V 2 O 5 and the high capacity
of the dopant. This would only be useful if the active range of the dopant overlapped with the
active range of V 2 O 5 for two Li-ion intercalations per formula unit, within 2.0 to 4.0 V vs
Li/Li+. Alternatively, expanding the potential window to near 1.5 V vs Li/Li+ to allow for three
Li-ion intercalations per unit formula could prove useful if the dopant provided not only a
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conductivity effect, but also a structural stabilisation effect. Dopant amount would require
optimisation as conversion/alloying elements are susceptible to substantial structural variations
which have severe impacts on the cycle stability.
Incorporation of a carbonaceous material into V 2 O 5 , either directly into the starting solution or
as a post-electrospinning treatment, would help address the rate capability issues that this
material showed in this thesis. Carbon coating is an effective method for improving
electrochemical performance of electrodes by forming protective layers on the active materials.
These protection layers could improve structural stability during cycling as carbon can act as a
barrier to suppress pulverisation, aggregation or agglomeration of active particles. Additionally,
graphitic materials have high electronic conductivities and it hence can offer improved
conductivity to the entire composite material.
The low abundance and availability of Li metal implies that alternate metal ion systems, such
Na- and Al-based, will undoubtedly become more commonplace in the battery market.
Consequently, broadening the investigation of the electrospun vanadium oxide system in this
thesis into other metal ion systems would be beneficial and relevant. The study of these
materials within Li-ion half-cells in this thesis was necessary as this battery system is well
understood on a device level. There is little literature featuring the development and research
of electrospun vanadium oxides in alternate metal ion battery systems.
Vanadium oxides have shown and will continue to show promise as an electrode material in
both LIBs and in alternate metal ion systems. The investigation of nanostructured materials
produced via electrospinning will continue to impact the research and development of energy
storage and conversion systems into the future.
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