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ABSTRACT 

Transition metal oxides (TMOs) are a class of materials that exhibit a large number of 

interesting properties such as high mobility of lattice oxygen atoms, complex surface chemistry, 

high thermal and chemical stability. Owing to these properties, TMOs have been used as 

photocatalysts, electrocatalysts, sensors, lithium ion battery anodes, capacitors and smart 

windows. The use of TMOs as anode materials for lithium ion batteries has been extensively 

studied owing to their high specific capacities for storing lithium compared to commercially used 

anodes such as graphite. However, the lithium insertion process in these electrodes involves 

reversible phase transformations that cause huge volumetric changes and ultimately leads to 

structural failure of the anode material. As these materials undergo conversion reactions involving 

the formation of lithium oxide and metal particles, they are called ‘conversion’ electrodes, as 

opposed to graphite which stores lithium between its planar hexagonal sheets and is hence called 

an ‘insertion’ electrode.  

Unlike TMOs, which have been studied extensively for lithium ion battery applications, 

transition metal nitrides (TMNs) are a relatively unexplored class of materials that possess 

exceptional material properties such as high electrical conductivity, high melting points, and high 

electrocatalytic properties. Many TMNs have also been shown to display high specific capacities, 

but also act as conversion electrodes leading to poor cycle life and stability. Due to their 

exceptional properties, it is highly desirable to develop TMN insertion electrodes that display both 

high specific capacities and stable cycle life. Drawing inspiration from a class of two-dimensional 

(2D) materials known as MXenes, whose layered structure allows for the easy insertion and 

removal of lithium ions, one of the main aims of the present work is to synthesize 2D 
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nanostructures of TMOs and TMNs, and to study the mechanism of lithium insertion in electrodes 

made from these materials.  

Certain TMOs possess the unusual property of undergoing a sudden transition from the 

insulating to the metallic state upon the application of externa stimuli such as changes in 

temperature or application of strain. Vanadium dioxide, (VO2) is a well known material that 

displays this metal-insulator transition (MIT) when heated above 67 ºC. This transition can also 

be triggered at room temperature by the application of a voltage bias in the presence of an 

electrolyte. Although many theories have been suggested to explain the MIT phenomenon in VO2, 

the fundamental nature of the transition has been a subject of debate. In particular, the role of 

vacancies is poorly understood. In the present work, we study the effects of ion insertion and the 

role of vacancies in both temperature induced and electrochemically induced MIT.   

In summary, studying the effects and mechanism of ion insertion in TMOs and TMNs is 

fundamental in not only harnessing the exceptional properties of these materials, but also to 

understanding widely misunderstood phenomena such as metal-insulator transitions.  

 

 
 
 
 
 
 
 
 
 
 



	
xiv	

 
 
 
 
 
 
 



	
1	

 
Chapter 1: Introduction and Background 
 
 
 
1.1 Motivation 

A transition metal, as defined by IUPAC, is an element whose atom has a partially filled 

d-orbital, or which can give rise to cations with an incomplete d-sub shell [1]. Elements belonging 

to Groups 4 to 11 of the periodic table of elements are considered to be transition metals, along 

with scandium and yttrium. Due to their unfilled d-orbitals, transition metals have many interesting 

properties, such as the stability of a large number of oxidation states, the formation of colored 

compounds due to d-d transitions and the formation of paramagnetic materials compounds due to 

the presence of unpaired d electrons. For example, vanadium can exist in four stable valence states, 

ranging from +2 to +5, making it a suitable candidate for a large number of applications such as 

heterogeneous catalysis, Li-ion batteries and redox flow batteries [2].  Transition metals form a 

large number of stable compounds such as oxides, nitrides, carbides, hydroxides and complexes 

[3].  

Transition metal oxides (TMOs) are a class of materials that have been studied extensively 

due to their interesting properties such as high mobility of lattice oxygen atoms, complex surface 

chemistry, high chemical and thermal stability [4].  TMOs have been used in applications such as 

lithium ion batteries [5] [6] [7] [8], high temperature superconductors [9], sensors [10] [11], 

supercapacitors [12] [13], heterogeneous catalysts [14] [15] [16], solar cells, [17] and smart 

windows [18] [19].  The high thermal and chemical stability of TMOs makes them suitable for 

applications such as photocatalysis. TiO2 is a well known TMO that has been used for 

photoelectrochemical splitting of water for hydrogen generation and light-induced degradation of 

volatile organic compounds in wastewater treatment. A large number of TMOs such as tin oxide, 
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cobalt oxide, molybdenum oxide and iron oxide have been studied for applications in lithium ion 

batteries as anode materials. These materials have high theoretical specific capacities that range 

from 500 to 1100 mAh/g, meaning they can store and deliver a large amount of charge compared 

to commercially used anodes such as graphite, which has a maximum theoretical capacity of 372 

mAh/g. However, the higher capacity of TMOs is a result of chemical reactions with the 

intercalating ions to reversibly produce lithium oxide (Li2O) and a reduced transition metal as 

opposed to a purely physical intercalation process in graphite. Such electrodes are often referred 

to as “conversion” electrodes due to their reversible chemical transformation during charge 

storage. As a result, TMO based electrodes undergo huge volume charge/discharge cycling, which 

often results in irreversible structural deformations that ultimately lead to loss in specific capacity.  

While TMOs have been well researched for Li-ion battery applications, transition metal 

nitrides (TMNs) are a relatively unexplored class of materials that have many outstanding material 

properties similar to TMOs. Transition metal nitrides, in general, have been used as heterogeneous 

catalysts for reactions such as hydrodesulphurization [20] and NO disassociation [21] because of 

their excellent catalytic activity. TMNs are known to possess high mechanical strength, exception 

thermal and radiation resistance. In addition, they are known to have high specific theoretical 

capacities (500 to 1000 mAh/g) and a low redox potential for Li+ insertion which is due to the 

lower polarization of the M-N bond compared to the M-O bond [22], thus making them a 

promising anode material for Li-ion batteries. Binary nitrides of iron, cobalt, tungsten, chromium 

and vanadium have been studied as Li-ion battery electrodes. Studies have shown that the 

mechanism of lithium insertion into the lattice of these materials is also via electrochemical 

conversion reactions that involve the reversible formation of lithium nitride (Li3N) and metal as a 

result of the reaction of the host lattice with Li+, a process similar to the charge storage mechanism 
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for many TMO anodes. However, the continuous crystallographic volume changes during cycling 

leads to the generation of severe mechanical stresses, loss of electrical contact with the conductive 

binder, and continuous consumption of electrolyte for the solid –electrolyte interface formation 

[23]. As a result, despite having high specific capacities, both TMO and TMN electrodes suffer 

from low coulombic efficiencies during initial cycling, loss in capacity over longer cycles. In 

contrast, electrodes such as graphite that store lithium ions within their lattice spacing without 

chemical reactions (referred to as ‘insertion’ electrodes) have lower specific capacities than 

conversion electrodes, but are more reliable in long term cycling due to better structural stability. 

Interestingly, in a recent study conducted by Kundu et al, [24], nanoparticles of vanadium nitride 

were shown to behave as insertion electrodes while their bulk counterparts where shown to behave 

as conversion electrodes. This change in the mechanism of charge storage as a result of differences 

in morphology is of tremendous importance because it can allow for the design of high capacity, 

high cycle life electrodes. For instance, the superior material properties of TMOs and TMNs that 

behave as insertion electrodes would have many advantages over both commercially available 

graphite anodes and conversion electrodes of TMOs and TMNs. We draw inspiration from a class 

of materials known as MXenes. MXenes are two-dimensional layers of transition metal carbides, 

nitrides and carbo-nitrides [25]. The name ‘MXene’ is derived from the combination of ‘MX’ 

phase and graphene, where a MX phase is a layered carbide or nitride of a transition metal. Mxenes 

are commonly prepared from MAX compounds, which are a combination of the MX phase and a 

group III-IV element such as aluminum (the A phase) through the selecting etching of the A phase, 

leaving behind two-dimensional layers of the MX phase [26].  MXenes of transition metal carbides 

have been studied for a large variety of applications such as batteries [27] [28], supercapacitors 

[29], thermoelectrics [30], and photothermal conversion [31]. MXenes of TMN’s are a promising 
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material due to their exception material properties, such as compositional and surface termination-

dependent band gap [32], high electrical conductivity, high melting point, high catalytic activity, 

chemical inertness in acidic and basic solutions, high hardness, durability and radiation resistance.  

One of the unusual electronic properties of a certain class of TMOs known as “strongly-

correlated” TMO is the ability to undergo insulator-to-metal transition (MIT) as a result of external 

stimuli such as temperature, pressure, light, stress, or electrochemical reactions.  A classic example 

of this class of TMO is vanadium oxide (VO2), which undergoes MIT at 67.  Although the band 

theory of solids is largely successful in classifying TMO by their electrical conductivity into 

metals, semiconductors and insulators, it cannot explain the behavior of correlated TMOs such as 

VO2. In VO2, MIT is accompanied by a change in the crystal structure from monoclinic to rutile. 

Although several theories have been proposed to explain the MIT phenomenon in VO2, the 

fundamental principles involving the transition, especially the role of vacancies, are still shrouded 

in controversy. While the temperature-induced MIT in VO2 occurs at 67 ºC, the MIT response can 

also be triggered at room temperature by the process of electrochemical gating, wherein an 

electrical bias applied to a VO2 in the presence of an electrolyte results in injection of high density 

of charge carriers with a resulting formation of a metallic phase. Studying the role of defects and 

the effects of ion insertion in VO2 are crucial to not only understanding the controversial 

phenomenon of MIT, but also to successfully harness VO2 in applications such as field effect 

transistors, optical switches and smart windows. 

Thus, the overarching theme of this dissertation was to study the effects of ion insertion on 

the structural, electrochemical, and electronic properties of transition metal oxides and nitrides. 

  The goal of the present work is three-fold: i) synthesizing two-dimensional nanosheets 

(Mxenes) of transition metals and nitrides using a two-step chemical vapor deposition process ii) 
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studying the mechanism of lithium insertion in transition metal oxide and nitride nanosheets and 

their applications in energy storage. iii) studying the role of ion insertion in defect generation and 

metal to insulator transitions in vanadium dioxide.   

 

1.2  Introduction and background to Li-Ion batteries  

 The following section provides a background on Li ion batteries, including its basic 

working principle, historical background, and material considerations for battery anodes. Finally, 

a brief summary on the use of transition metal oxides and nitrides in Li battery anodes is provided.  

 

1.2.1   Working Principle 

  Lithium ion batteries are a form of rechargeable batteries that involve the transport of 

lithium ions from one electrode to the other during charging or discharging. A lithium ion battery 

typically consists an: anode, cathode, electrolyte and separator. During the charging process, 

lithium ions move from the cathode into the anode. The process of lithium insertion and de-

insertion from an electrode is called intercalation and deintercalation respectively. During the 

discharge process, the direction of flow of lithium ions is reversed and the lithium ions 

deintercalate from the anode and intercalate into the cathode. The electrolyte chosen is typically a 

lithium salt with a large potential window. The electrolyte allows for the transport of lithium ions 

between the electrodes. In many commercial Li ion batteries, the cathode consists of a lithium 

doped metal oxide such as LiCoO2 and LiFePO4 while the anode consists of graphite. The cell 

reactions during the charge and discharge process can be written as follows:  

 Cathode:               LiCoO2   «   Li1-xCoO2 + xLi+ + xe- 

Anode:                          xLi+ + xe- + 6C  «  LixC6 
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Cell Reaction                LiCoO2 + 6C   «    Li1-xCoO2 + LixC6 

A schematic of the charge-discharge process for a graphite anode and a LiFePO4 is shown in Figure 

1.1 

  

 

Figure 1. 1 Schematic of charge and discharge process for a lithium ion battery with graphite as 
the anode and LixFePO4 as the cathode. Figure taken from reference [33]. 

 

1.2.2 Historical Background of Li Ion Batteries 

The first electrochemical battery was developed by Alessandro Volta at the end of the 18th 

century, based on Luigi Galvani’s work in the 1780’s in which he showed that a frog’s legs moved 

when contacted with a circuit consisting of two different metals [34]. Volta was able to 

demonstrate the passage of current through a circuit containing two metals in a brine solution by 

developing the voltaic pile, which consisted of an alternate sequence of zinc and copper discs 

separated by a cloth soaked in a sodium chloride solution [35]. Based on Volta’s invention, 

George-Lionel Leclanché developed a battery consisting of a zinc rod as the anode and a 
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manganese carbon electrode as the cathode [34]. Modern day carbon zinc batteries are based on 

Leclanché’s design.  A few years before Leclanché’s invention, Gaston Plantè had developed the 

lead acid rechargeable battery in 1859. The first rechargeable nickel battery was developed by 

Waldmar Jungner in 1901.  

Major breakthroughs in battery technology were uncommon after the start of the 20th 

century. In the late 1960’s the growing demand for portable technology led to the development of 

new battery technologies. For example, earlier forms of implantable pacemakers relied on mercury 

zinc batteries. However, the low energy densities of these batteries made them bulky and 

impractical. This led to the development of the lithium iodine battery in the early 1970’s, which 

consists of iodine and lithium as the electrodes and lithium iodide salt as the electrolyte [36] [37]. 

Lithium iodine batteries are still the most prevalent form of batteries used in artificial pacemakers.    

Following the success of lithium iodine batteries, many different lithium based battery 

chemistries were developed. Until the first ‘insertion’ electrodes were developed in the late 1970’s 

[38], most of the lithium based batteries were primary or non-rechargeable batteries.  Insertion 

electrodes, also known as intercalation electrodes can reversibly accept (intercalate) and release 

(deintercalate) lithium ions in their crystal lattice. Following this development, the first 

rechargeable lithium ion batteries were developed by the Exxon Company and Moli Energy using 

liquid organic electrolytes. Exxon used TiS2 as their cathode material while Moli Energy used 

MoS2. However, both batteries relied on lithium metal as the anode material which during charging 

formed dendritic growth that resulted in short circuits and overheating effects. Consequently, both 

batteries were largely unsuccessful due to operational faults and fire incidents.  Following these 

developments, research in lithium ion batteries was focused on i) developing electrolytes that 

would ensure the smooth deposition of lithium metal and ii) replacing lithium with less reactive 
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anode materials. In 1978, Armand demonstrated the use of a solvent-free polymer based electrolyte 

using a coordinating polymer such as poly ethylene oxide [34]. Although many other lithium 

polymer battery systems were successfully demonstrated, concerns arising from the risks 

associated with lithium metal anodes ensured that these systems did not reach commercial scale 

production. The problem of using lithium metal anodes was overcome by using two insertion 

electrodes: one as the cathode, the other as the anode. During the charge process, the anode acts as 

a ‘lithium sink’ and allows for the easy intercalation of lithium ions, while the cathode acts as the 

lithium source for the lithium ions to deintercalate. During the discharge process, the anode acts 

as the lithium source and the cathode acts as the lithium sink. Since the lithium ions ‘rock’ from 

one electrode to the other during charge and discharge, these batteries were called ‘rocking chair 

batteries’. The concept of the rocking chair batteries was proposed in the late 1970’s [39] and 

practically demonstrated in the early 1980’s [40].  Based on the concept of the rocking chair 

battery, Sony Corporation released the first commercial lithium ion battery in 1991. This battery 

was based on graphite and lithium cobalt oxide (LiCoO2) as the cathode and anode respectively. 

Although extensive research has been carried out in developing cathodes and anodes with higher 

energy densities, batteries based on LiCoO2 and graphite remain commercially viable to this day.  

 

1.2.3  Material Considerations for Lithium Ion Battery Electrodes 

 The open circuit voltage, Voc, of a battery, which represents the voltage of a battery in the 

absence of an external load or current, is given by the difference in the electric potentials of the 

anode and the cathode.  

                                                                      Voc = Vc- Va  
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where Vc and Va are the electric potentials of the cathode and the anode respectively. The open 

circuit voltage of the battery can also be represented in terms of the chemical potentials of the two 

electrodes and is given by the equation [41] [42]:  

                                                                  Voc = (µA – µC)/e  

where µA and µc are the chemical potentials of the anode and cathode respectively, and e is the 

magnitude of charge of an electron (1.6x 10-19 coulombs).  The first requirement for a pair of 

cathode and anode materials is that the open circuit potential (OCP) must lie within the band gap 

of the electrolyte that is used in the battery, i.e the chemical potential of the (the Fermi level) of 

the anode material must lie below the conduction band or lowest unoccupied molecular orbital 

(LUMO) of the electrolyte while the chemical potential (Fermi level) of the cathode material of 

the cathode must lie above the valence band or highest occupied molecular orbital (HOMO) of the 

electrolyte. If this requirement isn’t fulfilled, the electrolyte will either get reduced at the anode or 

oxidized at the cathode [43]. Figure 1.2 shows the necessary band lineup of the anode, cathode and 

electrolyte.  
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Figure 1. 2 Band-lineup of the anode, cathode and electrolyte. The LUMO of the electrolyte must 
be above the chemical potential of the anode and the HOMO of the electrolyte must be below the 
chemical potential of the cathode. Figure taken from reference [44]. 

 

The second consideration while choosing an anode and cathode material for a Li-ion battery is the 

cell voltage.  The power output of a Li-ion battery is given by P= VI where V is the voltage across 

the battery and I is the current flowing through the battery. In order to maximize the power output 

of the battery, the voltage across the battery should be as large as possible. Figure 1.3 shows the 

lithiation/delithiation potentials for different anode and cathode materials versus the standard 

electrode potential of Li/Li+. To obtain high cell voltages, an anode material should have low 

lithiation potential with respect to Li/Li+. Many transition metal nitrides have lithiation potentials 

close to 0.5V with respect to Li/Li+, making them suitable as anode materials. Transition metal 
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oxides also have relatively low lithiation potentials. Finally, the specific capacity of a material, 

which is a measure of the total amount of lithium stored in an electrode is also important to evaluate 

their performance as Li ion battery anodes. Since both transition metal oxides and nitrides have 

higher specific capacities than graphite, they are ideal candidates for Li-ion battery anodes.  

 

 

 

Figure 1. 3 Figure showing the lithium insertion potentials versus Li/Li+ and the specific 
capacities in Ah/kg. Materials with high insertion potentials are ideal for cathodes while 
materials for low insertion potentials are ideal for anodes. Figure taken from reference [45].  

 

 

 

1.2.4  Transition Metal Oxides and Nitrides as Li Ion Battery anodes 

 Many transition metal oxide and nitride materials have been studied as anode materials in 

Li ion batteries. These include oxides of manganese, iron, cobalt, molybdenum and tungsten.  
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Conversion based anodes of various manganese oxides have several favorable properties 

including high specific capacities and low lithium insertion potentials. The theoretical specific 

capacities of MnO, Mn3O4, Mn2O3 and MnO2 are 756, 937, 1018 and 1232 mAh/g respectively 

[46]. Despite these characteristics, Mn oxides have certain drawbacks, the main one being the low 

rate of Li ion diffusion. In recent years, Mn oxides of various morphologies have been developed 

with a view to to facilitate Li ion diffusion. Porous nanoplates of Mn2O3 have shown capacities of 

813 mAh/g after 50 charge discharge cycles [47] while a capacity of 815 mAh/g was achieved 

with MnO nanowires reinforced with graphene nanosheets [48]. In order to overcome the structural 

strain induced during the conversion process, several hollow structures such as single shell and 

multi shell hollow spheres as well as hollow sphere microspheres have been implemented. Recent 

studies performed by Cao et al showed that mini-hollow polyhedron Mn2O3 electrodes display 

specific capacities up to 819 mAh/g as opposed to bulk Mn2O3 electrodes only have a capacity of 

160 mAh/g [49].  

Iron oxides have been well studied as anode materials due to their abundance, low toxicity, 

low processing cost and high specific capacities [46]. FeO, Fe2O3 and Fe3O4 have theoretical 

specific capacities of 745, 1007 and 928 mAh/g respectively. However, iron oxide anodes suffer 

from numerous problems due to poor cycle life arising from their low conductivity, volumetric 

changes that occur during charge/discharge and the irreversibility of the conversion reaction [50]. 

The primary strategy used in overcoming volumetric changes in iron oxide electrodes has been the 

use of various porous micro and nanostructures such as Fe2O3 nanocubes [51], hollow microcubes 

[52], and multi shell nanospheres [53]. Recent work done by Wang et al showed that α-Fe2O3 

hollow spheres show specific capacities of 710 mAh/g after 100 cycles as opposed to Fe2O3 

microparticles which show a capacity of 340 mAh/g [54].  The low conductivity of iron oxides 
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can be overcome by using hybrid nanostructures consisting of iron oxide and carbon. Some 

examples of the structures studied in literature are carbon-coated Fe3O4 nanospheres [55], one- 

dimensional (1D) hybrid iron oxide/carbon nanowires [56], two-dimensional (2D) hybrid iron 

oxide/carbon nanosheets [57] and graphene wrapped iron oxides [58].  Work done on Fe2O3 carbon 

composite nanofibers by Fang et al has shown these electrodes display specific capacities of 820 

mAh/g after 100 cycles as opposed to pure Fe2O3 nanofibers which have a specific capacity of 482 

mAh/g [59].  

Molybdenum oxide (MoO3) has a very high theoretical capacity of 1117 mAh/g [46] but 

like other conversion TMO anode materials, suffers from poor conductivity and significant volume 

expansion and contraction during charge and discharge resulting in poor cycle life.  In recent work, 

MoO3 mesoporous nanobundles have shown capacities of 955 mAh/g after 150 cycles [60]. 

Computational work done on MoO3 monolayer nanosheets and nanoribbons suggest these 

nanostructures have many excellent properties such as fast Li+ diffusion, high operating voltage, 

high electrical conductivity and large energy density [61].  

Other TMO electrodes that have been studied in literature are cobalt oxide, CoO and CoO3, 

which have theoretical capacities of 715 and 890 mAh/g respectively, tungsten oxide (WO3),which 

has a theoretical capacity of 693 mAh/g, chromium oxide (theoretical capacity of 1058 mAh/g), 

copper oxide and nickel oxide (theoretical capacity of 718 mAh/g) [46]. The strategies to improve 

the performance of these electrodes have centered on developing various micro and nanostructures 

to enable easy accommodation of volumetric changes during charge/discharge, relieve strain and 

minimize Li+ diffusion path length. Ruthenium oxide, which has a theoretical capacity of 806 

mAh/g is unsuitable for practical use in Li ion batteries due to its high cost, but has been used to 
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study the conversion mechanism in metal oxide anodes due to its favorable mass transport 

properties and high coulombic efficiency [46].  

Although TMOs have been studied extensively for application as battery anodes, in recent 

years, a variety of TMN conversion electrodes have also been studied. These include nitrides of 

tungsten, cobalt, molybdenum, titanium, manganese and iron [62]. Specific capacities achieved 

with some of these materials include 696 mAh/g for Mo2N [63], 455mAh/g for TiN [64], 463 

mAh/g for Mn3N2 [65], 990 mAh/g for CoN [66], and 348 mAh/g for Fe3N [66].  There are 

significant issues with most of the TMN conversion electrodes studied in literature as they undergo 

significant capacity fade over repeated cycling and suffer from low coulombic efficiencies of 30-

60% [63].  

 

 

1.3     Overview of Metal-Insulator Transitions in Correlated Metal Oxides 

 This section gives a brief theoretical overview on metal-insulator transition (MIT) and 

recent developments in the study of defect induced MIT in TMOs.  

 

1.3.1  Electronic Structure of Solids:  

 The band theory for solids is used to distinguish solids into metals, semiconductors and 

insulators. Band theory is based on the fundamentals of quantum mechanics such as Pauli’s 

exclusion principle. Due to quantization of electron energy levels in an atom, electrons can only 

occupy discrete energy levels. When two or more atoms in close proximity are brought together 

(as in the case of solids), the electrons in the outermost shells of these atoms form bands consisting 

of bonding and antibonding orbitals. The energy gap between the bands cannot be occupied by 
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electrons and the difference in energy levels between the bands is called the band-gap. In the case 

of metals, the occupied bands overlap with unoccupied bands which allows electrons to move 

freely within different energy states without the need of excitation from external energy sources. 

In the case of semiconductors and insulators, the bands do not overlap and the width of the band-

gap determines whether a material is a metal or an insulator. Semiconductors have bandgaps 

between 0.7 and 4 eV while insulators have higher band gaps. Figure 1.4 shows a schematic of 

band lineups for a metal, semiconductor and insulator respectively.  

 

 

 

 
Figure 1. 4 Band lineup for metals, semiconductors and insulators.  
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Although band theory allows for the classification of most solids, (including transition metal 

oxides and nitrides), into metals, semiconductors and insulators it has its limitations. It cannot 

predict the electronic behavior of a certain class of materials known as “strongly correlated 

materials” such as VO2 and MnO2. Strongly correlated materials are traditionally metals which 

show strong repulsive effects of electron-electron interaction in their narrow d-band. This leads to 

the creation of a  band gap that is dictated by the strength of the repulsive interactions [67]. Such 

materials often showcase an insulator-to-metal upon application of external stimuli, such as 

temperature, pressure, light, or strain, which enables them to overcome the repulsive interaction 

of electrons. Depending on their electronic behavior, strongly correlated materials can be sub-

divided into categories such as Mott insulators, high temperature superconductors, spintronic 

materials and heavy fermion materials. Mott insulators are materials that are predicted to have high 

conductivity according to band theory, but behave as insulators. Nickel oxide (NiO) is an example 

of a Mott insulator. High temperature superconductors are materials that display superconductivity 

at temperatures higher than conventional superconductors. For example, YBa2Cu3O7 behaves as a 

superconductor below 92 K as opposed to mercury which behaves as a superconductor below 4 K.  

  
 
1.3.2  Mott Insulators:  

In 1937, Jan Hendrik de Boer and Evert Johannes William Verwey discovered that certain 

transition metal oxides with partially filled d bands behaved as insulators. This was in direct 

contrast to the results predicted by band theory, which predicted them to be metallic in nature. In 

the same year, Mott proposed that in these materials, the inter-electron interaction was too high to 

neglect and that the electron-electron repulsive forces result in the anomalous electrical behavior 

of these materials, which came to be known as Mott insulators. In a Mott insulator, the repulsive 
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force between d-band electrons leads to e- localization that would otherwise be free to conduct, 

which creates an energy gap.  In a conventional insulator, the low conductivity arises due to low 

charge carrier concentrations near the Fermi level of the material, whereas Mott insulators have 

low conductivity despite having high charge carrier concentrations near the Fermi level. As a 

result, Mott insulators have the possibility of transitioning between conducting and insulating 

phases upon changing the electron-electron correlations by varying external conditions such as 

temperature and pressure. This phenomenon is known as metal-insulator transition and has many 

applications in solid state physics such as switching devices [68].  

 

1.3.3 Metal to Insulator Transitions (MIT) 

Metal-Insulator Transitions are electrical phase transitions associated with huge resistivity 

changes. Metal-Insulator transitions in strongly correlated materials occur when the energy gap 

created by electron-electron repulsions are overcome by external perturbations such as changes in 

temperature, pressure or doping level.  Metal-insulator transitions were first proposed by Mott in 

1949 in nickel oxide (NiO.) According to Mott, in order to become conducting, NiO which is an 

insulator at room temperature, requires the presence of Ni+3 and Ni+ ions which enables the 

electron to hop between these Ni sites. Mott observed that NiO could be made to behave as a 

semiconductor by introducing Ni+3 ions into the lattice by creating substitutional defects by adding 

Li+ ions [69].   Mott also proposed that the application of pressure could induct MIT. Increasing 

the pressure changes the interatomic distance and changes the degree of electron correlation by 

changing the width of the conducting bands and the orbital degeneracy.  
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1.3.4  Metal-Insulator Transitions in transition metal oxides 

Metal-insulator transition for TMOs such as Ti2O3 and V2O3 was first experimentally 

observed by F.J Morin in 1958. The following year he also observed the phenomenon in VO2, TiO, 

and VO [70]. Since then, MIT in TMOs has been studied extensively, but the fundamental nature 

of the transition has not been fully understood. The following sections describe the role of defects 

in inducing MIT in TMOs.  

 

1.3.5  Role of defects in MIT in TMOs  

 The presence of defects can great affect the metal-insulator transition in TMOs. These 

defects can be present beforehand in the TMO (native defects) or arise due to external factors such 

as the introduction of impurities (doping) or by electrochemical charging.  

 Crystallographic defects can be classified into three categories, namely point defects, line 

defects and planar defects. Point defects include defects arising from vacancies, interstitials and 

dopants. Stoichiometric vacancy defects are classified into Frenkel and Schottky defects. Frenkel 

defects arise when a cation or anion in the crystal is dislodged and moves to a vacant interstitial 

site within the lattice. Frenkel defects generally occur in molecules with small cations and low co-

ordination numbers. Schottky defects arise when an equal number of cation and anions are 

displaced from the crystal lattice. Non-stoichiometric vacancy defects within a lattice can also 

arise due to various factors. Cation vacancies within a lattice give rise to acceptor type defect states 

within the bandgap of a semiconductor (known as midgap states). These acceptor type states lie 

close to the valence band and increase the conductivity of the semiconductor. Since the majority 

charge carriers arising from these defects are holes, the material behaves as a p-type 
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semiconductor. Conversely, oxygen vacancies within the lattice give rise to donor type defect 

states close to the conduction band of the semiconductor, and give rise to n-type conductivity.   

Interstitial defects arising from the presence of metal ions also give rise to donor type states close 

to the conduction band. Finally, substitutional defects can also induce donor or acceptor type 

depending on the oxidation state of the impurity cations/anions with respect to the oxidation state 

of the lattice cations and anions. For example, substitutional defects of lithium in zinc oxide (ZnO), 

create acceptor type states while indium substitutional defects in ZnO give rise to donor type states. 

Conversely, nitrogen substitutional defects in ZnO give rise to acceptor type states while chlorine 

substitutional defects give rise to donor type states Figure 1.5 shows the band diagram of various 

donor and acceptor states arising due to vacancy, substitutional and interstitial defects.  

 

Figure 1. 5 Band diagram of various donor/acceptor states arising from vacancy, substitutional or 
interstitial defects in a semiconductor.  
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 The presence of these various defects can vastly affect the electronic properties of transition 

metal oxides, including TMOs that behave as Mott insulators and showcase metal-insulator 

transition. In a recent study conducted in our group [71], a new semiconductor to insulator to metal 

transition at room temperature induced by electrochemical charging in a Li+ containing electrolyte 

was observed in p-type non-stoichiometric nickel oxide. At high voltages versus Li/Li+ (~ 3 V), 

corresponding to a low concentration of lithium ions within the NiO lattice, the NiO retains its p-

type behavior. Upon further intercalation of Li+ ions (at 2.5V), the donor type states created due to 

interstitial Li quenches or passivates the native acceptor type states. This results in insulating 

behavior of the NiO sample. At lower voltages (around 1 V), the high concentration of Li 

interstitial defects begin to dominate and the sample begins to display n-type behavior. Finally, at 

very low voltages (less than 0.5 V), the sample begins to display metallic behavior due to the 

extremely high concentration of interstitial lithium. The resistance versus voltage plot of non-

stoichiometric NiO is shown in Fig 1.6 
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Figure 1. 6 The semiconductor to insulator to metal response in non-stoichiometric NiO. Figure 
taken from reference [71].  

 

1.3.6   Metal-Insulator Transition in vanadium dioxide.  

Several oxides of vanadium, such as V2O3, VO2 and V2O5 undergo metal to insulator 

transition. V2O3 is metallic at room temperature, but undergoes a metal to insulator transition by 

cooling below -123 °C [72]. VO2 and V2O5, on the other hand, are insulating at room temperature 

but become metallic by heating above 67 °C and 257 °C respectively [73]. The temperature at 

which a material undergoes a metal-insulator transition is called the transition temperature or Tc. 

The proximity of the Tc of VO2 to room temperature makes it an ideal material for use in 

applications such as sensors [74], smart windows [75] [76] and transistors [77]. MIT in VO2 is 

accompanied by a change in the crystal structure from monoclinic in the insulating state to rutile 

in the metallic state and a corresponding change in the materials’ optical, electronic, electrical and 
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mechanical properties. Figure 1.7 shows the resistance versus temperature curve for VO2 

microcantilevers as well as the curve for change in resonance frequency versus temperature [78].  

 

 

Figure 1. 7 a)  Resistance versus temperature curve for VO2 microcantilevers b) change in 
resonant frequency versus temperature. The resistant frequency Figure taken from reference [78].  

 

MIT in VO2 can also be induced at room temperature by the process of electrochemical 

gating, which involves the application of an electrical bias to a VO2 electrode in the presence of an 

electrolyte.  Understanding the effects of electrochemically induced MIT in VO2 is crucial for the 

use of VO2 in applications such as field effect transistors [79]. In recent studies ionic liquids, which 

are room temperature molten salts, have been used as electrolytes for electrochemical gating due 

to their wide electrochemical stability windows [80], [81]. In 2012, Nakano et al showed that the 

application of a gate voltage resulted in a lowering of the Tc of VO2 and the stabilization of the 

metallic state across all temperatures [79]. The mechanism behind the metallization is the subject 

of debate, and various mechanisms have been put forward to explain the phenomenon. Nakano 

and his group attributed the change in conductivity to collective bulk carrier delocalization induced 

by electrostatic charge accumulation at the ionic liquid interface, overcoming the strong electronic 
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correlations present in VO2. However, using a setup similar to Nakano’s, Jeong and his group 

found that the metallization of VO2 was accompanied with generation of oxygen vacancies during 

the gating process [82].  The presence of oxygen vacancies during gating was shown using XPS. 

In addition, they also found that the oxygen partial pressures used during the pulsed laser 

deposition of VO2 samples had a significant effect on the samples resistance behavior versus 

temperature. Figure 1.8 shows the resistance versus temperature curve for a VO2 sample at 

different biasing voltages and at different oxygen partial pressures [82]. Both the curves are similar 

in nature, with high gating voltages being analogous to low oxygen partial pressures and a high 

concentration of native oxygen vacancies.  

 

 

 

Figure 1. 8 The resistance versus temperature response of VO2 a) for different gating voltages 
and b) as a function of oxygen partial pressure during deposition. Picture taken from reference 
[82]. 
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Hence, not only are oxygen vacancies generated during electrochemical biasing, the 

presence of native oxygen vacancy defects can vastly affect the metal-insulator response of VO2. 

Understanding the role of vacancies during ion insertion in VO2 remains poorly understood and is 

one of the primary goals of this work.    

 
 
1.4 Outline:  
 
 Various topics covered in this dissertation includes the synthesis of transition metal oxide 

and metal nitride nanostructures, the study of lithium insertion in the transition metal oxide and 

nitride electrodes and finally the studying the role of ion insertion and vacancy induced defects in 

the metal to insulator transition of VO2.  

 Chapter 2 covers the experimental techniques used in the present work. These include 

spectroscopic techniques used to study defects and characterize the crystallographic phase of the 

materials as well as electrochemical techniques.  

 Chapter 3 gives an overview of synthesis techniques that are commonly used to synthesize 

transition metal oxide and metal nitrides as well as a detailed report of the hot filament chemical 

vapor deposition (HFCVD) technique that was used to synthesize transition metal oxide and nitride 

nanostructures.  

 Chapter 4 covers the performance of transition metal oxide and nitride nanosheets as 

lithium ion battery anodes and the study of the mechanism of lithium ion insertion in these 

electrodes.  

 Chapter 5 covers the study of the role of native oxygen defects in the thermally induced 

MIT in VO2. The study of the role of defects in electrochemically induced MIT by inserting Li+ 

and TBA+ in VO2 nanoparticle electrodes is also covered.  
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CHAPTER 2   E XPERIMENTAL TECHNIQUES 

  

Introduction 

 To understand the performance of metal oxide and nitride as Li ion battery anodes and to 

study the mechanism of lithium intercalation in these electrodes, a variety of different 

electrochemical techniques were used. In addition, techniques such as x-ray diffraction (XRD) and 

x-ray photoelectron spectroscopy (XPS) were used to study the structural changes and electronic 

undergone during the lithium insertion process.  

 To study the role of defects in the ion induced metal-insulator transition in vanadium 

dioxide (VO2), the electrochemical, optical and electronic properties of VO2 were probed using a 

number of electrochemical and spectroscopic techniques were used. The descriptions of the 

techniques used for the current work are provided in this chapter.  

  

  

2.1  Electrochemical Setup 

 Electrochemistry is the branch of chemistry that involves the study of chemical reactions 

and electricity. Electrochemical reactions are chemical reactions that involve the transport of 

electrons. In an electrochemical reaction, the half reactions occur at different sites. As a result, the 

transport of electrons across the two sites is required for the reaction to proceed.  An example of 

an electrochemical reaction is the electrolysis of water which can be described by the following 

half-cell reactions: 

2 H2O(l) + 2e− → H2(g) + 2 OH- 

 	  
                                                      2 OH−(aq)→1/2 O2(g) + H2O(l) + 2 e- 
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Typically, an electrochemical setup consists of at least two electrodes and an electrolyte 

that allows for the transport of ions from one electrode to the other. These electrodes are known as 

the working and counter electrode. The working electrode is the electrode where the 

electrochemical reaction of interest occurs while the counter electrode is used to complete the 

circuit and in some cases, is also a site for one of the half-cell reactions. In some setups, a third 

electrode, known as the reference electrode is used as a point of reference to measure the potential 

of the working electrode. In a three-electrode system, the working, reference and counter 

electrodes are all separate, while in a two-electrode system, the reference and counter electrodes 

are shorted.  

In the present work, electrochemical experiments were conducted for three primary 

reasons: i) evaluating the performance of metal oxide and nitride nanosheets as lithium ion battery 

anodes; ii) understanding the mechanism of lithium insertion into metal oxide and nitride 

electrodes; iii) understanding the role of ion insertion in the metal to insulator transition of 

vanadium dioxide. The electrochemical experiments were conducted inside a glovebox purchased 

from Vigor Tech USA in order to prevent exposure of air or water to lithium. Figure 2.1 shows a 

picture of the circuit diagram of a three-electrode setup used for the electrochemical experiments.  
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Figure 2. 1 Circuit diagram used for the electrochemical experiments. 

 

2.1.1   Galvanostatic Measurements 

The primary parameters that define lithium ion battery performance are specific capacity 

and cycle life. Specific charge capacity is the total amount of lithium ions stored in an electrode 

during charging and the specific discharge capacity is the total amount of lithium released during 

discharge. The total charge stored in the electrode can be calculated by integrating the current 

supplied with the charge or discharge time. Once the charge stored is calculated, the amount of 

lithium stored in an electrode can be calculated using Faraday’s law. Cycle life pertains to the 

stability of the electrode and can be gauged by the change in specific capacity versus the number 

of charge-discharge cycles performed. Figure 2.2 shows the galvanostatic charge-discharge curve 

for MoO2 electrodes [83]. The curve plots the voltage of the electrode versus Li/Li+ against the 

total charge stored in the electrode.  

In order to study the performance of metal oxide and metal nitride nanostructures as Li ion 

battery anodes, galvanostatic (constant current) measurements were performed.  Electrodes were 
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prepared on copper foil using a water based binding agent, the active material (the transition metal 

oxide or nitride) and carbon black. The electrode was encased in a split flat cell from MTI 

Corporation. Detailed descriptions of the electrode preparation and battery assembly are provided 

in Chapter 4.  Galvanostatic testing was conducted using a two-electrode setup. An 8 channel 

battery analyzer from Neware Battery was used to provide a constant current during charge and 

discharge. Typical currents used were in the range of 40-50 µA.  The potential across the battery 

was measured with respect to time and the specific capacity was calculated by integrating the 

current supplied with time.  

 

Figure 2. 2 Galvanostatic charge discharge curves: plot of voltage versus Li/Li+ against charge 
stored for MoO2 electrodes. Figure taken from reference [83].  
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2.1.2   Cyclic Voltammetry   (CV) 

Cyclic voltammetry or CV, is an electrochemical technique that is used to study the 

reduction and oxidation processes of molecular species and for the study of reactions initiated by 

electron transfer [84]. Cyclic voltammetry is performed by cycling the potential of a working 

electrode with respect to a reference electrode and measuring the current between the working and 

the counter electrodes [85]. The applied potential of the electrode is considered to be a linear 

potential scan with a triangular waveform. Figure 2.3 shows a schematic for the variation of the 

applied potential versus time [85]. The peaks observed in a cyclic voltammogram are indicative of 

the voltages where phase changes occur and arise due to two effects. The first effect can be 

described by the Nernst equation which describes the relationship between the potential of a redox 

reaction and the concentration of the species undergoing oxidation or reduction (analytes). The 

second effect is a transport effect which describes the relationship between current and the analyte 

concentration [84].  Consider the case of ferrocenium (Fc+) reduction to ferrocene (Fc), as seen in 

Figure 2.4. During the cathodic scan, from points A to B, the increasing current is a result of the 

reduction reaction reaching its equilibrium voltage as dictated by the Nernst Equation. On the other 

hand, the decreasing current from points C to D is due to the slow mass transport of Fc+ due to its 

low concentration. The opposite effect can be observed during the anodic scan.  
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Figure 2. 3 Schematic of the excitation signal used for cyclic voltammetry showing the applied 
voltage as a function of time. Figure taken from reference [85]. 

 

Figure 2. 4 Cyclic voltammogram for the reduction of ferrocene (Fc+) to ferrocene. Figure taken 
from reference [84].  
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2.1.3.     In-situ Resistance measurements 

 For some of the samples, the resistance of the sample (working electrode) was measured 

during electrochemical reactions to study the effects of ion intercalation/adsorption on the 

electronic and electrical properties. For these measurements, the resistance of the sample was 

measured using additional two molybdenum contacts placed at the bottom of the working 

electrode. Experiments were performed by charging the electrode at a fixed voltage for certain 

duration of time using a CHI 600 Potentiostat The resistance of this charged electrode was then 

measured across the molybdenum clips using a Keithley Sourcemeter. The process was repeated 

for a number of different charging potentials and a resistance vs. voltage plot was obtained. 

 

2.2  Spectroscopic Techniques 

 In addition to electrochemical experiments, a variety of spectroscopic techniques were used 

to characterize our nanomaterials in their pristine state as well as after electrochemical testing to 

determine compositional and structural changes as a result of electrochemical reactions on the 

surface. Some of these techniques include X-ray diffraction, UV-Vis Spectroscopy, Raman 

spectroscopy and FTIR spectroscopy. A brief overview of the theory behind these techniques is 

provided in the following section.  

 

2.2.1 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analysis technique. XPS can 

be used to analyze the elemental composition, empirical formula and electronic states of the 

elements present in a material. All elements can be detected in a material with the exception of H 

and He. XPS is conducted by irradiating a solid surface with a beam of X-rays. Due to the high 
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kinetic energy of X-ray photons, electrons are emitted from the electronic shells of each element 

of the sample. A schematic of the electron emission process is provided in Fig 2.5 [86]. An XPS 

spectrum is obtained by measuring the kinetic energy of the emitted electrons, which is dependent 

on the binding energy of the electrons and the incident photon energy. The measured kinetic energy 

of the emitted electrons is related to the binding energy (B.E) through the following equation.  

   Ek = hν – B.E.  

Where EK is the kinetic energy of the emitted electrons and hν is the incident photon 

energy.  

 

 

Figure 2. 5 Schematic of the photo emission process showing the different energy levels 
involved Figure taken from reference [86]:  

 

Since the electron emission from core level gives rise to XPS peak at fixed binding  

energies that are characteristic of each element, XPS can provide an accurate analysis of the 
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elemental composition of a material. Figure 2.6 shows the XPS spectrum for molybdenum and 

sulphur [87].  

In the present work, XPS was used to determine the oxidation state changes undergone by 

molybdenum nitride electrodes upon lithium insertion, as well as oxidation state changes in VO2 

samples at high and low temperatures. A Physical Electronics PHI 5000 Versaprobe XPS system 

was used for the XPS measurements. The measurements were carried out in a UHV system with a 

base pressure in the order of 10-9 mbar. To study the binding energies of the constituent elements 

in VO2 at different temperature, samples were heated to temperatures of 225 °C in an annealing 

chamber adjacent to the sample stage and their XPS spectra were recorded as the samples cooled 

down. Al K-α radiation (hν = 1486.6 eV) from a monochromatic X-ray source was used for 

excitation. All spectra were normalized with respect to the C1s peak.  
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Figure 2. 6 XPS spectrum for molybdenum and sulfur in MoS2 quantum dots. The 3d peaks 
belong to molybdenum while the 2s peak belongs to sulfur. Picture taken from reference [87].  

 

 

2.2.2 X-Ray Diffraction  (XRD) 

 X-Ray Diffraction or XRD is a technique used to characterize the crystal structure and 

phase of a material. An XRD system typically consists of an X-ray tube, a sample holder and an 

X-ray detector. The X-ray tube consists of a cathode ray tube that produces electrons by a heating 

a filament.  These electrons are accelerated towards a target material such as iron, copper or 

molybdenum. The collisions of these electrons with the inner shells of the target material causes 

the emission of X-rays. The X-rays are filtered to produce monochromatic X-rays, which are then 

directed towards the sample. The incident X-rays interact with the atoms in the crystal lattice of 

the sample material. The X-rays are elastically scattered and form a diffraction pattern. 

Constructive interference between two scattered waves takes place for certain angles and distances 

and is given by Braggs’ Law as follows: 

                                          2dsinθ = n	λ 

where d is the distance between diffracting planes, θ is the angle of incidence and λ is the 

wavelength of the beam.  Figure 2.7 shows a schematic representation of Bragg’s law [88]. 
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Figure 2. 7 Schematic representation of Bragg’s law. Figure taken from reference [88].  

 

 

 The sample is scanned through a range of 2θ values and all the possible configurations of 

diffraction distances are obtained. Since every crystalline phase has a unique XRD spectrum, this 

technique can be used to determine the presence or absence of certain crystallographic phases in a 

given sample. Figure 2.8 shows the XRD patterns for WO3 nanostructures.  

 In the current work, XRD was used to identify and characterize metal oxides and nitrides 

synthesized using the HFCVD process which is described in further detail in Chapter 3. XRD was 

also used to identify the presence or absence of new crystalline phases formed during lithium 

intercalation in MoN. A PanAnalytic X’Pert XRD system was used to conduct the XRD 

experiments. The system has an open Eulerian cradle with a motorized sample stage. The 

instrument has interchangeable PreFIX incident and diffracted beam optics which can be 

configured for high resolution scans the high resolution goniometer in the system has optically 

enabled sample positioning which enables a minimum step size of 0.0001°.  
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Figure 2. 8 XRD pattern for hexagonal WO3 nanostructures. Figure taken from reference [89]. 

 

 

2.2.3  Absorption Spectroscopy 

Absorption spectroscopy includes a variety of different spectroscopic techniques that 

measure the amount of radiation absorbed by a sample as a function of the incident wavelength or 

frequency. When the energy of a photon matches the energy gap between two different quantum 

states of an atom or molecule, the energy of the photon is absorbed to overcome the energy gap 

(Eg) between the two states. For example, in the case of transition metal oxides, the main types of 

transitions that can occur are Eg transitions, transitions due to cation and anionic vacancies, surface 

exciton transitions and d-d transitions [71]. A schematic representation of these transitions can be 

seen in Figure 2.9. Eg transitions occur when an electron is excited from the valence band to the 

conduction band. Hence, absorption spectroscopy can be used to detect the bandgap of a 

semiconductor. Similarly, the presence of anionic or cationic vacancies can create midgap states 
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within the bandgap of a semiconductor, and electron or hole transitions from these defect states 

can be detected using absorption spectroscopy.  

 

 

Figure 2. 9 Schematic representation of various transitions that occur in transition metal oxides at 
different energies and wavelengths. Figure taken from reference [71].  

 

 

a) Ultraviolet-Visible Near Infrared Spectroscopy 

 Ultraviolet-visible-near infrared (UV-Vis-NIR) spectroscopy is a spectroscopic technique 

that utilizes wavelength of light within or adjacent to the visible spectrum of light. A typical UV- 

Vis-NIR spectrometer measures the optical transmittance or absorbance of a material within a 

wavelength range of 300 nm to 3000 nm, which corresponds to the incident photon energy of 0.4 

to 4 eV, respectively. When an incident photon of sufficient energy interacts with an electron in 

the valence band of a semiconductor, the photon is absorbed and the electron moves to the 

conduction band. Since the bandgap of most transition metal oxides (TMO’s) falls within this 

energy range, UV-Vis spectroscopy is an ideal technique to analyze the optical behavior of TMO’s.  

UV-Vis spectroscopy can also be used to detect the presence of defect states in a semi-conductor.  
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Figure 2.10 shows a schematic for NiO band diagrams, and the defect states that can be detected 

using UV-Vis-NIR spectroscopy [71] while Figure 2.11 shows a UV-Vis absorption spectrum for 

V2O5 as a function of oxygen vacancy concentration [90].  

 

 

Figure 2. 10 Energy band diagrams of various defect states in NiO. Figure taken from reference 
[71].  
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Figure 2. 11 UV-vis spectra of V2O5 as a function of oxygen vacancies. Figure taken from 
reference [90].  

 

 In the present work, UV-Vis spectroscopy was used to study the role of oxygen vacancies 

in the temperature induced metal-insulator transition in vanadium dioxide at different temperatures 

using a UV-Vis-NIR spectrophotometer (Shimadzu UV-3600) in the wavelength range of 330-

2600 nm. The instrument has two detector systems, one of which is used for transmission mode 

measurements, and the other for diffuse reflectance measurements.  

A Praying Mantis diffuse reflectance accessory from Harrick Scientific was used to obtain 

FTIR spectra in the diffuse reflectance mode.  

 

b)    FTIR Spectroscopy  

 FTIR spectroscopy, stands for Fourier transform infrared spectroscopy. Unlike UV-Vis 

NIR spectroscopy which uses monochromatic light for its incident beam, FTIR involves the use 

of multiple frequencies of infrared led simultaneously. The light is shone into a Michelson 

interferometer, which is a configuration of mirrors that periodically blocks or transmits every 

wavelength of light present in the incident beam. The light then shines on the sample and the 

absorbance or transmittance of the material is recorded by the detector. The raw data from the 

detector is known as an interferogram and represents the light intensity measured by the detector 

versus the mirror position. The raw data is converted into a FTIR spectrum by using a Fourier 

transformation. The FTIR spectra is a plot of the absorbance or transmittance of a material versus 

the wavenumber of the incident light. A schematic of the FTIR acquisition process is shown in 

Figure 2.12 [91].  
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Figure 2. 12 Schematic of a FTIR spectrum acquisition: from the interferogram to the resultant 
absorbance and transmittance spectra. Figure taken from reference [91].  

 

The main advantages of FTIR spectroscopy over other forms of IR spectroscopy are high 

signal to noise ratios due to the presence of fewer number of mirrors which leads to smaller 

reflection losses, high resolution due to the absence of a slit that limits the amount of incident 

energy reaching the sample [91]. In the current work, FTIR Spectroscopy was conducted between 

2000 cm-1 and 7800 cm-1 to see if the effects seen in the near-IR region of the UV-Vis experiments 

could be observed at higher wavelengths. FTIR spectra were of VO2 samples at different 

temperatures were obtained using a Perkin Elmer–Spectrum One model instrument. The 

spectrometer is capable of data collection over the wavenumber range of 100 –7800 cm-1 and has 

a resolution of 0.5 cm-1. A Praying Mantis diffuse reflectance accessory from Harrick Scientific 

was used to obtain FTIR spectra in the diffuse reflectance mode. 
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2.2.4  Raman Spectroscopy 

Raman Spectroscopy is a form of vibrational spectroscopy that involves inelastic scattering 

of monochromatic laser light. Raman spectroscopy is used to observe the nature of chemical bonds 

by calculating the shifts in their vibrational modes upon excitation via electromagnetic radiation 

of a specific frequency.  When a laser beam interacts with a sample, it induces a dipole moment 

which causes deformations in the sample molecules which start behaving as oscillating dipoles. 

These dipoles scatter light at three different types of frequencies: the scattered light has the same 

frequency as the incident light, it is referred to as Raleigh scattering.  Scattered light that has higher 

wavelength than the incident light is referred to as Stokes scattering while scattered radiation that 

has a smaller wavelength than the incident light is known as anti-Stokes scattering. Figure 2.13 

shows an energy diagram for Stokes and anti-Stokes transitions [92].  

 

Figure 2. 13 Energy diagram of a) Stokes scattering transition b) Anti-Stokes scattering 
transition. Figure taken from reference [92].  

 

 

Both Stokes and anti-Stokes are forms of Raman scattering. Raman bands appear due to a change 

in the polarizability of a molecule due to its interaction with an incident light beam whereas IR 
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bands appear due to a change in the dipole moment of a molecule [92]. Hence, Raman bands 

appear due to molecular vibrational stretches and when the energy transitions that occur due to 

these stretches are plotted in a spectrum, they can provide a unique molecular signature. The 

vibrations that occur in IR and Raman spectroscopy occur at different intensities and as a 

consequence, Raman and IR spectroscopy are considered to be complementary techniques.  

 Since the vast majority of incident photons undergo Raleigh scattering, special filters, 

apertures and spectrometric systems are required in a Raman instrument to amplify the Raman 

signal and attenuate the Raleigh signals.  

 Raman Spectroscopy was used to identify VO2 thin films synthesized using RF Sputtering 

in the current work. Raman measurements were taken using a HORIBA Scientific LabRAM HR 

Evolution spectrometer using a 633 nm He-Ne laser with 16 mW power. 

 

 

2.2.5 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy or SEM is a form of microscopy that uses a focused beam 

of electrons to scan the surface of a sample and generate images. Since the wavelength of electrons 

is much smaller than that of visible light, SEM’s have a much superior resolution than optical 

microscopes.  

 A scanning microscope consists of an electron source, a column consisting of a set of 

electromagnetic lenses and coils and an electron detector. The electron source typically consists of 

an electron gun fitted with a tungsten filament cathode. The source emits an electron beam 

thermionically which is focused by a condenser lens. The condenser lens determines the width of 
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the electron beam. A second lens, called the objective lens is used to focus the beam on the sample. 

Figure 2.14 shows a schematic of a typical SEM instrument [93].  

 

 

Figure 2. 14 Schematic of an SEM instrument. Figure taken from reference [93].  

 

The interactions between the electron beam and the sample surface primarily cause two 

types of electron emissions: backscattered electrons, which are reflected electrons produced after 

elastic collisions with the sample and secondary electrons that are emitted due to inelastic 

interaction between the electron beam and the sample. Backscattered electrons originate from deep 

regions of the sample while secondary electrons originate near the surface. Figure 2.15 shows an 

SEM image of TiO2 nanowires [94].  
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Figure 2. 15 SEM image of TiO2 nanowires. Figure taken from reference [94]:  

 

 

 Due to exposure to the electron beam, charge can build up on non-conducting samples, 

causing image distortions and other errors. To prevent this, non-conductive samples are typically 

sputtered with a metal such platinum or gold.  

 To study their morphology of metal oxide and metal nitride samples, SEM imaging was 

done using a Zeiss Supra Schottky thermal field emission source scanning electron microscope.  

The SEM system has a resolution of about 2 nm and has multiple detectors capable of imaging 

backscattered and secondary electrons. The samples were sputtered with a thin layer of platinum 

to prevent charge buildup.    
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CHAPTER 3   SYNTHESIS OF TRANSITION METAL OXIDES 

AND NITRIDES  

 

3.1       Introduction to Transition Metal Oxide and Nitride Synthesis Techniques  

 Transition metals have partly filled d-orbitals, which enables them to exist in a wide 

variety of oxidation states. This gives rise to a large number of different stable phases of transition 

metal oxides (TMOs) and nitrides (TMNs). The electronic, electrical and optical properties of 

TMOs and TMNs are highly dependent on the morphology and the stoichiometry of the materials. 

The presence of structural or vacancy defects leads to the formation of midgap states that greatly 

affect the properties of these materials. Therefore, it is crucial to use a synthesis techniques that 

allows for the control the morphology and oxidation states of the materials of interest.  

Nanostructures are materials that have at least one dimension in the order of the order of 1 

to 100 nm. Nanostructures of transition metal nitrides and oxides can have significantly different 

properties from their bulk due to their high surface area to volume ratio. In the present work, we 

show that the mechanism for ion insertion in MoN (Molybdenum Nitride) nanostructures is 

completely different than the mechanism in bulk MoN [23] [63]. As a result, nanostructures are 

excellent candidates for studying defect induced electrochemical and electrical properties as well 

as their role in phenomenon such as heterogeneous catalysis. 

 Some of the common techniques used to grow TMOs are solvothermal synthesis, sol gel 

techniques, physical vapor deposition techniques such as e-beam evaporation and radiofrequency 

(RF) sputtering. Chemical vapor deposition (CVD) techniques such as metal organic chemical 
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vapor deposition (MOCVD) and thermal CVD have also been used to grow thin films and 

nanostructures of TMOs respectively.   

Solvothermal synthesis involves conducting reactions in a solvent at temperatures above 

the solvent’s normal boiling point by containing the reaction mixture in a sealed vessel such as an 

autoclave [95]. Hydrothermal, alcohothermal and glycothermal synthesis are forms of 

hydrothermal synthesis that use water, alcohol and glycerol respectively as the solvent. The high 

temperature and pressure within the vessel increases the solvent’s ability to dissolve solids and 

speeds up the reaction kinetics. A typical solvothermal reaction is carried out by loading the 

precursors, reagents and solvent in stoichiometric ratios in an autoclave which is a heated in an 

oven at a set temperature. When the pressure and temperature of the autoclave reach the solvent’s 

critical point, the solvent becomes a supercritical fluid that displays characteristics of both gases 

and liquids and can dissolve chemical compounds are insoluble under ambient conditions. The 

main advantage of the solvothermal synthesis method is the ability to dissolve a large variety of 

different solutes upon reaching the solvent’s critical point. The primary disadvantage of this 

technique is the possibility of contamination through the precursor ions or solvent molecules. The 

solvothermal technique has been used to synthesize oxides such as  CoO, Co3O4 [96], BaTiO3 [97], 

LiMnO2 [98], Fe3O4 [99], MoO3 [100] and WO3 [101].  

Sol-gel synthesis is a technique that uses a colloidal suspension of nanometer sized solid 

particles in a liquid phase, called a sol. Under certain conditions, the interaction of the particles 

with each other form a three-dimensional network called a gel [102]. In a typical sol-gel procedure, 

a metal precursor undergoes hydrolysis to form a metal hydroxide solution (sol) and then 

undergoes immediate condensation to form the gel [103]. Depending on how the gel is dried, either 

xerogels or aerogels can be obtained. Xerogels are obtained by drying the gel under ambient 
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condition pressure conditions and results in shrinkage of the network due to capillary pressure. On 

the other hand, aerogels are obtained by drying the gel under supercritical conditions [102]. The 

advantages of the sol gel technique are low operating temperatures and the control of stoichiometry 

and particle structure. The disadvantages include the high cost of precursors and the possibility of 

contamination from the precursors. The sol gel technique has been used in the synthesis of a variety 

of TMOs such as Fe2O3 [104], CoO and CoO3 [105], MoO3 [106], Mn2O3 and MnO2 [107], WO3 

[108] and NiO [109]. 

E-beam evaporation is a physical vapor deposition (PVD) process where the target material 

is bombarded with a beam of electrons from a tungsten filament, which causes the target material 

to evaporate and precipitate on a substrate in the form of a thin film [110]. The main advantages 

of the e-beam evaporation technique are the possibility of evaporating materials with high melting 

points, high deposition rates: ranging from 0.1nm/min to 100nm/min, low degree of 

contamination. On the downside, very little morphological control is possible with this technique. 

Transition metal oxides such as MoO3 [111], WO3 [112], NiO [113], TiO2 [114] have been 

synthesized using e-beam evaporation.  

 Sputtering is a physical process where atoms are ejected from a solid surface onto a 

substrate due to bombardment from particles with high energy. The particles used for 

bombardment are typically gaseous ions accelerated by a plasma. A typical sputter system consists 

of a vacuum chamber filled with an inert gas such as argon, the target material, such as a metal or 

transition metal oxide, the substrate and a magnetron. In reactive sputtering systems, gases such 

as nitrogen and oxygen are added to the vacuum chamber. These gases can react chemically with 

the target material to form transition metal oxides or nitrides. Common examples of materials 

produced using reactive sputtering are SiO2 using silicon as a target and oxygen as the reactive gas 
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and Si3N4 using nitrogen as the reactive gas. The main of advantage of sputtering techniques is the 

ability to synthesize large area thin films at a low cost compared to many other techniques but 

require targets with high purity. In addition, the synthesized materials are often polycrystalline and 

the ability to tune the morphology of the desired products is limited in these processes. Although 

hot filament chemical vapor deposition (HFCVD) was used to synthesize most of the materials 

used in the current work, RF Sputtering was used in conjunction to make thin films of VO2.  

Metal organic CVD (MOCVD) is a chemical vapor deposition process used to deposit films 

using metalorganic compounds. MOCVD can be used for epitaxial, polycrystalline or amorphous 

growth and deposition. In a typical MOCVD process, metalorganic precursors are transported to a 

substrate using a carrier gas such as argon or nitrogen. The reactive species diffuse at the surface 

and react in a heterogeneous phase which leads to the formation of a film [115]. MOCVD is 

typically carried out at moderate pressures (10 to 760 Torr) and temperatures ranging from 300 to 

900° C. Advantages of MOCVD include control of precursor ratio, growth time, and growth rate 

[116] while the disadvantages are the limited chemistries available for synthesis as well as the 

incorporation of extraneous impurities such as carbon and hydrogen that are the decomposition 

byproduct of organometallic precursors used in the process. MOCVD has been used to grow 

dielectric and ferroelectric oxide thin films such as TiO2, ZrO2, SrBi2Ta2O9 [117].  

Thermal CVD is a process where the deposition of atoms or molecules is done via high 

temperature reduction or decomposition of a chemical vapor precursor species. The decomposition 

of the precursors occurs due to thermal activation while reduction occurs due to the presence of a 

reducing gas such as hydrogen at high temperatures [118]. Thermal CVD has been used to grown 

nanostructures of oxides such as NiO, ZnO, MoO3 and WO3 [119] [120] [121] [122].  
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 Another commonly used CVD technique is atomic layer deposition or ALD. The ALD 

technique is used to grow thin films using sequentially fed gaseous precursors that react with the 

substrate [123]. The main advantages of ALD are precise control of thickness, very good step 

coverage and conformal or highly directional deposition [124] while the disadvantages are slow 

deposition rates and surface contamination which results in surface defects [125]. ALD has been 

used to grow a variety of TMO films such as MoO3 [126], WO3 [127], MnO2 [128], NiO [129] 

and Fe2O3 [130].  

As seen above, although there are many different techniques available for synthesis of 

TMOs, each have their own disadvantages and therefore they not ideal for the synthesis of high 

purity nanostructures of TMO with morphological and composition control. In the current work, 

we use a technique called hot filament chemical vapor deposition (HFCVD) to synthesize 

nanostructures of different transition metal oxides and nitrides. This technique offers many 

advantages which are described in further detail in the following sections.  

Most of the MXenes studied in literature belong to transition metal carbides, although 

MXenes of TMNs such as titanium nitride [31], vanadium nitride and molybdenum nitride [31] 

have also been synthesized.  The most common method of synthesizing MXenes is via selective 

etching of the ‘A’ from the MAX phase using hydrofluoric acid (HF) [31]. Since HF is highly 

corrosive and needs careful handling, in the present work we used a two-step method of 

synthesizing TMN MXenes which consisted of synthesis of the respective TMO first using 

HFCVD and its subsequent conversion to TMN through nitridation in the presence of ammonia. 

Other techniques that have been used for synthesis of TMNs include hydrothermal synthesis [131], 

nitridation of metal sulfides [132], atomic layer deposition [63], pulsed layer deposition [66], sol-

gel synthesis [133] and sputtering [134].  
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3.2       Hot Filament Chemical Vapor Deposition   

            Hot filament chemical vapor deposition (HFCVD) involves resistively heating a metal 

close to its melting point in the presence of a gas such as oxygen or water vapor. The reaction is 

carried out in a vacuum chamber which is evacuated to pressures ranging from 10 mTorr to 100 

mTorr. The working pressure of the reaction is in the order of 1-5 torr.  The flow of oxygen over 

the hot metal filament causes the metal to react and form metal oxide vapors which then condense 

over the cooler parts of the reactor such as the reactor walls and the substrates. HFCVD has 

previously been used to different synthesize transition metal oxides of varying stoichiometries and 

morphologies. Some examples include WO3 nanowires [14], MoO3 nanorods and nanoplatelets 

[135], NiO nanorods and Ta2O5 nanowires [136].  Some of the main advantages of using HFCVD 

are i) due to the absence of contaminants or precursors, transition metal oxides of high purity can 

be synthesized; ii) no toxic chemicals and acids such as HF are required, making the process of 

significantly safer than conventional techniques used to make MXenes; iii) the ability to tune the 

stoichiometry and morphology of the metal oxides formed; iv) the ability to further convert the 

TMOs into their respective nitrides or carbides by a simple phase transformation; v) the ability to 

synthesize gram quantities of the desired material.   

 The reactor setup used for the present work was developed by former graduate students 

Matthew Brier, Ajinkya Puntambekar and Qi Wang. The reactor consists of a tube furnace housing 

a 3 ft long quartz tube with a 2 inch outer diameter. Quartz is preferred over glass due to its ability 

to withstand higher temperatures.  Figure 3.1 shows a schematic of the reactor setup [137].  A 

metal filament of the material of interest with a diameter 0.25mm or 0.5 mm is wrapped around 

molybdenum rods shielded by alumina. Figures 3.2 a and 3.2 b show the photographs of a tungsten 
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rod wrapped around the alumina shielded molybdenum rods. The ends of the molybdenum rods 

are attached to copper leads of the electrical feedthrough at the upstream end of the reactor. The 

copper leads are connected to a variable transformer (or variac) which can provide different 

voltages to the setup, ranging from 0 to 140V. The upstream end of the reactor is also connected 

to the gas inlet feeds. The feeds consist of oxygen, argon, hydrogen and ammonia lines connected 

to precision mass flow controllers (MFCs). The MFCs can allow passage of the required gas at the 

desired flowrate. Typical flowrates used during the reactions is 20-200 standard cubic centimeters 

per minute (sccm). A separate line was used to flow water vapor and air via the use of a bubbler. 

A roughing pump is used at the downstream end of the setup to evacuate the reactor chamber to 

pressures of 10-100 mTorr. The pump is also used during the reaction to maintain consistent gas 

flow and pressures of 1-5 Torr.   

 

 
 
Figure 3. 1 Schematic of the HFCVD reactor setup. Figure taken from reference [137]. 
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Figure 3. 2 a) Tungsten wire wrapped around alumina shielded molybdenum rods. and b) picture 
of the wire during a reaction without the heat shield/furnace 

 

 In the present work, glass or fluorine doped tip oxide (FTO) coated glass slides were used 

as substrates for TMO synthesis. FTO-coated glass is ideal for electrochemical and electrical 

measurements due to its high conductivity. The substrates were cleaned sequentially in a ultrasonic 

both containing soapy water, acetone, ethanol and deionized water and then dried using nitrogen 

prior to their use in the synthesis process.  Molybdenum oxide and vanadium oxide samples of 

various stoichiometries and morphologies were grown using HFCVD.  The reaction mechanism 

of the CVD synthesis is described in further detail in Section 3.3. 

 

3.3         Mechanism of Nanostructure Growth 

           When an electric potential is applied across a metal filament, the filament undergoes a 

process called Joule heating, or resistive heating. The temperature of the filament is a function of 

the filament power, which can be given by the Joule-Lenz law, as follows.  

                          P = I2 R = V I = V2/R                                     (Equation 3.1)  
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where P is the power, I is the current, V is the voltage and R is the resistance. In the present work, 

the applied voltage was controlled by using a variac. To calculate the current passing through the 

filament, an ammeter was used in conjunction with a voltmeter. By knowing the voltage and the 

current or resistance, the power supplied to the filament could be calculated.  

             Several reaction mechanisms have been proposed for the HFCVD process. They can be 

classified into the following categories: vapor-liquid-solid (VLS), solution liquid solid (SLS), 

vapor-solid (VS) and oxide assisted growth (OAG) mechanisms.  

 The VLS mechanism involves the use of vapor phase precursors which react at the surface 

of a metal such as Au, causing the dissolution of the element of interest into a liquid droplet. This 

mechanism has been proposed to explain the growth of single-crystal silicon nanowires on gold 

coated Si wafers in the presence of H2 and SiCl4 precursors [138] [139].  The temperatures required 

for the VLS mechanism range from 400 °C to 1100 °C.  

The SLS mechanism involves the use of a liquid phase solution containing the growth 

precursors and molten metal droplets. The precursor materials dissolve at the solution interface of 

the droplet and the precursor and form soluble byproducts and subsequently crystallize. The 

temperatures required for CVD growth using the SLS mechanism typically range from 150 °C to 

300 °C.  An example of a reaction using this mechanism is the growth of GaAs, InAs and InP 

polycrystalline fibers using In droplets and organometallic precursors in an organic solvent [140].    

The vapor solid mechanism involves the reaction of gas phase species which form reaction 

intermediates which condense directly on to the substrate. These intermediates form seed crystals 

that act as nucleation sites for further crystal growth. As opposed to the VLS and the SLS 

mechanism, no precursors are required for the reaction to occur. In the current HFCVD synthesis, 

we did not observe the formation of metal droplets through SEM images, therefore the VLS 
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mechanism could be ruled out. The deposition most likely occurs via the VS mechanism.  Previous 

research done on metal oxide synthesis using HFCVD has suggested that a reduced phase of the 

metal oxide act as reaction intermediates. The reaction intermediates condense and diffuse to the 

substrate or the reactor wall. The condensed intermediates crystallize on the surface and are further 

oxidized to form metal oxides of various stoichiometries. The morphology of the growing crystal 

is determined by the degree of supersaturation of the reaction intermediates. Previous work done 

in the group by Chakrapani et al [135] has proposed a relationship between the degree of 

supersaturation and the morphology and stoichiometry of the products. Supersaturation can be 

defined as follows: 

                          𝑆𝑆 = 	 '(')
')

 

where p is the partial pressure of the reaction intermediate reacting species and p0 is the equilibrium 

pressure of the species of the solid substrate. The oxygen partial pressure PO2 and filament power 

(W) are the most important factors that control the degree of supersaturation. In general, higher 

oxygen partial pressure and higher filament power correspond with higher degree of super-

saturation of reaction intermediates. Figure 3.3 shows the morphological phase diagram of MoO3 

grown under different conditions. Figure 3.4 shows the SEM images of MoO3 nanostructures 

synthesized under varying supersaturation conditions. A critical power (approximately 170 W) is 

required for any deposition to occur.  At moderate values of P (between 170 and 300 W) and low 

𝑃+,, corresponding to low degree of supersaturation, nanorod like structures are produced while at 

high P and low 𝑃+, gives rise to the growth of non-aligned nanobelts. At high 𝑃+, and moderate 

or high P, corresponding to a higher degree of supersaturation, platelet like growth is observed.  In 

the intermediate regime (moderate 𝑃+,	and P), a mixture of platelet and nanorod growth can be 

seen.  Moreover, the growth of stoichiometric molybdenum oxide is favored at higher 𝑃+, while 
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the reduced MoO3 is more likely to grow under low 𝑃+, conditions. The introduction of water 

vapor via a bubbler also favors the growth of reduced metal oxides. Figure 3.5 shows a photograph 

of MoO3 samples of varying stoichiometry. While vertically aligned nanowires are suitable for 

solar cell applications due to faster and higher electron transport to the back contact, nano-platelets 

are more suitable for Li ions in Li ion battery applications [141].  In the present study, high 𝑃+,	and 

high P were used to form nano-platelets of both MoO3 and V2O5.  

 

 

Figure 3. 3 Relationship between morphology and reaction conditions. Low 𝑃+, and low Power 
favors the growth of nanorods while high 𝑃+,	and Power favor the growth of platelets. Figure 
taken from reference [135]  
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Figure 3. 4 SEM of TMOs synthesized using different conditions. The nanowires were 
synthesized at low oxygen partial pressure (low super saturation) while the nanobelts were 
synthesized at high oxygen partial pressures (high super saturation).  

 

 

Figure 3. 5 MoO3 samples of varying stoichiometries. From left to right, the samples are more 
and more reduced. 

  

3.4   Synthesis of Transition Metal Nitride: Nitridation Process  

           Molybdenum Nitride was synthesized from the MoO3 formed using the HFCVD technique 

as described above, by a simple phase transformation using ammonia.  The reactor setup used 

during HFCVD synthesis was used for the nitridation reaction with a few modifications.  Instead 
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of using metal filament as the raw material, the metal oxides formed using HFCVD were annealed 

in the presence of ammonia and argon at a temperature of 700 °C for 8 hours. As opposed to 

HFCVD synthesis, where the heat was provided via a variac, the furnace surrounding the quartz 

tube was used as the heating source. The ammonia to argon ratio used was 1:4 at a pressure of 2 

Torr.  

       The two main phases of molybdenum nitride formed by nitridation of molybdenum oxide and 

ammonia are beta b-Mo2N and d-MoN. b-Mo2N has a cubic structure while d-MoN has a 

hexagonal structure. The mechanism for growth of b-Mo2N in the presence of ammonia is given 

by the equation [142]:  

2 MoO3 + 4 NH3 = Mo2N + 6 H2O + 3/2 N2.  

The growth of delta MoN can be represented by the equation: 

2 MoO3 + 2 NH3 = 2MoN + 3 H2O + 3/2 O2.  
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Figure 3. 6 The furnace used during the nitridation reaction.   

 

 

Figure 3. 7 Molybdenum nitride sample on FTO substrates resting on a quartz boat. The white 
sample on the bottom right is un-nitrated MoO3 near the downstream end of the reactor.  

 

X-ray diffraction or XRD was used to identify the crystal structure of the metal nitrides. 

Shown in Figure 3.8 shows the XRD spectrum of molybdenum nitride. The peaks observed at 2θ 

values of 31°, 36°, 49° and 65° are characteristic of the (002), (200), (202), and (220) planes of d-

MoN. The absence of molybdenum oxide peaks indicates almost complete nitridation to d-MoN.  

Peaks corresponding to b-Mo2N cannot be observed either, indicating the presence of a single 

crystallographic phase.    
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Figure 3. 8 XRD spectrum of MoO3 nanoparticles on copper substrate. 

 

Scanning electron microscopy (SEM) was used to study the morphology of the synthesized 

molybdenum nitride samples Figure 3.9 shows SEM images of 2-D MoN nanosheets at different 

magnifications. The nanosheets are vertically oriented with a width of 20-30 microns and a 

thickness of 5 nm to 40 nm.  

 

 



	
60	

 

 

Figure 3. 9 SEM images of 2D MoN nanosheets at different magnifications. The structures are 
vertically oriented with a width of 20-30 microns and a thickness of 5-40 nm.  

 

 

3.5  Synthesis of Vanadium Dioxide: Hydrogenation Process  

Prior work by Chakrapani et al. [135] showed that V2O5 is the primary product of the 

reaction of vanadium filament with oxygen in the HFCVD process, even under low oxygen partial 

pressures and in the presence of water vapor. Therefore, synthesis of VO2 used in this work 

required an additional reduction step. Instead of directly making VO2 from HFCVD, VO2 was 

synthesized by reducing the V2O5 formed using the HFCVD process in a hydrogen argon 

environment at high temperatures. The hydrogen gas acts as a reducing agent and changes the 

oxidation state of vanadium from +5 to +4.   The hydrogen to argon ratio used was 1:3 and the 

reaction was carried out at temperatures between 525 °C and 545 °C for 4-8 hours with a pressure 

between 4-5 torr.                     
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The VO2 synthesized using this process was found to be highly metallic in nature, which is 

an indication of the presence of native oxygen vacancies within the crystal lattice of the VO2. This 

oxygen-deficient VO2 sample was further annealed at 250 °C in an oxygen rich environment in 

order to quench oxygen vacancies and convert this to semiconducting VO2.  

 

3.6       Radio Frequency Sputtering  

  In the present work, reactive RF sputtering was used to synthesize V2O5 thin films using a 

AJA Orion System. For V2O5 growth, a vanadium target of high purity was used along with a 

mixture of argon and oxygen. The substrates used were FTO and glass slides. The V2O5 thin films 

were then reduced in the presence of hydrogen as described in section 3.5. Raman spectrometry 

was used to characterize thin films made from the RF sputtering technique.. Figure 3.10 shows the 

Raman spectra of VO2 thin films on a FTO substrate. The peaks seen at 190, 211, 307, 390, 492 

and 610 cm-1 are characteristic peaks of VO2.  
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Figure 3. 10 Raman spectrum of VO2 thin films on a FTO substrate.  
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Chapter 4:  Effect of Lithium intercalation on Transition Metal Oxide 
and Transition Metal Nitride nanostructures and their use as Lithium Ion 
Battery Anodes 

 

Introduction  

This chapter covers the use of transition metal oxides and transition metal nitrides nanostructures 

as Li-ion battery anodes. The chapter starts with an overview of the key parameters used to 

measure the performance of a battery anode. An overview of the lithium intercalation mechanism 

in anodes is then covered. Finally, the experimental results for molybdenum nitride, which was 

used as the model material are discussed. 

 

4.1 Key Parameters  

4.1.1 Specific Capacity  

The specific capacity of an electrode is an important parameter to determine the performance of a 

battery and is defined as the total charge (ions) stored in an electrode per unit weight. The standard 

units for specific capacity are mAh/g. Graphite anodes, which are the anodes used in commercial 

Li ion batteries, have a theoretical specific capacity of 372 mAh/g.   

 The theoretical specific capacity of a material can be calculated using Faraday’s law of 

electrolysis and is given by the following equation [46]: 

                        Q = nF/(3.6*Mw)                                                       Equation    4.1  
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where Q is the specific capacity in mAh/g, n is the number of electrons exchanged per lattice 

molecule during the lithium intercalation process, F is Faraday’s constant (96485 C/mol) and Mw 

is the molecular weight of the material.  

 

4.1.2 Efficiency;  

 Efficiency is defined as the ratio of charge delivered during the discharge cycle to the 

charge stored during the charge cycle. For example, if the discharge capacity for a cycle is 360 

mAh/g and the charge capacity is 400 mAh/g for the same cycle, the efficiency is equal to 

(360mAh/g)/ (400mAh/g) = 90%.  Ideally electrodes should have efficiencies higher than 95%, 

but many conversion based electrodes suffer from low efficiencies ranging from 30-60% [23] [31] 

[63].  

 

4.1.3 C rate: 

The C rate is the rate at which a battery is discharged relative to its maximum theoretical capacity. 

For example, at a C rate of C/20, a battery operating at its maximum theoretical capacity will 

discharge in 20 hours. Slower C rates are used to measure the overall performance of an electrode 

in order to avoid kinetic limitations while faster rates are used to measure the fast charge-discharge 

characteristics of an electrode.  

 

4.2 Mechanism of lithium intercalation 

Lithium intercalation in an electrode can occur via two mechanisms: insertion and conversion. The 

following section covers the two mechanisms in more detail: 
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4.2.1 Insertion Mechanism  

The insertion mechanism is a physical process involving the intercalation of Li+ ions into 

the lattice space of the electrode. In the case of a graphite electrode, the intercalation reaction can 

be represented by the following equation: 

Li+ + e- + 6C   «   LiC6 

Here, one lithium atom is intercalated per every 6 atoms of graphite. The theoretical capacity of 

this reaction is calculated using Equation 4.1 ,   Q = 1*96485/(3.6*72) giving a value of 372 

mAh/g.  

While they undergo volumetric expansion as a result of Li+ insertion, they involve no irreversible 

chemical reactions with the host lattice. In a typical insertion electrode like graphite, the ions are 

inserted into the van der Waal’s spacing between successive graphene layers. As a result, such 

electrodes show good reversibility, low capacity fading, and good structural integrity during 

cycling. 

 

4.2.2 Conversion Mechanism  

 The conversion mechanism involves the reaction of Li ions with the anode material to form 

lithium oxide or nitride and metal. For example, in the case of a cobalt oxide (CoO) electrode, the 

conversion reaction can be written as follows:  

    CoO + 2Li+ +2e- «  Co + Li2O 

The theoretical capacity of this reaction is equal to: Q = 2*96500/(3.6*75) which gives a value of 

714.8 mAh/g. Since conversion electrodes generally involve more electrons per molecule, the 

theoretical capacity of these electrodes is higher than that of insertion electrodes. However, the 

volumetric changes that occur during the charging and discharging cycles lead to problems such 
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as loss of electrical contact with the conductive binder, and continuous consumption of the 

electrolyte for the solid−electrolyte interphase (SEI) formation [23]. The SEI is a solid passivation 

layer on the anode that is formed due to decomposition of the electrolyte at the anode. The SEI is 

typically formed during the first cycle of charge/discharge and prevents further interaction of the 

electrode with the anode but allows the passage of Li+ ions. The formation of the SEI can 

significantly affect the charge/discharge capacities of an anode material between the first and the 

second cycles.   Figure 4.1 shows the specific capacity of tungsten nitride (WN) electrodes for the 

first two cycles [143]. Note the high charge capacity for the first cycle compared to the second 

charge cycle. This is because part of the charge is used for the formation of SEI layer and is not 

associated with the Li+ insertion process. A good battery anode should show efficiency of the first 

cycle as close to the steady state efficiency as possible.  

 

 

Figure 4. 1 Specific capacities for the first two cycles of WN electrodes. There is significant drop 
in the capacity between the first charge and discharge cycle, and also between the first and 
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second charge cycles, likely due to inefficient formation of the SEI layer. Figure taken from 
reference [143]. 

 

 Recent studies performed on metal oxide and metal nitride conversion electrodes has 

shown that the lithium intercalation mechanism in these electrodes is via a two-step process. The 

first step is an insertion reaction where lithium ions intercalate within the lattice of the metal 

nitride. The reaction can be written as follows:  

                                               MN + xLi+ + xe-      «   LixMN 
 
This reaction typically occurs at relatively high voltages (around 1 V). The second step is a 

conversion reaction where the lithium reacts with the metal nitride to form Li3N and metal 

nanoparticles and occurs at lower voltages. This reaction can be written as: 

MNy  +  3yLi+ + 3ye-     «  M+ yLi3N 
 
Figure 4.2 shows the cyclic voltammogram of MoN thin film conversion electrodes by Nandi et 

al [63]. During the first cathodic sweep, peaks at 1.0 V, 0.39 V and 0.15 V can be seen. In 

subsequent cycles. The peak at 0.15 V corresponds to the formation of the SEI layer. The peak at 

1.0 V corresponds to the lithium insertion reaction, while the peak at 0.39 V corresponds to the 

conversion reaction. In subsequent cycles, the peak at 0.39 V shifts slightly to 0.42 V.  

    



	
68	

 

Figure 4. 2 Cyclic voltammogram of MoN thin film conversion electrodes. The peak 
corresponding to the conversion reaction is visible at 0.39 V in the first cycle and at 0.42 V in 
subsequent cycles. Figure taken from reference [63].  

   

 The conversion mechanism in metal oxide and nitride electrodes can also be observed by 

studying the crystal structure of an electrode during the lithiation and delithiation processes. Figure 

4.3 and Figure 4.4 show the ex-situ X-ray crystallograms for iron nitride (Fe3N) thin film 

electrodes [66].  Figure 4.3 shows the X-ray crystallogram for a pristine electrode while Figure 4.4 

shows the crystallograms for lithiated and delithiated electrodes. Upon lithiation, the emergence 

of a strong Fe (110) peak can be observed at a 2θ value of 44°, confirming the formation of iron 

nanoparticles during lithiation. Interestingly, after delithiation, the metallic iron peak does not 

completely disappear, indicating that the conversion reaction has some degree of irreversibility 

associated with it.  
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Figure 4. 3 X ray crystallogram of a pristine Fe3N electrode. Figure taken from reference [66].  

                          

Figure 4. 4 X-ray crystallogram of lithiated and delithiated Fe3N electrodes. The emergence of a 
strong metallic peak is observed in the lithiated sample. This peak does not completely disappear 
upon delithiation, indicating that the conversion reaction isn’t completely reversible. Figure 
taken from reference [66].  

 

The nature of the conversion mechanism can also be probed by observing X-ray 

photoelectron spectra (XPS). Fig 4.5 and 4.6 show the XPS spectra for pristine and lithiated cobalt 

*	Stainless	steel	
substrate 

Lithiation 

Delithiation 
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nitride, Co3N [66].  In the pristine sample, the core level peaks of cobalt, Co 2p3/2 and Co 2p½ 

appear at binding energy values of 781.9 and 795.3 eV respectively. However, in the lithiated 

sample, these peaks show a considerable shift towards lower binding values, with Co 2p3/2 

appearing at 777.8 eV and Co 2p1/2 appearing at 792.5 eV. This shift of the core Co 2p peaks is 

indicative of the formation of lower oxidation state Co, which the authors determined to be 

transition of Co+ to Co particles.  

 

 

Figure 4. 5 XPS spectrum of pristine Co3N. Figure taken from reference [66].  
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Figure 4. 6 XPS spectrum of lithiated Co3N. The Co 2p peaks move to lower binding energy values, 
indicating a change in the oxidation state of the sample. Figure taken from reference [66].  

 

 

4.3 Experimental Results 

 
4.3.1 Preparation of electrodes 
 

Electrodes used for testing the performance of metal nitrides as anodes were made using a 

mixture of the metal oxide or nitride in powdered form, a water based binder and carbon black 

coated onto a copper foil. The purpose of the binder is to make the active material adhere to the 

electrode substrate while the carbon black is to ensure sufficient conductivity of the mixture. The 

binder consists of a mixture of caboxymethylcellulose (CMC) and styrene butadiene rubber (SBR 

glue). The constituents required for the binder are 95% deionized water and roughly 2% CMC and 

2% SBR glue.). CMC is a white powder that serves as a thickening agent and an anti-precipitant. 

SBR glue is a white milky liquid with a light blue gloss and used as the binding agent.  

4.1ev 2.8	eV 
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First, a liquid thickening agent was prepared by heating 10 ml of deionized water to 80 °C on a 

hot plate and slowly adding 200 mg of CMC into the water. The solution was continuously stirred 

using a stir bar to ensure complete dissolution of the CMC. 200 mg of SBR glue was then added 

to the solution while being stirred continuously. In order to ensure that the electrodes had adequate 

conductivity, the metal oxide or nitride powder used were ground together with conductive carbon 

powder in a 8:1 ratio using a mortar and pestle.  The binding agent was then added to the mixture 

in a 1:1 ratio, forming a slurry. The electrode slurry was coated on top of a copper foil using a fine 

brush. 3-4 layers of the slurry were coated on the top of the foil to ensure uniform distribution. The 

electrode was then heated at a temperature of 90-100° C on a hot-plate and air dried.  

 For measuring the performance of the electrodes, a half-cell setup was used. Lithium coins 

were used as the reference and counter electrodes while a 1M solution lithium 

hexafluorophosphate (LiPF6) in propylene carbonate (PC) was used as the electrolyte. The whole 

setup was encased in a split flat cell purchased from MTI Corp. Fig 4.7 a and 4.7 b show pictures 

of the electrode and the split flat cell used for electrochemical testing.  

 

                

Figure 4. 7 a) A picture of a MoN electrode prepared on copper foil; b) A picture of the split flat 
cell used for electrochemical measurements. Picture taken from reference [144].  
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4.3.2 Battery performance 

The half-cell performance of the MoN nanosheets was conducted using galvanostatic (constant 

current) testing at a constant current of 35 uA/cm2. This corresponds to a C rating of C/20. The 

upper and lower limits chosen on the voltages versus Li/Li+ were 3 V and 0.005 V respectively. 

The plots of voltage versus charge stored or delivered is shown in Fig 4.8 The figure shows the 1st, 

30th, 60th, 90th and 120th charge and discharge cycles. The similarity in the charge and discharge 

plots indicates that the charge discharge process is stable even after more than 100 cycles. Figure 

4.9 shows the charge/discharge capacities of MoN electrodes for 200 cycles at a C rate of C/20. 

The lithiation or charge capacity for the first cycle was 336 mAh/g while the delithiation or 

discharge capacity for the first cycle was 302 mAh/g. The efficiency of the first cycle was 90%, 

significantly higher than the 30-60% capacities observed in bulk metal nitride electrodes and in 

carbide based niobium and vanadium MXenes [23] [31] [63]. The lithiation and delithiation 

capacities for the next 15-20 cycles increased to about 350 mAh/g and subsequently leveled off 

between 310 and 320 mAh/g. The electrode also showed a significant change in the slope of the 

voltage profile at 1.5 V and 0.7 V during lithiation for the first few charge cycles. The change in 

slope decreased gradually and did not appear after 40 cycles. The charge and discharge curves 

were almost identical to each other after 60 cycles. The efficiency for the first fifteen cycles was 

approximately 90-95%, but was consistently above 99.4% after 20 cycles.  

 To study the galvanostatic performance of MoN electrodes at higher current densities, the 

electrodes were tested under rapid charging conditions at different C rates.  

Fig 4.10 shows the charge/discharge capacities of the electrodes at C rates of C/20, C/4, C/2 and 

1C. At current densities corresponding to C/4 and C/2, the capacity of both the charge and 
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discharge profiles was around 250 mAh/g. Upon increasing the current density to 1C, the capacity 

decreased to around 180 mAh/g and leveled off, showing no significant change even after 100 

cycles.  

 The galvanostatic results show that electrodes made from MoN nanosheets can deliver 

stable charge and discharge capacities in excess of 300 mAh/g at current densities of C/20. The 

high efficiencies (in excess of 99%) and the stable nature of the charge and discharge voltage 

profiles indicate that the intercalation and deintercalation process is highly reversible. To further 

investigate the mechanism of the lithium insertion in these electrodes, various electrochemical and 

spectroscopic experiments were conducted and have been described in further detail below.  

 

Figure 4. 8 Plot of voltage vs charge stored for MoN electrodes at a C rate of C/20.  
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Figure 4. 9 Plot of charge and discharge capacities as well as efficiency for MoN electrodes.  

                      

Figure 4. 10 Plot of charge and discharge capacities for MoN electrodes at different C rates.  
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4.3.3 Mechanism of Lithium Insertion in MoN.   

In order to study the mechanism of Li+ in MoN nanosheets, cyclic voltammetry, differential 

capacitance (DC),  (XRD) and XPS were conducted.  

Figure 4.11 shows the CV curve for MoN nanosheets for the first, third and fourth CV 

cycles. During the first cathodic scan (going from a voltage of 3V to 0V versus Li/Li+), three 

different peaks were observed at 1.5 V, 1.2 V and 0.66 V. The differential capacitance (DC) curves 

of the MoN electrodes, which plot the differential of charge stored versus voltage, were consistent 

with this data and showed peaks at 1.55 and 1.27 V. The area under the curve for the cyclic 

voltammogram was slightly different for the first and fourth cycles, likely due to the formation of 

the SEI layer or the reduction of any functional groups present on the electrode surface. Previous 

work done on metal nitride bulk electrodes has shown that intercalation in these electrodes occurs 

via a two-step mechanism, an insertion followed by a conversion reaction. The first reaction occurs 

at a voltage of approximately 1 V while the second reaction occurs at 0.4 versus Li/Li+. In the 

present work, the cyclic voltammogram observed for metal nitride nanosheets have significantly 

different features. The first difference is the high degree of reversibility of the curves even after 

repeated charging and discharging. Both the CV and DC curves show peaks around 1.25 and 1.55 

V for all four cycles, indicating the absence of any irreversible phase transformation occurs during 

the first cycle that are common in bulk transition metal oxides and nitrides due to the formation of 

Li2O (or Li3N) and metal nanoparticles. The second main difference is the absence of a peak near 

0.4 V, which is characteristic of the conversion reaction that occurs in bulk metal nitride electrodes. 

These features indicate that the Li+ intercalation mechanism in MoN nanosheets is exclusively 

through insertion and does not involve any conversion steps.  



	
77	

 

Figure 4. 11 Cyclic voltammogram of MoN nanosheet electrodes. Note that the peaks 
corresponding to conversion reactions are absent. 

 

Figure 4. 12 Differential capacitance curve of MoN electrodes. The peaks observed in the DC 
curve match with the peaks observed during cyclic voltammetry.  
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In order to further investigate the structural changes undergone during the lithium 

intercalation process, ex-situ XRD was conducted on MoN electrodes at three different potentials: 

in the pristine condition, after lithiating to a potential of 0.005 V, and after delithiation at 3 V. The 

electrode that was used for 200 cycles of galvanostatic testing was also subjected to XRD 

measurements. The XRD patterns for these conditions are shown in Fig 4.13. No major changes 

in the crystallographic features can be seen during or after cycling. The 2q values of 31, 36, 49 

and 65 degrees can be seen in all four plots. These 2q values correspond to the (002), (200), (202) 

and (220) planes of hexagonal delta MoN. MoN is most commonly found in two different 

crystallographic phases: β-Mo2N and δ-MoN. δ-MoN has a planar hexagonal structure while β-

Mo2N has a bcc structure. In the present work, peaks corresponding to β-Mo2N were not observed, 

indicating that only the planar structure of δ-MoN was present. The hexagonal structure δ-MoN is 

similar to graphite and can allow for easy intercalation and deintercalation of Li+ without inducing 

significant stresses on the crystal structure. Similarly, only a weak signal at 53° corresponding to 

the (211) plane of MoO2 was observed, indicating that the phase transformation from TMO to 

TMN was almost complete with nitridation during the synthesis step. In order to understand the 

mechanism of Li+ insertion process, we obtained ex-situ XRD patterns of the electrode during 

various stages of Li+ insertion process, i.e. at various charging potentials. The results are shown in 

Figure 4.14. XRD patterns show that the lithiated electrode (at 0.005 V versus Li/Li+) retains its 

well-defined crystal structure and shows no major shift in the diffraction pattern. Prior studies have 

shown done on transition metal nitrides have shown a significant loss in the XRD signal of the 

metal nitride upon lithiation and in some cases, the appearance of peaks corresponding to the 

respective metal nanoparticles. 
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Figure 4. 13 XRD pattern of pristine, lithiated and delithiated MoN electrodes alongwith an 
electrode that was cycles 20 times. All 4 patterns retain the crystallographic nature of δ-MoN.  

 

XRD patterns of electrodes charged to 1.55 and 1.27 volts were also taken. These voltages 

correspond to the peaks observed during the cyclic voltammetry and differential capacitance 

measurements. As can be seen in Fig. 4.14, the XRD pattern of the electrode charged at 1.55 V is 

similar to the pattern of the pristine sample. However, while the features characteristic of δ-MoN 

can be seen in the sample lithiated at 1.27 V, additional peak signals at 38°, 41°, 41.8° and 44.6° 

can be observed. These additional peaks can be likely be attributed to the formation of products of 

the solid-electrolyte interface (SEI layer). The peaks at 38° and 44.6° likely appear due to the 

formation of lithium fluoride (LiF), whose (111) and (200) planes give rise to strong characteristic 

peaks. The (111) peak of LiF can also be seen in the sample lithiated to 0.005 V.  Metallic 

molybdenum peaks are absent in any of the XRD patterns. Consequently, the XRD results show 
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that the crystallographic nature of the MoN nanosheets is retained during lithiation and 

delithiation, supporting the hypothesis that the intercalation mechanism is purely due to insertion.  

 

Figure 4. 14 XRD patterns of MoN electrodes charged to different voltages. All four patterns 
retain δ-MoN peaks. Additional peaks corresponding to products of the SEI layer can be seen in 
the sample charge to 1.27 V.  

 

The electronic structure of the δ-MoN was probed using an ex-situ XPS technique. Samples for 

XPS measurements were prepared by charging to a potential of 0.005 V versus Li/Li+ under a 

constant current of −50 µA. After charging (lithiation), samples were emmersed from the 

electrolyte and rinsed with propylene carbonate to remove superficial impurities, dried, and 

transferred immediately to the XPS system and care was taken to ensure minimum air exposure. 

Figure 4.15 shows the higher-resolution Mo 3d XPS spectra of pristine and lithiated electrodes. 

Twin peaks at binding energies (BE) of 229 and 232 eV can been seen corresponding to the Mo 

3d envelope. These peaks are characteristic of spin−orbit split peaks of Mo 3d5/2 and Mo 3d3/2, 

respectively. The Mo 3d spectrum of the lithiated sample showed no significant shift in the BE of 
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the 3d envelope compared to the pristine sample. This indicates that Li+ insertion does not 

significantly affect the electronic structure of 2D-MoN, which is contrary to the results expected 

if the charge storage mechanism involved conversion of the MoN to metallic Mo and Li3N. Instead, 

XRD, CV, and XPS results strongly suggest that the Li+ are inserted probably at the interlayer 

spacing of the basal planes of MoN, similar to the Li+ insertion mechanism seen in other layered 

compounds, such as graphene. Because the mechanism involves no conversion reaction and does 

not involve significant changes in the crystal structure, it enables the battery to maintain longer 

cycle life even at higher charging rates. Significantly, this is the first demonstration that shows that 

tuning the morphology of the electrode can lead to a switch in the mechanism of Li+ insertion 

from conversion to the insertion mechanism.  

 

Figure 4. 15 XPS spectra of the Mo 3d peaks for lithiated and pristine MoN electrodes.  

 

  In summary, electrodes of molybdenum nitride (MoN) nanosheets were prepared using a 

water based binding agent. The performance of the electrodes was measured using a half-cell setup. 
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Stable specific capacities of 310-320 mAh/g were achieved for MoN after 200 cycles with 

efficiencies higher than 99%. In order to investigate the mechanism of ion insertion in these 

electrodes, cyclic voltammetry (CV), differential capacitance (DC), were conducted. Both CV and 

DC indicated the absence of peaks associated with conversion reactions involving Li+, indicating 

that the mechanism of ion insertion in the MoN nanosheets electrodes was purely via Li insertion. 

The results were corroborated using x-ray diffraction (XRD) and XPS measurements. The XRD 

spectra for both lithiated and delithiated electrodes indicated a complete retention of the crystalline 

peaks of MoN and an absence of metallic Mo peaks. XPS results showed that the core Mo peaks 

did not shift upon lithiation, once again indicating the absence of metallic molybdenum. Our 

results suggest that tuning the morphology of the electrode material can enable one to control the 

mechanism of Li+ insertion and therefore the ultimate performance of the battery.  

 

4.4 Performance of vanadium nitride electrodes 

In addition to studying the performance and mechanism of Li insertion in MoN electrodes, 

the performance of vanadium nitride (VN) nanosheet electrodes was also measured using 

galvanostatic testing. Figure 4.16 shows the voltage vs charge stored plot for vanadium nitride 

electrodes.  
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Figure 4. 16 Plot of voltage vs charge stored for VN electrodes at a C rate of C/20.  

 

Stable charge and discharge capacities ranging from 200-220 mAh/g and efficiencies higher than 

95%. Figure 4.17 shows the plot of charge and discharge capacities as well as efficiency for VN 

electrodes.  
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Figure 4. 17 Plot of charge and discharge capacities as well as efficiency for VN electrodes.  
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Chapter 5: Defect Induced Metal-Insulator Transition in Vanadium 
Dioxide 
 
	
Introduction 

This chapter covers the topic of metal-insulator transition (MIT) of VO2. The chapter starts 

with an overview of the theories put forward to explain the mechanism of MIT in VO2. Next the 

experimental results pertaining to the effects of native defects and electrochemical gating in VO2 

are covered. The chapter ends with a discussion of the donor-acceptor mechanism and the role of 

oxygen defects in inducing both thermally and electrochemically induced MIT in VO2.  

 

 
5.1  Theories for metal to insulator transition in VO2.  

Many strongly correlated oxides possess the ability to undergo an insulator-to-metal 

transition (MIT). This phenomenon has been observed in both undoped and doped strongly-

correlated transition metal oxides such as nickelates, manganites and vanadates. The insulating 

phase of VO2 is known to have a monoclinic structure consisting of one-dimensional (1D) chains 

of dimerized vanadium atoms (V-V pairs).  Upon heating above 67 ºC, this phase becomes metallic 

with a rutile structure without V-V dimers. Due to the concomitant nature of the electronic and 

structural phase transition, there is a fierce debate in the community regarding the true driving 

force for this phase transition. Because the electronic transitions are accompanied by structural 

distortions, the exact mechanism of MIT process has been a subject of intense debate for many 

years. The prominent theories attribute the MIT process to the instability of Peierls-distortion 

[145], Mott-Hubbard e- correlation effects [146], or a combination of both effects. Time-resolved 

diffraction studies showing dilation of V-V dimers within 300 fs following phase transition support 
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the Peierls-distortion theory. However, recent results have shown that MIT occurs in timescales as 

low as ~26 fs, which is faster than the 200 fs time scale of phonon-bottleneck, strongly supporting 

the Mott-Hubbard correlation theory. Dynamical mean-field theory (DMFT)-based density 

functional calculation (DFT) suggest that the formation of the dynamic V-V singlet pair due to the 

strong Coulomb correlation is a necessary condition for triggering the opening of the Peierls gap, 

and thus attribute MIT to both electron correlation and Peierls interactions [147]. In 1996, Bocquet 

et al. suggested that VO2 is not a Mott-Hubbard insulator but is a charge–transfer insulator 

exhibiting strong mass renormalizations [148]. Although theoretical techniques such as DFT or 

DFT+U have proven useful for describing other oxides, they routinely fail to reproduce the 

experimental spectrum of insulating phase of VO2. Most of these theoretical calculations have 

been performed for stoichiometric VO2 [149] [150] and do not account for the non-stoichiometric 

nature of the crystals. Questions remain pertaining to whether correlation effects alone are 

responsible for the opening of the band gap of ~0.6 eV, which theoretical calculations have been 

unable to reproduce. VO2 crystals grown by most techniques are often non-stoichiometric with a 

tendency to form oxygen-excess crystals in the semiconducting phase. Although the extent of 

resistivity changes is known to depend on the stoichiometry of the material, the proposed 

mechanisms of MIT above do not consider the role of native defects. In 1969, Berglund and 

Guggenheim proposed a mechanism for the MIT process based on a donor-acceptor pair model 

[151] which has mostly been overlooked in literature.  They suggested that MIT is a result thermal 

excitation of e- from “acceptor-like” states to “donor-like” states present within the band gap.  They 

attributed the insulating phase at room temperature of VO2 to the presence of both types of states, 

making it a compensated semiconductor.   
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In the current work, we expand upon their original explanation and show that the MIT 

process in VO2 is driven by the co-existence of both native oxygen interstitial ‘acceptor-type’ 

defects and oxygen vacancy ‘donor-type’ defects. We attribute the driving force for the MIT to an 

electronic process involving the thermal excitation of e- from the V4+-V4+ dimer to form V5+-V3+ 

states. Changes to the ratio of the lattice V3+/V5+ redox concentrations (donor/acceptor ratio) 

through electrochemical redox processes induces i) new transitions involving sequential insulator-

metal-insulator-metal phases; ii) complete suppression of metallic phase at temperatures up to 120 

ºC. 

 

5.2  Effect of external stimuli on the MIT in VO2.  

A wide variety of external stimuli including strain [152], pressure, [153] [154] electron 

doping [155], chemical doping [156] [157], magnetic field [158], and light [159] have been known 

to induce MIT in VO2. According to the general understanding, the mechanism of temperature-

induced MIT could be different from chemically and electrochemically driven phase transitions. 

Phase transitions driven by electric fields have been attributed to both electrostatic charge injection 

[160]  and to the formation of vacancy defects during gating in ionic liquids [82]   

During the electrolytic gating process, charge injection into the oxide lattice is balanced by 

counter-injection of ionic charge from the electrolyte. Quartz crystal microbalance studies [161] 

on titanium dioxide have shown that bulky cations such as TBA+ (which has an ionic radius of 

about 28 Å) undergo adsorption at the surface of the oxide due to steric hindrance, while smaller 

cations such as Li+(ionic radius of 9 Å), H+, Na+ intercalate into the metal oxide lattice. Therefore, 

the size-dependent ionic charge compensation during electrochemical gating occurs via adsorption 

at the oxide/electrolyte interface or within the oxide lattice during intercalation. Although both 
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processes electrostatically balance injected e- during charging, their effect on the electronic 

properties can be significantly different. For example, intercalated ions can react with bulk vacancy 

defects to induce certain phase transitions that are not possible with adsorptive-gating. Adsorption 

is a surface-area limited process, while intercalation is limited by the oxide volume. Compared 

with solid-state back gating, electrochemical gating can achieve higher gate capacitance (or 

injected carriers) due to the small size of the ion (~0.1 nm) that constitutes the molecular layer of 

the double layer. Nanostructures of VO2 are ideal for electrochemical gating experiments, as their 

nanoporous structure allows for percolation of ions within the film. In the present work, 

electrochemical adsorptive and intercalative gating enabled injected charge carrier densities as 

high as 6x1021 cm-3 in the case of TBA+ and 2x1023 cm-3 in the case of Li+ compared to densities 

less than 1020 cm-3 achieved via back gating. In the current work, we show that electrochemical 

gating of VO2 in the presence of Li+ leads to a sequential insulator-metal-insulator-metal transition. 

Due to steric limitations, only an insulator-metal-insulator transition can be observed in the case 

of TBA+ adsorption. Ions such as TBA+, and Li+ act as electron donors and therefore induce the 

formation of metallic phases in increasing the lattice V3+/V5+ ratio. In contrast, the 5HSO- ion is a 

very good e- acceptor with a high redox potential. As a result, we were able to observe that gating 

VO2 in its presence leads to a decrease in the lattice V3+/V5+ and a complete suppression of phase 

transition to the metallic phase even up to 120 ºC. 

 
5.3  Experimental Results 

Experiments were performed on single crystalline VO2 nanowires grown using HFCVD 

synthesis of V2O5 nanowires followed by a reduction of the V2O5 in the presence of hydrogen to 

form VO2. The synthesis process has been described in more detail in chapter 3.  Figure 5.1 shows 

a SEM micrograph of VO2 nanowires. As obtained nanowire samples were single crystalline but 
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were highly oxygen deficient and exhibited metallic conductivity.  Semiconducting VO2 

nanowires were obtained by annealing as-produced nanowires in air at 250 ºC for 48 hours 

(referred to as “annealed VO2”).  The use of nanowires is advantageous for several reasons: i) they 

provide a high surface area platform for the study adsorption limits of chemical moieties; ii) their 

short diffusion path length results in short times for the insertion and deinsertion of ions. As a 

result, all changes observed here were reversible within the timescale of measurements; and iii) 

their ability to withstand great strain due to volumetric expansion prevents irreversible lattice 

changes.  

 

 

Figure 5. 1 SEM image of VO2 nanowires  

 

To study the role of native oxygen vacancies on the electrical behavior of VO2, a sample 

consisting of VO2 nanoparticles grown on FTO was annealed at 250 ºC in air for various time 

lengths, as can be seen in Figure 5.2. The pristine sample was metallic in nature and had a very 

low resistance at room temperature and the change in resistance upon heating above 67 ºC was 
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negligible. Upon subsequent annealing, the sample showed a higher resistance at room 

temperature, and the extent of MIT increased. After a certain amount of annealing time, the 

resistance at room temperature did not increase any further and saturated around 10 kW.  

 

Figure 5. 2 Effect of annealing on the observed MIT in VO2.  

 

X-ray photoelectron spectroscopy (XPS) measurements were done on both annealed and 

unannealed VO2 to determine the oxidation states present in the sample. Figure 5.3 shows that both 

samples contain multiple oxidation states of V, namely V3+, V4+, and V5+. Unannealed samples 

showed a higher V3+/V5+ ratio, which is consistent with the higher concentration of oxygen 

vacancy defects, while annealed samples showed a lower V3+/V5+ ratio. The co-existence of both 

higher and lower oxidation states indicates that two types of defects are present in VO2
 and are 

most likely oxygen vacancy defects and oxygen interstitial defects. Our XPS results are in line 

with the prior results of Demeter and coworkers [162] who showed the existence of both higher 
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(+5) and lower (+3) oxidation states in ultra-high vacuum-cleaved single crystalline VO2 surfaces. 

Their results indicate that excess oxygen in the bulk sample is likely due to interstitial defects, and 

not just due to surface oxidation. The co-existence of the mixed valent cations has been reported 

in all the common phases of vanadium oxide including V2O5, V6O13, VO2, V4O7, V3O5, and V2O3. 

All the above vanadium oxides are known to show MIT at varying temperatures.  

 

 
 
 

Figure 5. 3 XPS Annealed vs Unannealed: Vanadium core level spectra of annealed (oxygen 
rich) and unannealed (oxygen deficient) samples. 

 

To study the difference in the optical properties of unannealed and annealed VO2, in-situ 

UV-Vis-Near IR and FTIR spectroscopic experiments were conducted on VO2 nanowires above 

and below 67 ºC . Figure 5.4 shows a composite graph of the UV-Vis-NIR and the FTIR absorption 

spectra. The top half of the graph shows the absorbance of unannealed and annealed VO2 samples 

while the bottom half shows the change in absorbance (DA) above and below 67 ºC. While the 
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unannealed sample showed very little change in the absorbance upon heating above 67 ºC in both 

the UV-vis-near IR and mid IR range, the annealed sample registered a significant increase in the 

absorbance in both ranges upon heating. This is indicative of the presence of midgap states in VO2 

above the MIT transition temperature due to the generation of oxygen vacancy and oxygen 

interstitial defects.  

 

 

 

Figure 5. 4 The top half of the graph shows the absorbance of annealed and unannealed 
nanowires while the bottom half shows the change in absorbance upon heating above 67 ºC.  
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 In order to observe the relationship between oxygen and other vacancies in 

electrochemically induced MIT, oxygen rich (annealed) VO2 nanoparticles on FTO were subjected 

to electrochemical charging in non-aqueous electrolytes using Li+ and TBA+. Due to their small 

size Li+ ions intercalate within the crystal structure of the VO2, while the bulky TBA+ ions only 

adsorb on the surface of the VO2. Electrochemical charging of annealed VO2 nanowire films was 

performed by the application of a step potential using a potentiostat (660E CH Instruments) until 

ionic equilibrium throughout the bulk of the film was reached, which was indicated when the 

charging current reached low values (~10-6-10-7 A). 

 Figure 5.5 shows the changes in the resistance of a semiconducting VO2 sample during 

electrochemical gating in the presence of lithium ions. Lithium intercalation into VO2 was carried 

out using a three-electrode setup consisting of a VO2 sample on FTO as the working electrode and 

lithium as both the reference and counter electrode in 0.1M lithium perchlorate (LiClO4) in 

propylene carbonate (PC). Four different resistance regimes were observed. At high potentials vs 

Li/Li+ (~2 V), corresponding to low charge carrier concentrations (~1022 cm-3), an insulating phase 

was observed with a resistance of 5 to 7 kW . This corresponds to the insulating state of VO2 at 

room temperature in the absence of external stimuli.  Upon further Li+ intercalation, the resistance 

decreased to less than 2 kW. This second regime was observed at potentials between 1.1 and 1.4 V 

vs Li/Li+ corresponding to a charge carrier concentration of approximately 4x1022 cm-3. In the third 

regime, at potentials between 0.7 and 0.9 V vs Li/Li+ and charge carrier concentration of ~1023 

cm-3, the resistance of the sample increased above 7 kW. In the final regime, the resistance of the 

sample dropped below 0.5 kW.  Hence, the intercalation of in VO2 resulted in the formation of 

sequential insulator (I)-metal (I)-insulator (II)-metal (II) transitions (IMIMT). 
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Figure 5. 5 Resistance vs Voltage Bias in Lithium: An insulator-metal-insulator-metal transition 
can be observed. 

 

Figure 5.6 shows the change in resistance during electrochemical gating in the presence of 

TBA+. TBA adsorption on VO2 was performed with a platinum wire as the counter electrode and 

silver foil as the reference electrode in 0.1 M (TBAP) in PC. Despite the use of high surface area 

VO2 nanowires, the maximum charge carrier concentration observed in the case of TBA+ was 

6x1021 cm-3	during which the sample underwent an insulator (I)-metal (I)-insulator (II) transition 

(IMIT).  This behavior with TBA+ ions is similar to the transition reported by Dahlman et al. [163] 

with VO2 nanoparticles studied through optical transmission measurements. Figure 5.7 shows the 

comparison of the injected charge carrier concentrations that we observed in Li+ and TBA+ 

solutions with other types of gating such as chemical doping and back gating.  
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Figure 5. 6 The resistance of a VO2 electrode at different voltage biases in the presence of TBA+ 
ions. Three different phases can be observed, following a insulator-metal-insulator transition.  

	

	
 

 In-situ measurements of the relationship between resistance and temperature at various 

potentials of phase transitions indicated that while insulator (I) showed a MIT response at 70 ºC, 

the insulator (II) state showed no transition to the metallic state with temperatures even up to 120 

-2.0 -1.5 -1.0 -0.5 0.0 0.5
2

3

4

5

6

7

8

9

R
es

is
ta

nc
e 

(k
W

)

Potential vs. Ag (V)

Insulator-II        Insulator-I

Metal-I

TBA+ Adsorption

62       41      20       13       6        2          x1020

Number e- injected per volume (#/cm3)



	
96	

ºC in both Li+ and TBAP+ electrolytes. This indicates that electronic structure of insulator (II) is 

different from that of insulator (I). Figure 5.7 shows the resistance vs temperature response at 

different potentials in Li+, while Figure 5.8 shows the resistance vs temperature response at 

different potentials in TBA+.  

 

 

 

Figure 5. 7 The resistance vs temperature response for a VO2 electrode at different voltage biases 
in the presence of Li+.  
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Figure 5. 8The resistance vs temperature response for a VO2 electrode at different voltage biases 
in the presence of TBA+. Note, the extent of MIT suppression is lower in the case of TBA+ 
adsorption.  

 

 

In addition to insertion of Li+ and TBA+, electrochemical gating experiments were 

conducted in the presence of an oxidizing electrolyte, oxone, which contained peroxomonosulfate 

( 5HSO- ) ions. Electrochemical charging in the presence of oxone was performed using a three-

electrode setup with platinum as the counter electrode and silver as the reference. A 0.1 M solution 

of oxone in PC was used as the electrolyte.  As seen in Figure 5.9, in the absence of a bias, the 

VO2 electrode showed the characteristic temperature-dependent MIT process. Upon the 

application of a positive bias, the MIT process was suppressed and the resistance of the electrode 

did not change significantly even above 80 ºC. This suppression of MIT on the application of a 

positive bias was only observed in the oxone solution and was absent in the presence of Li+ and 

TBA+. Therefore, we found that the phase transitions due to gating is ion dependent and not bias 

dependent. In addition, the removal of the sample from the electrolyte restored the MIT response 
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of the electrode, indicating that the change in response wasn’t due to irreversible surface oxidation 

changes. Hence the results of the electrochemical experiments performed in the presence of Li+, 

TBA+ and 5HSO- 	indicate that electrolytic gating induced phase transitions process is linked to 

the lattice redox (V3+/V5+) changes that can be modulated through ions of specific redox energy. 

 

Figure 5. 9 Suppression of the MIT response in VO2 in the presence of oxone.  
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To understand the phase transitions due to thermal and electrochemical gating, we first look at the 

previously proposed mechanisms. Insulator-metal-insulator transitions (IMIT) have been reported 
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narrowing of the 3d bands resulting from out-of-plane lattice expansion (increasing strain) and to 

electron correlations effects.  However, this mechanism does not explain the nucleation of the 

metal-II phase within insulator-II during gating in an Li+ electrolyte, as volumetric expansion 

increases with increasing Li+ concentration in the lattice. It also does not explain the absence of 

thermal MIT in the gated insulating phase.  

 We find that the observed phase changes cannot be explained by simple electron-

correlation effects or due to strain induced band gap modifications.  However, we find that our 

results of both thermal and electrochemical gated VO2 can be rationalized within the ‘donor-

acceptor’ model proposed originally by Berglund and Guggenheim [151]. Their model suggests 

that VO2 contains high density (~1018 cm-3) of donor and acceptor defects within the band gap.  At 

room temperature, VO2 is a highly compensated n-type semiconductor, while thermal excitation 

at higher temperatures leads to metallic conductivity.  Berglund and Guggenheim’s argument for 

the existence of donor-acceptor states within the band gap stems from the following observations: 

i) no clear abrupt optical absorption threshold can be seen in VO2 at the photon energy 

corresponding to the energy gap in the semiconducting state; ii) absence of any observable 

photoconductivity, and iii) absence of rectifying behavior at the metal-semiconductor contact with 

high work function metals such as Pt, Au, Al or Cu.  All of the above observations can be explained 

by the presence of high density of trap (acceptor) states within the band gap. We propose that the 

likely candidates for the donor and acceptor species are native defects that cause self-doping.  In 

VO2, the likely donor and acceptor states are oxygen vacancy defects and interstitial oxygen 

defects that result in the formation of V3+ and V5+ on the neighboring V atoms, respectively.  The 

thermal excitation of e- from the lower lying acceptor states (V5+) to the donor states (V3+) can be 

expected to cause an increase in the density of both V3+ and V5+ states as well as a shift in the 
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Fermi level (EF) to higher electron energies. Studies conducted by other researchers using scanning 

Kelvin probe force microscopic measurements have shown that the work function of VO2 

decreases from 4.88 eV to 4.7 eV during transition from the semiconducting to the metallic state 

[168] and are consistent with this hypothesis. Interestingly, the authors noted that work function 

decreased only by ~0.05 eV when adsorbed water from ambient air is present on the sample 

surface.  However, a decrease of ~0.45 eV has been reported in photoemission measurements in a 

ultra-high vacuum (UHV) environment [169].  

To probe the shifts in the valence states of VO2 during the MIT process, we measured in-

situ changes in the core V 2p and O 1s levels, as seen in Figure 5.10 and 5.11 respectively.  XPS 

results of several researchers taken on a variety of VO2 samples grown using different techniques 

show that the total line widths of V2p signal increases upon transition to metallic state.  

Mendialdua et al. [170] reported a reversible increase in the full width at half maximum (FWHM) 

of V 2p3/2 from 3.1 eV at room temperature to 4.6 eV at 200 ºC.  Cooling to 35 ºC restored the 

FWHM to 4 eV.  Similar results were seen by Sawatzky and Post [171] who noted an increase 

towards a lower BE from 3.2 eV to 4.1 eV at 100 ºC and a relative increase in the line width for 

V2O3 above its transition temperature (Tc = -123 ºC).  This broadening of 2p3/2 line width during 

MIT has previously been attributed to the valence fluctuation resulting from the Coulomb 

interaction between the core hole and valence electron interactions between the semiconducting 

and metallic states.  Instead of the valence fluctuating resulting from the instantaneous charge 

distribution noted by Hubbard [172], we attribute the line width broadening to an increase in the 

density of V3+ and V5+ states.  
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Figure 5. 10 In-situ XPS of the vanadium core level above and below the MIT transition 
temperature.  

 

 

Figure 5. 11 In-situ XPS of the oxygen core level above and below the MIT transition 
temperature.  

 

 

We find the extent of line broadening during transition to metallic state at T>67 ºC is nearly 

similar to the difference in the measured V 3p3/2 line widths between O-deficient (unannealed) 
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metallic and O-excess (annealed) semiconducting VO2 samples (Figure 5.3).  Since the main 

difference between the annealed and unannealed sample was an increase in the V+5/V+3 ratio after 

air annealing, we conclude that the MIT process also involves changes to the V5+ and V3+ 

concentration.   

The results from the electrochemical gating measurements can also be rationalized in terms 

of the donor-acceptor model.  Gating in the presence of Li+ leads to e- injection into VO2. Li+ is an 

electron donor due to the low redox potential with respect to the conduction band potential of VO2.  

Therefore, application of a negative bias leads to the filling of dúú states and the donor states that 

leads to the increase in V3+/V5+ ratio and the formation of the metal-I phase. The formation of 

second insulator phase (insulator-II) upon e- injection is most likely due to the complete filling of   

the dúú band.  Note that in this phase, both acceptor and donor states are already filled with 

electrons.  This explains the absence of temperature induced MIT transition in the insulator-II 

phase.  Further e- injection is accommodated with the filling of next higher level band (likely σ* 

band) that again leads to the metallic conductivity. This final metal state is absent in the case of 

electrochemical gating in TBA+ due to the lower injected charge carrier concentrations. To 

conclude, this unified-donor acceptor model can be described to explain both thermally and 

electrochemically gated MIT in VO2.  
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Chapter 6     Ongoing and Future Work  

 

6.1 Ongoing Work 

 

6.1.1 Effect of ion insertion on the electronic structure of VO2 

In the current study, the electronic structure of oxygen deficient and oxygen rich VO2 at 

room temperature have been studied using XPS. The XPS spectra of both oxygen rich and oxygen 

deficient VO2 indicated the presence of three different oxidation states of vanadium (+3, +4 and 

+5). The V3+ state likely corresponds to oxygen vacancy defects while the V5+ state likely 

corresponds to oxygen interstitial defects. According to the donor-acceptor model, these defect 

states give rise to donor or acceptor type states close to the conduction band and valence band of 

VO2 respectively. In the case of oxygen rich VO2, the ratio of donor to acceptor type states (ratio 

of V3+ to V5+) is close to 1 and leads to insulating behavior at room temperature due to the 

compensation of donor and acceptor states. In the case of oxygen deficient VO2, the ratio of donor 

to acceptor type states is higher leading to metallic behavior even at room temperature.  

The in-situ XPS spectra of oxygen rich VO2 were also taken above and below the transition 

temperature (67 ºC). The vanadium 2p peaks at high temperature showed a peak broadening. We 

attribute this to the thermal excitation of filled acceptor states to unfilled donor states. This leads 

to the metallic behavior in VO2 above 68 ºC.  

While the XPS spectra of the oxygen rich and oxygen deficient VO2 at room temperature 

as well as the in-situ temperature based spectra fit well with the donor-acceptor model, further 

XPS studies need to be done on electrochemically induced MIT in VO2.  Both TBA+ and Li+ are 

electron donors to VO2 and lead to donor type defect states which give rise to the metal-I phase. 
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Ex-situ XPS spectra of VO2 samples biased at the voltage corresponding to the metal-I phase need 

to be obtained in order to see if there is an increase in the ratio of V3+ to V5+, which would indicate 

the presence of donor type states arising due to the intercalation of lithium or adsorption of TBA+. 

Similarly, ex-situ XPS spectra of VO2 samples biased to the voltage corresponding to the insulator-

II phase need to be taken above and below 68 ºC. According to our hypothesis, the donor and 

acceptor states are completely filled in the insulator-II state. This would result in a narrowing of 

the vanadium 2p peak and correspond to lower concentrations of V3+ and V5+. Finally, ex-situ 

spectra of VO2 biased at a positive bias in oxone need to obtained above and below 68 ºC. Oxone 

is an electron acceptor from VO2, and leads to the formation of acceptor type states and hence we 

expect the XPS spectrum of oxone-biased VO2 to have a higher concentration of V5+ than unbiased 

VO2.  

 

6.1.2 Effect of crystal size on the thermal hysteresis in VO2.  

 VO2 undergoes a massive change in resistance upon heating above 68 ºC. This phase 

transition from insulating to metallic behavior is reversible. However, the phase transition from 

metal to insulator in VO2 upon cooling occurs at a lower temperature than 68 ºC. The phenomenon 

of the temperature difference in the phase transition between heating and cooling is known as 

thermal hysteresis. An example of the thermal hysteresis in VO2 is shown in Figure 6.1 [173]. 

During the heating process, the resistance of the VO2 samples decreases sharply between 60 and 

67 ºC. However, during the cooling process the resistance does not increase sharply till the sample 

is cooled below 45 ºC.  Understanding the nature of the hysteresis profile is necessary for 

applications such as infrared microbolometers [174]. The factors affecting the width of the 

hysteresis curve are thought to be affected by parameters such as heating and cooling rate and 
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morphology. For example, the width of the hysteresis profile in single crystal VO2 is known to be 

very little, of the order of 1-2 ºC. [70] [175], while polycrystalline films are known to have widths 

of the order of 10-20 ºC [175]. Recently, in studies conducted by Li et al, VO2 nanocrystals were 

subjected to heat treatment at different temperatures. Their results showed that the temperature 

used for heat treatment significantly affected the width of the hysteresis profile. Nanocrystals 

heated at 350 ºC had a hysteresis width of 9 ºC while samples heated at 700 ºC had a width of 4.5 

ºC [176].  The width of the hysteresis curve can also be affected by chemical doping. Studies 

conducted by Chen et al. showed that the tungsten doped VO2 nanoparticles showed a significant 

decrease in the width of the hysteresis curve [177]. VO2 doped with a doping concentration of 8% 

showed a hysteresis width of approximately 5 ºC while the undoped VO2 showed a hysteresis width 

of approximately 25 ºC.  They attributed this change to a decrease in the activation energy 

difference between the metallic and insulating phases with increasing doping levels.  

 

 

Figure 6. 1 An example of the thermal hysteresis observed in VO2. The phase transition 
temperature for the cooling and heating curves has a difference of approximately 20 ºC. Figure 
take from reference [173].  
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The curve shown in Figure 6.1 shows the major hysteresis loop in VO2. In addition to the major 

loop, experimental results have indicated the presence of minor hysteresis loops within the major 

loop [174] [175] . Figure 6.2 shows the minor hysteresis loops within the major hysteresis loop of 

VO2. Interestingly, some of the minor loops showcase nonhysteretic behavior [175].   

 

 

Figure 6. 2 Minor hysteresis loops within the major hysteresis loop of VO2. Some of the minor 
loops showcase nonhysteretic behavior. Figure taken from reference [4].  

 

In the current work, to study the work of crystal size on the hysteretic behavior seen in 

VO2, samples with varying morphologies were studied. The first sample consists of uniform 

nanoplatelets roughly 0.3 to 0.4 µm in length and width. The second sample consists of nanorods 

with widths of roughly 0.5 µm and lengths of 2 µm. SEM images of the two morphologies are 

shown in Figure 6.3 a) and b).  The samples were heated and cooled at a uniform rate of 1 ºC/ min 

and their resistance vs temperature profiles were compared.  Figure 6.4 shows the resistance vs 

temperature curves for nanorods and nanoplatelets.  The width of the hysteresis profile was 
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observed to be 17 ºC for the nanorods and 27 ºC for the nanoplatelets.   Further studies will be 

conducted on oxygen rich and oxygen deficient VO2 samples to study the effect of stoichiometry 

on the hysteresis behavior in VO2.  

 

 

Figure 6. 3 a) SEM images of VO2 nanoplatelets and b) nanorods 

 

 

 

Figure 6. 4 Resistance vs temperature profiles for VO2 nanorods (red) and nanoplatelets (blue). 
The width of the hysteresis, as measured at the halfway point is 17 ºC for the nanorods and 27 ºC 
for the nanoplatelets.   
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6.1.3    Study of phase changes in electrochemically gated vanadium dioxide 

In the current work, vanadium dioxide nanostructures were subjected to electrochemical 

gating experiments in the presence of various ions such as Li+, TBA+ and 5HSO- . An insulator-

metal-insulator-metal (IMIM) transition was observed in the case of Li+ intercalation while an 

insulator-metal-insulator transition was observed in the case of TBA+ adsorption. Further 

investigation needs to be conducted to study the phase changes undergone during these transitions. 

Figures 6.5 and 6.6 show the current as a function of the potential bias in the presence of Li+ and 

TBA+ respectively. This plot gives an indication to the different electrochemical phases that occur 

during the gating process. Cyclic voltammetry experiments will be conducted on VO2 samples in 

solutions containing  Li+, TBA+ and oxone to study these results in further detail. 

 

 

Figure 6. 5 Current vs potential bias plot for VO2 in Li+.  The magnitude of the current increases 
significantly during the insulator- II phase, indicating a phase change.   
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Figure 6. 6 Current vs voltage plot for VO2 in TBA+.    The magnitude of the current increases in 
the metal-I and insulator-II phase.  

 

	
6.2.1 Future Work 

	
6.2.1 Hybrid Metal Oxide and Nitride Nanostructures for Battery Application  
	

Transition metal oxides and nitrides are promising materials for lithium ion batteries due 

to their high specific capacities, low redox potential for Li+ insertion. Oxides such as Mn2O3, 

Fe2O3, Co3O4, NiO, MoO3 and WO3 have theoretical specific capacities of 1018, 1007, 890, 718, 

1117 and 693 mAh/g respectively [46].  However, many of the aforementioned materials behave 

as conversion electrodes, which leads to the formation of lithium oxide and metal particles, 

resulting in significant volume expansion/ contraction and leading to loss in capacity after repeated 

charge and discharge.  

In the current work, we have described how nanostructures of molybdenum nitride can act 

as insertion anodes and allow for easier intercalation and deintercalation of lithium without 

affecting the crystal structure of the anode even after hundreds of charge discharge cycles [23]. 
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While insertion electrodes show higher structural stability compared to conversion electrodes, the 

theoretical capacities of most insertion electrodes is lower than conversion electrodes. Graphite, 

the most commonly used anode material in commercial lithium batteries is an insertion electrode 

and only has a theoretical specific capacity of 372 mAh/g [178].   

Hence, insertion electrodes and conversion electrodes both have their set of advantages and 

disadvantages. The high specific capacities of conversion electrodes come at the cost of cycle life 

and stability, while insertion electrodes offer more stable and long lasting electrodes at the cost of 

specific capacity. Common strategies used to improve the cycle life of conversion electrodes are 

primarily based on developed porous structures and hollow structures that provide a buffer volume 

for volume expansion and contraction [46] [179] [180].  A variety of different hybrid electrodes 

have been studied in literature to improve electrode performance, stability and conductivity. 

Carbon nanotubes, or CNTs have been used in conjunction with TMOs such as Fe2O3 [181], Co3O4 

[46], NiO [182] and MoO2 [183] to provide electrodes with higher resilience to volume expansion 

and contraction as well as higher conductivity. In recent studies by Sultana et al, hybrid electrodes 

consisting of Fe2O3 and Co3O4 gave stable specific capacities of 700 mAh/g after 300 cycles. These 

results were significantly better than electrodes consisting only of Fe2O3 or Co3O4 [30].  

While hybrid materials consisting of two active TMO’s have been delivered promising 

results in recent literature, the use of a single material with varying morphologies for battery 

application purposes have not been studied. We propose studying hybrid electrodes consisting of 

a mixture of bulk metal nitride and metal nitride nanostructures. The bulk nitride acts as a 

conversion electrode while the nanostructure provides a scaffold to allow for volume expansion 

and contraction. Similar to the study of molybdenum nitride nanosheets, battery performance will 

be studied using galvanostatic charge and discharge. Structural changes undergone during the 
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lithium insertion process will be studied using XRD. Changes in the electronic structure will be 

probed using XPS.   

 

6.2.2 Effect of ion insertion on the phase transition properties of V2O3.  

Vanadium sesquioxide (V2O3) undergoes an insulator to metal transition above a 

temperature of 160 K, which results in a change in resistivity that is several orders of magnitude 

[184].  This transition is accompanied with a change in the crystal structure of the material from a 

monoclinic phase below 160 K to a trigonal corundum structure above 160 K [184] [185]. The 

magnetic properties of V2O3 also change abruptly below 150 K. V2O3 is paramagnetic at room 

temperature and becomes antiferromagnetic below 150 K [186].  As in the case of VO2 the 

mechanism of the insulator-metal transition in V2O3 is poorly understood. Amongst the theories 

includes the Mott-Hubbard model, however this model cannot explain the results of experimental 

studies done on the spin and orbital transitions in V2O3 [187]. The role of stoichiometric defects in 

the MIT behavior seen in V2O3 is also poorly understood. In recent studies Trastoy et al showed 

that thermal quenching RF sputtered V2O3 increased the magnitude of the metal to insulator 

transition. They suggested that thermally quenched V2O3 has fewer stoichiometric defects than 

unquenched V2O3. They also found that metallic behavior in V2O3 can be stabilized by oxygen 

doping [184]. These oxygen doped samples showed stable reversible metallic behavior when 

cooled to temperatures as low as 125 K. Their results are summarized in Figure 6.7.  While they 

did not explain the reasons for this behavior, we suggest that the metallic behavior seen at low 

temperatures is due to oxygen interstitial defects that cause acceptor type states close to the valence 

band of V2O3. 
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Figure 6. 7  Effect of oxygen doping and quenching on the MIT response in V2O3. The thermally 
unquenched sample shows a more prominent MIT response than the unquenched sample. The O-
rich sample shows a stable metallic phase at temperatures as low as 125 K. Figure taken from 
reference [184].  

 

 Unlike VO2, electrochemically induced metal-insulator transition in V2O3 has not been 

studied extensively.  We propose a detailed study of the effects of ion insertion on the metal-

insulator transition observed in V2O3. V2O3 samples prepared using HFCVD and RF sputtering 

will be subjected to electrochemical biasing experiments in the presence of electrolytes containing 

various ions such as Li+ and TBA+ as well as oxone. Resistance profiles will be obtained at 

different voltage biases at room temperature. Furthermore, ex situ resistance vs temperature 

measurements will be obtained for samples biases at different voltages. Finally, in depth XPS 

studies will be conducted on V2O3 samples at room temperature and below 150 K to study the 

electronic structure of V2O 3.  
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