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Lithium-ion batteries play a crucial role in portable electronics, but require further 

innovation for electric vehicle and grid storage applications. To meet this demand, 

significant emphasis has been placed on developing safe, inexpensive, high energy 

density cathode materials.  

LiFePO4 is a candidate cathode material for electric vehicle and grid storage 

applications. Vanadium-doped LiFePO4 cathodes of the form LiFe1-3x/2Vx◽x/2PO4 (0 ≤ x 

≤ 0.25) were synthesized here by a facile, low-temperature microwave-assisted 

solvothermal (MW-ST) method. Such an approach offers manufacturing-energy and cost 

savings compared to conventional synthesis. Additionally, although LiFe1-3x/2Vx◽x/2PO4 

has been synthesized previously by conventional methods, it is shown here that the MW-

ST method allows much higher doping levels than can be achieved at conventional 

temperatures, indicating that metastable phases can be isolated through the low-

temperature microwave-assisted synthesis.  

LiFePO4 suffers from poor ionic conductivity, but this limitation can be 

minimized by microwave-assisted synthesis through a tuning of the particle size, 

allowing for decreased Li
+ 

diffusion paths. LiVOPO4 is another polyanion material with 

higher energy density than LiFePO4, but similar ionic conductivity limitations. It has not 



 x 

been previously synthesized by MW-ST. Thus, a MW-ST method was developed here to 

prepare LiVOPO4. By varying reaction conditions, three polymorphic modifications of 

LiVOPO4 were accessed and the electrochemical performance was optimized. LiVOPO4 

can be further discharged to Li2VOPO4, which has been suggested in the literature, but 

the structural transformation that accompanies this process has not been detailed. To this 

end, the delithiation process was studied by ex situ XRD measurements to better 

understand how the second lithium is accommodated.  

Finally, MW-ST has also been exploited to grow thin films of anatase TiO2 phase 

on indium tin oxide (ITO)-coated glass substrates. The microwave field is selectively 

absorbed by the conductive ITO layer on the glass substrates, leading to ohmic heating. 

The resulting heated ITO layer acts as a favorable site for nucleation and growth. TiO2 

thin films have widespread applications in the energy and electronics sectors. Such 

selective microwave-assisted ohmic heating of solid materials within a growth solution 

represents a promising new avenue for microwave synthesis, which has been minimally 

explored in the literature.  
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Chapter 1: Introduction 

1.1 MOTIVATION  

As energy usage increases across the globe, energy storage becomes a more and 

more critical hurdle to overcome. Development of electrified transportation is essential 

for cleaner, more efficient vehicles and for curbing national security concerns that are 

associated with importing oil. Energy storage is also needed for practical utilization of 

electricity generation from intermittent renewables such as solar and wind, and batteries 

are a candidate for large-scale storage. Finally, growth in the portable electronics market 

has led to demand for lighter devices with longer battery lives. Improvements in cost, 

safety, and performance of batteries are needed for widespread adoption of electric 

vehicles, grid storage, and to keep up with developments in portable electronics.  

1.2 LITHIUM-ION BATTERIES 

Batteries can be divided into two categories: primary and secondary batteries. 

Primary batteries can be used a single time and then are discarded, whereas secondary 

batteries are rechargeable. Only secondary batteries are practical for electric vehicles, 

electric grid storage, and the plethora of portable electronics the modern society depends 

on every day. Secondary batteries can be divided into several different chemistries. The 

most commonly used chemistries are lead-acid, nickel-cadmium, nickel metal hydride, 

and lithium-ion batteries. Of all the secondary battery chemistries currently 

commercialized, lithium-ion batteries offer the highest gravimetric and volumetric energy 

densities. Despite this, the realizable energy and power densities are still limited by 

materials challenges. Thus, the discovery and optimization of new materials for lithium-

ion batteries has been the subject of intense research. Improvements in cost, performance 

(cycle life, power density, and energy density), and safety are all needed for lithium-ion 
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batteries to expand from current portable electronics markets to widespread adoption in 

electrified transportation and electric grid storage applications.  

Operating principle 

  Lithium-ion batteries involve transporting Li
+
 ions back and forth between the 

electrodes during operation by inserting or extracting Li
+ 

ions into and out of the 

electrode materials (lithium insertion or intercalation materials). Between the electrodes 

lies an electrolyte, a medium that is a Li
+
-ion conductor, but an electrical insulator. 

During charge (energy input), Li
+
 ions move from the cathode through the electrolyte into 

the anode, while electrons move through the external circuit from the cathode to the 

anode (from positive to negative charge). In essence, an oxidation reaction occurs at the 

cathode, and a reduction occurs at the anode during charge. During discharge (energy 

output), the Li
+ 

ions move from the anode through the electrolyte into the cathode while 

electrons move through the external circuit from the anode to the cathode (from negative 

to positive charge). This is depicted below in Figure 1.1.  

 

 

Figure 1.1.  Basic operating principle of a lithium-ion battery. 
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Lithium-ion battery performance 

 The theoretical gravimetric energy density,   , of an electrode material is 

determined by multiplying the potential at open circuit (with no current flowing),    , and 

the theoretical gravimetric capacity,    [1, 2]. 

          

To calculate the gravimetric capacity of an electrode material, Faraday’s constant (  = 

26.8 Ah/mol), the charge per mol of electrons, is used. The gravimetric capacity is given 

below where   is the formula weight of the material and   is the number of moles of 

electrons transferred per formula unit of the electrode material. The number of Li
+ 

ions 

that can be inserted or liberated per formula unit is equal to  . 

   
   

 
 

The open-circuit voltage is a function of the difference in the lithium chemical potential 

between the cathode,            , and the anode,          .  

     
                     

 
 

The chemical potential of Li
+
 depends on the transition metal couples that are active in 

the electrode materials as well as the structure of the electrode materials. The batteries 

fabricated in this dissertation are constructed as half-cells, where the electrode material 

being studied is tested versus Li metal. Because of this,     is always the potential of the 

electrode material relative to Li metal.  

The theoretical energy densities of battery materials are not generally realized in 

practice [1, 2]. The practical operating gravimetric energy density,      , is given by the 

product of the practical operating voltage,    , and practical operating capacity,      .  
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    is always lower than     because of polarization losses in the cell. Ohmic polarization 

or IR drop, is a function of the operating current,  , and the internal resistance,   , in the 

cell arising from resistance in moving electrons through the electrode material and Li
+
 

ions through the electrolyte. Activation polarization,   , results from kinetic limitations 

in the reaction occurring at the electrode-electrolyte interface. Finally, concentration 

polarization,    arises due to limitations in mass transport, which leads to imbalance of 

reactant and product concentrations in the bulk and at the electrode surfaces. For 

purposes of calculating the practical operating energy density,     is usually measured 

and is equal to the potential difference between the cathode and anode, or relative to Li 

metal for the half-cells in this study:  

                                

      is also generally lower than the theoretical capacity for many reasons such as 

kinetic limitations, structural limitations, and chemical instability. Thus, the specific 

capacity is determined by multiplying the current flowing during operation by the 

operating time and dividing by the weight of active electrode material,        . 

      
   

       
 

 The performances of electrode materials are highly dependent on the current, 

which is related to the kinetic limitations during charge/discharge. The rate of 

charge/discharge of a battery is characterized by the C-rate, which has units of [1/h]; for 

example, a C/10 rate indicates that it takes 10 hours to charge or discharge the electrode 
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material in a half cell. Similarly, a C-rate of 10C, means it takes 1/10
th

 of an hour (6 

minutes) to charge or discharge the electrode material.  

 Lithium-ion batteries have the potential to achieve high energy density due to the 

non-aqueous electrolytes used [1, 2]. Water-based electrolytes limit the cell voltage 

because there is a window of less than 2 V where water is stable and will not be oxidized 

or reduced during battery operation. The organic electrolytes used in lithium-ion batteries 

have a much larger electrolyte potential window. This is demonstrated in Figure 1.2. The 

highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO) of the electrolyte are separated by an energy gap,   . The lithium chemical 

potential of the cathode,            , and the anode,          , must fall ideally between 

the HOMO and LUMO to prevent the electrolyte from undergoing oxidation and 

reduction rather than the transition metal couples in the electrode materials. To achieve 

thermodynamic stability, the cell voltage must satisfy the following criterion: 

                        

 

 

Figure 1.2.  Energy diagram of the energies of cathode and anode materials relative to 

the electrolyte window. 
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History of lithium-ion batteries 

The idea for the rechargeable lithium-ion batteries was developed in the 1970s, 

and the first concept was based on TiS2 as the cathode, metallic lithium as the anode, and 

LiPF6 dissolved in propylene carbonate as the electrolyte [1, 2, 3]. TiS2 has a layered 

structure with spaces in the Van der Waals gap between the sulfide layers into which 

lithium ions can intercalate during discharge. The battery can be repeatedly charged and 

discharged because the structure remains stable while lithium ions intercalate into or out 

of the electrode material with the simultaneous oxidation or reduction of titanium ions. 

This battery design has safety problems because during charge when the lithium metal 

moves back onto the Li metal electrode, it plates unevenly and leads to dendrite growth 

across the cell, resulting in short circuits and potentially catastrophic safety problems.  

The other problem with cathodes based on sulfides is the low cell voltage (< 2.5 

V versus Li metal). The use of non-aqueous electrolytes in lithium-ion batteries allows 

for much higher voltages to be stable compared to other battery chemistries, but high 

voltages cannot be achieved with sulfides. Although the cell potential is not limited by 

the organic electrolyte, there are constraints on electrode potential from the S
2-

. In order 

to insert and remove Li
+ 

from an electrode material reversibly, the energy of the transition 

metal couple has to be above the top of the nonmetal (S
2-

) outer p band; otherwise, 

electrons will be removed from the nonmetal instead of the transition metal. The small 

difference in energy between the sulfide 3p band and Li/Li
+
 prevents access to high 

oxidation states of transition metal ions since the higher-valent metal-d bands overlap 

with the S
2-

:3p band. This means that electrons can be removed from S
2-

:3p band rather 

than from the transition metal band when Li
+
 ions are removed, resulting in the formation 

of species such as S2
2-

. Therefore, it is difficult to stabilize higher oxidation states in 

sulfides and realize higher voltages. 
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Recognizing the challenge associated with obtaining high cell voltages with 

sulfide-based cathode materials, the Goodenough group pursued oxides rather than 

sulfides in the 1980s because the O
2-

:2p band is lower in energy than the S
2-

:3p band [1, 

2, 4]. Because of this, higher oxidation states of transition metals can be stabilized in 

oxides than in sulfides without creating holes in the nonmetal band. This concept is 

illustrated in Figure 1.3 for the Co
2+/3+

 transition metal couple. Understanding this 

concept led to the discovery of LiCoO2 and LiNiO2 in the 1980s with potentials of ~ 4 V 

versus Li/Li
+
. This cathode, paired with graphitic carbon as the anode and an organic 

electrolyte, was the basis of the first commercialized Li-ion battery.  

 

 

Figure 1.3. Energies of Co
3+/2+

:3d and Co
4+/3+

:3d redox couples relative to the 

nonmetal O
2-

:2p and S
2-

:3p bands. 

1.3 CATHODE MATERIALS FOR LITHIUM-ION BATTERIES  

The electrode materials and electrolyte composition greatly affect battery 

performance. Because of this, much research effort has been focused on developing new 

materials for lithium-ion battery electrodes and new electrolyte compositions. Many 
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cathode materials have been developed in the past few decades, but there are three broad 

classes of materials that are being actively pursued: layered oxides, spinel oxides, and 

polyanion materials. The work in this dissertation focuses on cathode materials, so that 

will be the focus of this introduction, but it is worth noting that there is also a large body 

of active research devoted to anode materials and electrolytes.  

Layered structured cathodes 

Although the theoretical capacity of LiCoO2 is 274 mAh/g, only ~ 50% of the 

capacity can be realized in actual operation [1, 2, 4, 5]. The capacity limitation occurs 

because this material operates on the Co
3+/4+ 

couple which partially overlaps with the O
2-

:2p energy band (Figure 1.3). Thus, when the material is fully delithiated, holes form in 

the O
2-

:2p band and oxygen evolves from the structure. This leads to irreversible capacity 

loss, structural instability, and safety problems. Because of the limited capacity and 

safety problems associated with LiCoO2 and due to the toxicity and high cost of Co, 

replacement of Co with many other 3d transition metals in the same rock salt layered 

structure were investigated, but these materials all suffer from problems that prevent their 

commercialization. However, partial substitution of some Ni and/or Mn for Co leads to 

improved performance/safety and these solid solution materials are now used in 

commercial cells [1, 2, 5, 6].  

Spinel structured cathodes 

Although development of Co-based layered oxides as cathode materials for 

lithium-ion batteries was an enabling achievement that led to commercialization of 

lithium-ion batteries, these electrodes are not ideal because of cost, toxicity, stability, and 

safety concerns. Thus, spinel LiMn2O4 has been explored as an alternative to layered 

oxides since this material is safer, cheaper, and environmentally benign [1, 2, 7].
 
Also, 
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due to the strong Mn-Mn interaction across the edge-shared MnO6 octahedra, the material 

exhibits good electrical conductivity, while the interconnected interstitial lithium sites 

allow for 3D Li
+
 ion conduction, so spinel structured materials can be charged and 

discharged rapidly. However, the practical capacity is limited with this material (~ 120 

mAh/g at ~ 4 V), and the spinel material tends to exhibit capacity fade upon cycling due 

to various factors including structural instability and Mn dissolution into the electrolyte 

[8, 9]. Cationic substitution and surface coatings are often employed to mitigate capacity 

fade [10-14]. Doping can sometimes lead to a 5 V plateau which increases the energy 

density, so there is a growing body of research on LiMn1.5Ni0.5O4 and related compounds.  

Polyanion-containing cathodes 

Although oxide cathodes can operate based on oxidation and reduction of high-

oxidation-state transition-metal redox couples like Co
3+/4+

 and Mn
3+/4+

, it is more difficult 

to access the Fe
3+/4+

 redox couple, and the Fe
2+/3+

 redox couple offers too low of a 

potential versus Li/Li
+
 to be useful in oxides due to its high redox energy. Iron is a very 

attractive transition metal for lithium-ion batteries because it is environmentally benign, 

abundant, and inexpensive. In the 1980s, Manthiram and Goodenough proposed the use 

of polyanion compounds with XO4 as the anion rather than oxygen, where X = S, Mo, 

and W [15, 16]. While the Fe
2+/3+ 

couple offers a potential of less than 2.5 V versus Li/Li
+
 

in oxides, the potential is raised to 3.0 - 3.6 V in polyanion host materials. The locations 

of the Fe
2+/3+

 couple in various materials are shown in Figure 1.4. This increase in the 

potential (lowering of the redox energy) of the Fe
2+/3+

 couple versus Li/Li
+
 occurs due to 

the inductive effect. Since Fe2(SO4)3 and Fe2(MoO4)3 compounds are isostructural, the 

difference in potential of the Fe
2+/3+

 redox couple can be attributed to differences in the 

X-O bond strength. As the X-O bond covalency increases (S-O bond is more covalent 
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than Mo-O bond), the Fe-O bond covalency decreases, resulting in a lowering of Fe
2+/3+

 

redox energy and a larger potential difference between the Fe
2+/3+

 and Li/Li
+
 couples. The 

covalently bonded polyanion groups in these materials also lead to higher thermal 

stability, which is an important safety attribute for the large battery packs needed for 

electric vehicles or grid storage applications. 

 

 

Figure 1.4.  Energy diagram depicting the position of the Fe
2+/3+

 redox couples in 
various materials (not to scale). 

Several polyanion-based cathode materials have been developed since this initial 

work, but of particular interest is the discovery of olivine structured LiFePO4 by Padhi et 

al. [17]. Since it was discovered in 1997, LiFePO4 has been widely studied in the 

literature and has also been commercialized [18-20]. LiFePO4 has a high theoretical 

capacity of 170 mAh/g with a discharge plateau at 3.45 V versus Li/Li
+ 

and Fe-based 

electrode materials are appealing because Fe is cheap, abundant, and environmentally 

benign. However, this material suffers from poor electronic conductivity. A phase 

change also occurs in LiFePO4 with little solid solution between the LiFePO4 and 
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FePO4 end-members, limiting the charge carriers which are forced to migrate through 

small-polaron hopping [21-23]. In addition to poor electronic conductivity, the 

material also suffers from poor ionic conductivity. The lithium ions can only move 

through one dimensional channels, unlike the layered oxides and spinel oxides where 

lithium diffusion is two and three dimensional, respectively. Because of the 

conductivity limitations, high capacity can only be realized after coating LiFePO4 

with carbon or other conductive materials and by reducing the effective diffusion 

length through synthesizing small particle sizes [24-33]. Nanoscale particles have also 

been shown to change the solid-solution range of the two end-member phases and the 

mechanism for the phase transition; the miscibility gap shrinks with decreasing 

particle size and increasing non-stoichiometry [34-36].  

Attempts to improve the electronic conductivity through aliovalent cation 

doping were first made in 2002 [37].
 

Although large increases in electrical 

conductivity were attributed to doping, this explanation was soon contested, and other 

explanations have been proposed to account for the increase in electrical conductivity 

[38, 39]. Computational studies have suggested that aliovalent doping is not 

energetically favorable on either cation site, and doping LiFePO4 with aliovalent 

cations has also been deemed unlikely based on energetic arguments due to strong 

ionicity and the unbreakable PO4
3-

 bonding which prevents charge balance by oxygen 

vacancy formation [23, 40]. In opposition to these studies, evidence of aliovalent 

doping in LiFePO4 has since been observed, and many of these studies have measured 

higher electronic conductivity in doped samples [41-51]. Even without gains in 

electrical conductivity, aliovalent doping could be useful because doping has been 

shown to increase the solid-solution range of FePO4 and LiFePO4, which could also 
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have rate implications for charge and discharge [21, 22, 42]. 

In addition to olivine-structured cathodes, there are many other proposed 

polyanion materials. LiVOPO4 is another candidate cathode material with a theoretical 

capacity of 159 mAh/g, which is only slightly lower than that of LiFePO4. However, its 

higher operating voltage of up to 4.0 V allows for higher overall energy density than 

LiFePO4. There is much literature dedicated to delithiated VOPO4, which forms seven 

polymorphs, but could only be used with lithiated anode materials [52-59]. LiVOPO4 

forms in three different polymorphic phases including triclinic (), orthorhombic (), and 

tetragonal (1) [58, 60-75]. 

There has been significant emphasis in the literature on synthesizing LiVOPO4 by 

many different methods because the various methods lead to widely varying 

electrochemical performance. The triclinic phase has been synthesized by solution-based 

reaction followed by solid-state heating [60, 61, 67, 74],
 
chemical lithiation of VOPO4 

[66], glass ceramic processing [69],
 
hydrothermal [70],

 
and solvothermal methods [72]. 

The orthorhombic phase has been synthesized by solution-based reaction followed by 

solid-state heating [60, 62], carbothermal reduction of VOPO4 [63],
 
chemical lithiation 

[64],
 
hydrothermal [68], glass ceramic processing [69], sol-gel [71], and microwave-

assisted solid-state heating methods [73]. The tetragonal phase has been synthesized by 

chemical lithiation [58] as well as hydrothermal synthesis followed by conventional 

heating [65]. The processing conditions are critical since favorable morphology and small 

particle size can improve electrochemical performance in materials like LiVOPO4 with 

poor electronic and ionic conductivities [63, 68, 74]. Previous reports have demonstrated 

the importance of small particle size for obtaining good electrochemical performance in 

LiVOPO4 even at very slow rates
 
[61, 62]. Similar to LiFePO4, a couple of studies have 
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also shown that the electrochemical performance of LiVOPO4 can be improved by 

conductive coating of the particles [62, 71] . 

1.4 THIN FILM BATTERIES  

Conventional lithium-ion batteries are not ideal for all applications. Some 

applications require very small-scale batteries that can be made flexible and liquid 

electrolyte free. Thin film batteries have been developed for these applications and are 

primarily used for powering a variety of electronics including CMOS, smart cards, RFID 

cards, implantable medical devices, and wireless sensors [76, 77]. They are advantageous 

because they are small and can be designed to conform to a wide variety of shapes 

without electrolyte leakage due to the use of the solid lithium phosphorous oxynitride 

(LIPON) electrolyte. This electrolyte also allows a larger, stable electrolyte window than 

the Li-ion batteries with typical liquid electrolytes. Thin film batteries typically have less 

wasted packaging weight and volume than Li-ion batteries and contain no additives 

(carbon and binder) in the electrode materials. The thin-film battery electrodes and the 

electrolyte are generally deposited directly on the current collector or substrate by various 

methods including chemical vapor deposition, spray pyrolysis, pulsed laser deposition, 

vacuum evaporation, and sputtering [76-79]. The lack of conductive carbon and binder in 

the electrode materials and the reduced Li-ion conductivity of the solid electrolyte 

necessitate very thin electrode and electrolyte layers to achieve reasonable power density.  

Thin film batteries generally are composed of lithium-ion battery intercalation 

materials for the cathode and LIPON as the electrolyte, but they differ in the anode 

construction [76]. Lithium metal thin-film batteries use lithium metal as the anode, which 

has the advantage of high energy density but is problematic since lithium metal sputtering 

is difficult and dangerous due to the reactivity of lithium metal in air [80]. Also, lithium 
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metal anodes cause difficulty as lithium metal melts at 180 
o
C, which is lower than the 

temperature required for solder reflow (250 
o
C). Solder reflow is the process used for 

attaching thin film batteries to circuit boards and is a primary application of this 

technology [76, 80]. The problem of high solder reflow temperature can be avoided by 

constructing a lithium-free thin film battery in which there is no anode in the pristine 

battery. Instead, lithium metal plates out in situ during the first charge cycle [76, 80, 81]. 

However, cycling performance of these batteries is limited due to the small amount of 

lithium in the cell. Finally, lithium-ion thin film batteries use lithium-ion intercalation 

materials as the anode in addition to the cathode.  

1.5 MICROWAVE THEORY 

Many of the materials discussed in this dissertation were synthesized by 

microwave-assisted methods, so it is relevant to introduce the basic fundamentals of 

microwave heating. Microwave synthesis techniques are used primarily because of their 

ability to dramatically reduce processing time, improve yields, or improve properties 

through control of particle size, morphology, purity, and crystallinity [82-84]. 

Conventional solvothermal heating is slow because it depends on thermal 

conduction/convection of heat from the outside of a reaction vessel to the solution. It is 

also inefficient because an entire oven must be heated to heat the vessels and, in turn, the 

solution.  

Microwave heating is fundamentally different because the heating mechanism 

involves raising the temperature of the solution directly and uniformly through 

volumetric dielectric and ohmic heating [82-84]. The microwave oven can be designed 

such that most of the microwave energy can be absorbed directly by the solution, making 

microwave heating a fast and efficient process that heats the solution from the inside out. 
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This inside-out heating is achieved by direct interaction of the molecules in the reaction 

solution being coupled with the microwave field. The dipoles of a polar solvent align in 

the direction of the electric field and oscillate in resonance with the field (dipolar 

polarization effect), causing molecular friction and dielectric heating. The efficiency of 

this heating is directly related to the polarity of the solvent, because a polar solvent is 

required for the dipoles to be able to realign themselves effectively with the electric field. 

Similarly, the charged ions dissolved in solution also contribute to heating by oscillating 

with the electric field (ionic conduction or ohmic heating) and colliding with the 

surrounding molecules and ions. The ability of a material to absorb microwaves and 

dissipate the energy as heat is described using complex permittivity  ̃ of the form: 

 ̃      (   
 

 
) 

where ’ is the permittivity, ” represents the dielectric loss,  is the electrical 

conductivity, and  is the angular frequency of the microwave field. This quantity is 

temperature and frequency dependent, and the higher the permittivity, the more 

efficiently microwaves can be converted to heat. The dielectric loss, ”, is a measure of 

how well microwave energy can be converted to heat by dielectric heating, and the 

dielectric constant, ’, is a measure of the polarizeability of molecules in the microwave. 

The term  represents the contribution to heating from ohmic losses.  

 Microwave ohmic and dielectric heating are fundamentally different from 

conventional conductive, convective, and radiative heating. Microwave-assisted heating 

can lead to unique conditions such as extremely rapid thermal ramp rates and heating 

from the ‘inside-out’ rather than the ‘outside-in’ (inverted heat transfer). These 

characteristics are difficult to be replicated by conventional heating and sometimes can 

lead to unexpected products [82-84]. For example, preparing isotopically labeled drugs 
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with short half-lives and certain catalysis reactions can only be achieved by microwave 

synthesis. To explain these reaction products, it is sometimes argued that ‘specific 

microwave effects’ exist that are defined as being thermal in nature but lead to results 

that cannot be replicated by conventional heating methods. Some also postulate the 

existence of ‘non-thermal microwave effects,’ which are argued to be unrelated to 

thermal effects such as rapid heating rates. Such effects are poorly understood and are 

controversial.  

An example of a thermal effect called ‘overheating’ involves the observation that 

many solvents boil at a higher temperature when heated by microwave irradiation rather 

than by conventional convective/conductive heating [82-84]. This difference can be fairly 

significant for some solvents. For example, the boiling point of methanol is elevated by 

19 
o
C when heated by microwave irradiation. This occurs because, during conventional 

heating of a solution, the vessel walls are generally at a higher temperature so 

imperfections in the vessel walls can lead to nucleation sites where boiling can occur. 

When heating a solution in a vessel by microwave irradiation, the vessel walls are usually 

at the lowest temperature, because the vessels are usually designed to be poor microwave 

absorbers. Thus, boiling begins in the bulk of the solution rather than at the walls. For 

this reason, some argue that the true boiling point of a solution should be measured 

during microwave heating.  

Another thermal effect that is sometimes postulated is the possibility of ‘selective 

heating’ [82-84]. Some materials absorb microwaves readily and some do not. For a 

solvent, this depends on the polarity. There are several examples in the literature where 

mixing two solvents leads to products during microwave synthesis that do not form 

during conventional heating. This is sometimes attributed to the fact that one solvent 
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absorbs microwaves more readily than the other, which could lead to differences in the 

temperatures of the two solvents and local hot spots in solution. It is difficult to prove in 

cases like this that the different product formed by microwave heating is really due to the 

selective heating of the solvents rather than some other effect such as rapid thermal 

ramping or some other variable that is not directly comparable to conventional heating.  

In addition to these and other thermal effects, controversial “non-thermal 

microwave effects are suggested when the products of microwave reactions cannot be 

explained based on thermal effects alone [82-84]. Microwaves are not high-energy 

enough to break bonds and are non-ionizing, but some argue that there could be 

thermodynamic effects (enthalpic or entropic effects). These arguments generally revolve 

around lowering the Gibbs free energy of reaction through storage of microwave energy 

in molecular vibration or by alignment of the molecules in the correct orientation to react. 

However, since it is often difficult to reproduce the conditions present during microwave 

heating by other methods, it is difficult to determine definitively why products vary 

between microwave and conventional synthesis. 

1.6 OBJECTIVES  

For large-scale battery applications such as electric vehicles and electric grid 

storage, safety concerns due to overheating become a more critical obstacle. Because of 

such safety concerns, polyanion materials such as LiFePO4 are of particular interest. 

However, due to rate limitations, previous research has explored the possibility that 

doping may improve performance. The ability to dope LiFePO4 with supervalent cations 

has been a subject of great controversy, which has not been adequately resolved. My first 

objective was to determine whether supervalent-vanadium doping was possible in 
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LiFePO4 by a facile, low temperature, microwave-assisted solvothermal synthesis 

method, and whether that doping could improve electrochemical performance.  

After successfully doping LiFePO4 with at least 20 % vanadium by a low-

temperature microwave-assisted method, my second objective was to determine why I 

was able to achieve such high doping levels when the literature suggests that only about 

10 % vanadium can be accommodated into the olivine lattice. This question was 

addressed by heating the V-doped samples at conventional temperatures and comparing 

the results to conventionally synthesized V-doped LiFePO4.  

Microwave-assisted synthesis of LiFePO4 was previously shown by the 

Manthiram group to result in single-crystal nanorods with excellent electrochemical 

performance that could be attributed to the tunable particle size and morphology. A 

polyanion material with similar ionic and electronic limitations, LiVOPO4, has never 

been synthesized by microwave-assisted methods, so my third objective was to develop a 

low-temperature microwave-assisted method to synthesize the various polymorphs of 

LiVOPO4 in an attempt to tune the electrochemical properties though morphology 

control.  

 It has recently been demonstrated that a second Li
+
 ion can be inserted into 

LiVOPO4, but this insertion process has not been extensively studied. My fourth 

objective was to perform chemical and electrochemical lithiation experiments to gain a 

better understanding of the structural change that occurs when the second lithium is 

inserted into LiVOPO4.  

 Finally, it is well established that microwave-assisted dielectric and ohmic heating 

can decrease reaction time, decrease energy use and manufacturing cost, improve product 

yield, and improve material properties through morphology and purity control. However, 
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it is not always well accepted when scientists argue unexpected results to be the 

consequence of thermal effects such as ‘selective’ heating. My fifth and final objective 

was to determine if the unique properties of microwave-assisted ohmic heating could also 

be exploited to ‘selectively’ heat a strongly microwave-absorbing solid material for the 

purpose of catalyzing thin film growth directly and selectively on a substrate. 

Specifically, I was interested in the nucleation of TiO2 thin films grown on indium tin 

oxide (ITO)-coated glass and determining whether selective interaction of the ITO with 

the microwave field was responsible for such film growth.  

This dissertation seeks to address the above five objectives. 
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Chapter 2: Experimental Procedures  

The objectives outlined in the previous Chapter involve extensive materials 

synthesis and characterization. Details regarding materials synthesis are discussed in each 

Chapter for clarity. A brief description of the equipment and techniques employed for 

materials characterization are provided here. 

2.1 MATERIALS CHARACTERIZATION 

Inductively coupled plasma (ICP) 

Elemental analysis was performed with a Varian 715-ES ICP optical emission 

spectrometer to determine ratios of elements in materials. Four standards were 

prepared for each element by diluting concentrated commercial ICP standards. Errors 

between calibration standard data points and the calibration curve were always less 

than 2 – 3  % for the data presented here.  

Thermogravimetric Analysis (TGA) 

 Precursors in this work were characterized with a Perkin Elmer TGA 7 to 

determine water content. Approximately 5 – 10 mg of precursor was typically 

analyzed.  

Powder X-ray diffraction (XRD) and glancing incidence X-ray diffraction (GIXRD) 

XRD was performed on Philips and Rigaku Ultima IV X-ray diffractometers with 

filtered Cu K radiation to obtain structural information regarding the materials 

synthesized here. Lattice parameters, phase fractions, and elemental occupancies were 

obtained from Rietveld refinement
 
[85] of the XRD patterns in Fullprof/WinPLOTR [86, 

87]. To obtain diffraction patterns of the thin films synthesized in Chapter 7, GIXRD 

experiments were performed using a Rigaku Ultima IV diffractometer operating in 
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parallel beam (PB) mode using CuKα radiation (λ = 1.54 Å) with a glancing angle of 

0.5
o
.  

Neutron diffraction (PND) 

Because neutrons are sensitive to lithium, but X-rays are not, PND data were 

collected at 300 K on the HB2A beamline at the High Flux Isotope Reactor (HFIR) 

located at Oak Ridge National Laboratory for more detailed structural analysis. The use 

of isotopically enriched lithium (
7
Li) removes uncertainties in the correct bound coherent 

neutron scattering length (-2.22 fm for 
7
Li) that can exist in the use of natural lithium. For 

natural lithium, it is known that the content of 
6
Li may slightly vary between different 

lithium sources. Also, the lower absorption correction of 
7
Li than natural lithium should 

create less of a concern for the collection of high quality data, and for the Rietveld 

refinement (though for these materials the absorption has only a small effect on the 

thermal parameters, and essentially no effect within error on the other parameters). The 

samples were contained in 8 mm vanadium cans. Powder neutron diffraction data were 

analyzed for unit cell constants, phase fractions, and structural information by using 

Rietveld refinement
 
[85] with GSAS/EXPGUI [88, 89] and Fullprof/WinPLOTR [86, 

87].  

X-ray absorption near-edge spectroscopy (XANES) 

To examine oxidation states of the materials presented here, X-ray absorption data 

were taken at the Fe and V K-edges in transmission at the MRCAT (Sector 10, Advanced 

Photon Source) bending magnet beam line at Argonne National Laboratory. Samples 

were prepared by grinding between 5 mg and 20 mg (depending on V and Fe 

composition) of finely powdered specimen with boron nitride and Polyvinylpyrrolidone 

(PVP). The mixtures were then pressed into 7 mm diameter pellets of less than 1 mm 
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overall thickness. For LiFePO4 samples, a 50/50 mix of boron nitride (25 mg) and PVP 

(25 mg) were used for aiding easy sample release from the press and to bind a better 

pellet (with 5 mg of sample). The X-ray energy was selected by a water cooled Si (111) 

monochromator with a 50 % detuned second crystal for the elimination of harmonics. 

Data were taken in transmission mode with a metal reference foil downstream of the 

sample. The 20 cm long ion chambers contained flowing gas mixtures tuned to obtain 10 

% absorption in Io and 80 % absorption in It and Iref.  

 XANES data were processed with Athena software package
 
[90, 91] by first 

aligning the reference spectra for all data sets, then adjusting the normalization 

parameters so as to have all spectra match before the edge and approximately 150 eV 

above the edge. Least squares fitting was performed within Athena, constraining all 

fractions to add up to 1 and requiring any energy shift to be identical for all standards. 

X-ray photoelectron spectroscopy (XPS) 

For oxidation state and elemental analysis, X-ray photoelectron spectra were 

acquired with a Kratos AXIS Ultra DLD instrument (monochromatic Al K 

radiation). The pass energy was set to 20 eV, and automatic charge neutralization was 

used for all samples. Carbon spectra were collected for each sample, and the peaks 

were shifted such that the largest carbon peak was centered at 284.5 eV. Sputtering 

was done at a beam energy of 4 keV for 50 s leading to an estimated 3 nm of material 

removal. Peak fitting was performed using CasaXPS software with Shirley type 

background removal and 30 % Gaussian – 70 % Lorentzian curves.  

Fourier transform infrared analysis (FTIR) and Raman spectroscopy 

FTIR and Raman spectra were collected to obtain vibrational structure 

information. Pellets for FTIR analysis in a PerkinElmer BX FTIR were prepared by 
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grinding and pressing samples with dried KBr powder. The Raman measurements were 

made at Argonne National Laboratory using a Renishaw inVia Raman Microscope 

equipped with a set of four lasers that provide excitation wavelengths at 785, 633, 514, 

442, and 325 nm. The samples (in powder form) were loaded into a threaded Teflon 

holder equipped with a rubber o-ring seal to prevent contact of the sample with ambient 

atmosphere. In this embodiment, the powder was pressed between a stainless backing 

disc and a BaF2 window (10 mm in diameter and 2 mm thick). Raman spectra were 

recorded through the BaF2 window using a 50× focusing/collection optic with a 

numerical aperture of 0.5. The excitation laser was brought to a focus at the sample/BaF2 

interface and the beam was spread to a circular area approximately 10 m in diameter. 

The effective laser power density used in these measurements did not exceed 1 mW/m
2
. 

Scanning electron (SEM) and scanning transmission electron (STEM) microscopy  

To examine the morphology of materials, SEM images were obtained with JEOL 

JSM-5610, LEO 1530, and FEI Quanta 650 SEMs. The energy dispersive spectroscopy 

(EDS) discussed in Chapter 7 was collected with the JEOL JSM-5610 instrument to 

obtain elemental ratios. STEM micrographs were obtained in a Nion aberration-

corrected UltraSTEM 100 [92] at Oak Ridge National Laboratory, which is equipped 

with a Gatan Enfina spectrometer. This instrument was used to examine crystallinity 

and defects in the materials discussed in Chapter 3. Electron energy loss spectroscopy 

(EELS) data, which provides oxidation state information, were also collected on the 

UltraSTEM 100. A Hitachi S5500 SEM/STEM microscope with EDS capability was 

used for the work in Chapter 4 for morphological imaging and elemental mapping.  
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2.2 ELECTROCHEMICAL CHARACTERIZATION 

Electrode preparation 

Electrodes were prepared by grinding active material with conductive carbon 

and teflonated acetylene black (TAB) in a mortar and pestle. TAB consists of 

polytetrafluoroethylene (PTFE) and acetylene black. Electrodes discussed in Chapters 

3 and 4 were fabricated with 75 wt. % active material, 12.5 wt. % carbon, and 12.5 

wt. % TAB. Electrodes in Chapters 5 and 6 were fabricated with 70 wt. % active 

material, 15 wt. % carbon, and 15 wt. % TAB. The resulting composites were rolled 

into thin sheets and cut into 0.64 cm
2
 (Chapters 3-5) and 1.27 cm

2
 (Chapter 6) area 

circles using a punch. They were then pressed to Al mesh to be used as a current 

collector. The electrodes consisted of 4 – 7 mg of active material for samples 

discussed in Chapters 3 – 5 and approximately 7 – 10 mg of active material for 

samples discussed in Chapter 6. The electrodes were dried overnight in a vacuum 

oven at 115 
o
C before constructing cells.  

Electrodes of TiO2 powder and graphene (Appendices 1 and 2) were prepared 

by stirring 70 wt. % active material with 15 wt. % polyvinylidene fluoride (PVDF) 

dissolved in N-methyl-2-pyrrolidone (NMP) as a binder and 15 wt. % carbon 

overnight. The resulting slurries were ground with a mortar and pestle and cast onto 

Cu foil. The films were dried in an air oven at 70 
o
C for 3 h and then transferred to a 

vacuum oven at 115 
o
C and dried overnight. The films were punched into 1.27 cm

2
 

area circles with approximately 2 – 3 g of active material.  

Coin cell fabrication 

For Chapters 3 – 5, CR2032 coin cells were assembled in an argon filled glove 

box using a metallic lithium anode, Celgard polypropylene separators, and 1 M LiPF6 



  25 

in 1:1 diethyl carbonate / ethylene carbonate as the electrolyte.  

Coin cells constructed with the microwave-synthesized TiO2 thin films on indium 

tin oxide (ITO)-coated glass (discussed in Chapter 7) were assembled by scraping an 

edge of the TiO2 film off of the ITO and wrapping Cu foil around the glass substrate to 

provide contact between the ITO layer and the cell cap. The cells were constructed versus 

lithium metal as described above. The thin films were approximately 0.5 cm
2
 in area and 

the Cu foil was approximately 1 cm
2
.  

For Chapter 6, pouch cells were also constructed using aluminized barrier liner 

(Bemis Shield Pack) as the pouch material with the electrodes pressed to Al mesh 

current collectors and the Li metal pressed to Cu metal current collectors. The 

electrodes were separated by one layer each of polypropylene (cathode side) and 

blown microfiber separators (anode side). The cells were filled with 1:1 ethylene 

carbonate:diethyl carbonate as the electrolyte with LiPF6 salt and were impulse sealed 

in an Ar filled glove box. To obtain good electrical contact, the cells were pressed in 

vises consisting of two plastic plates with foam separators.  

Electrochemical measurements 

The coin cells and pouch cells were cycled at various rates on Arbin battery 

cyclers for charge-discharge tests and on a Radiometer Analytical Voltalab PGZ402 

potentiostat for cyclic voltammetry (CV) tests. All charge-discharge and CV tests 

were performed in coin or pouch cells versus Li/Li
+
. 

For the ex situ XRD measurements described in Chapter 6, the cells were 

discharged at a C/100 rate to various states of discharge and charge. The cells were 

transferred to an Ar filled glove box and cut open to retrieve the electrodes. The 

electrodes were then sealed between tape and Kapton film (Chemplex number 442) 
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and were secured to a glass slide for XRD measurements with a Rigaku Ultima (IV) 

X-ray diffractometer.  
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Chapter 3: Microwave-assisted Solvothermal Synthesis and    

Characterization of LiFe1-3x/2Vx□x/2PO4 Cathodes  

3.1 INTRODUCTION  

The Manthiram group has recently demonstrated that LiFePO4 can be synthesized 

at low temperatures (< 300 
o
C) by a microwave-assisted solvothermal (MW-ST) method 

[30-33]. This process results in single crystalline, uniform size LiFePO4 nanorods with 

the lithium diffusion direction along the short axis of the rods, which leads to high rate 

capability due to the short path length that the Li
+ 

ions must travel through the rods. The 

previous MW-ST studies also employed various in situ and ex situ coating strategies to 

improve the electrochemical performance.  

It is now well accepted that small particle sizes and conductive coatings can be 

used to improve the electrochemical performance of LiFePO4. Conversely, claims of 

performance improvements resulting from doping of LiFePO4 with aliovalent cations 

remain controversial [23, 38-40, 93, 94]. Regardless, many reports indicate that aliovalent 

cation doping is possible, and some of these studies find significant improvements in 

electrochemical performance which are often attributed to doping, particularly for 

vanadium doping [37, 41-51]. Even without gains in electrical conductivity, aliovalent 

doping could be useful because doping has been shown to increase the solid-solution 

range between FePO4 and LiFePO4, which could still have rate implications for charge 

and discharge [21, 22, 42].  

Substituting small amounts of V into LiFePO4 is particularly interesting, 

because it has been shown to improve electrochemical performance, and many studies 

also report improved electrical conductivity [43-51]. A recent computational study 

suggests that doping LiFePO4 with V reduces the band gap and also decreases the 

activation energy for Li
+
-ion diffusion in both LiFePO4 and FePO4 [95]. There is still 
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some disagreement among studies regarding the exact V oxidation state, the 

maximum level of V doping without forming an impurity, and the directions of lattice 

parameter shifts. Although there was initial disagreement regarding whether V 

substituted on the anion or cation site, there is now general agreement that V 

substitutes for Fe [44, 45]. To contribute understanding to the questions of whether it 

is possible to dope LiFePO4 and how the electrochemical performance is affected, the 

MW-ST method, which has been previously used to synthesize LiFePO4, was adapted 

here to dope LiFePO4 with up to at least 20 % V. The doping levels demonstrated 

here are much higher than those previously reported by other synthesis methods. 

Vanadium is found to occupy the Fe site in the olivine lattice, as is evidenced by X-

ray and neutron diffraction results, which indicate lattice parameter shifts and iron 

deficiency. The doped samples also show a sloping charge-discharge curve, indicating 

suppression of the two-phase charge-discharge behavior characteristic of LiFePO4. 

3.2 EXPERIMENTAL 

Microwave-assisted solvothermal synthesis 

V-doped LiFePO4 samples were synthesized by a rapid MW-ST method. 

Stoichiometric ratios of lithium hydroxide (Fisher), iron acetate (STREM), phosphoric 

acid (Fisher), and vanadium tri-isopropoxide oxide (VO(OC3H7)3, Alfa Aesar) precursors 

were dissolved in tetraethylene glycol (Alfa Aesar). The precursor solutions were 

prepared stoichiometrically according to the following formulas: LiFe1-x(VO)xPO4 with 0 

≤ x ≤ 0.25, LiFe1-2xVx◽xPO4 with 0 ≤ x ≤ 0.15, and LiFe1-3x/2Vx◽x/2PO4 with 0 ≤ x ≤ 

0.15). These formulas take into account different expectations for the V oxidation state 

and coordination environment, as will be discussed later in more detail. The resulting 

brown solutions were transferred to high pressure 80 mL quartz vessels, which were then 
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sealed to allow autogeneous pressure generation during the reaction. These vessels were 

secured on a rotor that was placed on a turntable in a microwave reaction system (Anton 

Paar Synthos 3000). The turntable was spun during synthesis to ensure uniform 

microwave heating, and magnetic stir bars were placed in each vessel to obtain uniform 

reactant mixing. The power was programmed to a constant level of 600 W. It took 20 – 

30 min to ramp the temperature up to 260 
o
C, at which point the products formed. For the 

samples prepared according to LiFe1-x(VO)xPO4, a constant power of 600 W was applied 

for 5-10 additional min after reaching 260 
o
C, during which time the temperature 

remained between 260 and 280 
o
C. For samples prepared according to LiFe1-2xVx◽xPO4 

and LiFe1-3x/2Vx◽x/2PO4, the temperature was ramped to 300 
o
C and held for 30 minutes 

in an attempt to improve crystallinity and give adequate time for any impurities that may 

be present to crystallize.  

The temperatures of the vessels were monitored by infrared temperature sensors. 

Because the particle size is dependent on the concentration of the precursors, the 

concentrations of lithium and phosphate ions were kept constant at 0.17 M for the 

products prepared according to LiFe1-x(VO)xPO4. The concentration was decreased 

slightly to 0.14 M for the samples prepared according to LiFe1-3x/2Vx◽x/2PO4 to better 

control the pressure, which increased readily due to the low boiling point of the vanadium 

precursor. After synthesis, the microwave system went into convective cooling mode, and 

when the temperature was below 50 
o
C, the vessels were removed. A schematic of the 

synthesis process is depicted in Schematic 3.1.  

The magnetic stir bars in the vessels had varying amounts of a dark brown powder 

impurity stuck to them after initial synthesis attempts were made to prepare LiFe1-

x(VO)xPO4 samples. This impurity was removed by stirring the solution repeatedly with a 
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magnetic rod until the rod came out of the solution clean. The amount of magnetic 

impurity increased with increasing vanadium content. The magnetic impurity was 

collected, dried, and analyzed by XRD; it was identified as Fe3O4 (magnetite). 

 

 

Schematic 3.1.  Illustration of the microwave-solvothermal synthesis of V-doped 

LiFePO4 prepared according to LiFe1-x(VO)xPO4. 

The Fe3O4 impurity was present despite careful analysis to ensure that the 

precursors were added to the solution in the intended ratios. TGA and ICP analysis were 

utilized to determine the water content of the iron acetate and lithium hydroxide 

precursors. The TGA and ICP results agreed with each other within 2 %. The phosphoric 

acid precursor concentration was confirmed by ICP and acid-base titration, which agreed 

within 2 %. Finally, the vanadium tri-isopropoxide oxide concentration was also 
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confirmed by ICP. Adjusting amounts of precursors based on the ICP and TGA 

measurements ensured that the intended concentrations were being added to the reactant 

solutions. 

After removing the Fe3O4 impurity from samples prepared according to LiFe1-

x(VO)xPO4, the precipitates were washed with acetone and centrifuged several times until 

the decanted solution was clear. Then the products were dried overnight at 150 
o
C in a 

vacuum oven. The LiFePO4 powder was light gray in color and the samples containing 

vanadium were grayish-brown with an increasing pink tint with increasing vanadium. 

Mixing precursors with a Li:V:P ratio of 1:1:1 in the absence of Fe resulted in an 

amorphous reddish-brown colored product. 

Conventional synthesis 

For comparison, two vanadium phosphate samples were synthesized. LiVOPO4 

was prepared by a sol-gel method
 
[71]. V2O5 (Alfa Aesar) and oxalic acid (Fisher) were 

dissolved in water (1:3 ratio) and stirred at 70 
o
C until the solution turned blue. Lithium 

nitrate (Acros Organics) and ammonium dihydrogen phosphate (Acros Organics) were 

then added, and the resulting solution was stirred for 4 h. The solution was then dried in 

an air oven at 100 
o
C until a green powder was formed. The powder was heated in air at 

300 
o
C for 4 h and then at 500 

o
C for 4 h. The relevant reactions are given below.

 

V2O5 + 3H2C2O4  2VOC2O4 + 3H2O + CO2 (1) 

VOC2O4 + LiNO3 + NH4H2PO4  LiVOPO4 + 2CO + 2NO + 3H2O (2) 

Li3V2(PO4)3 was prepared by drying the vanadyl oxalate prepared by reaction (1) 

above. This product was ball milled with ammonium dihydrogen phosphate and 

lithium hydroxide monohydrate (stoichiometric ratios) in a plastic bottle with zirconia 

balls on a rolling ball mill for 5 days to form Li3V2(PO4)3. The resulting powder was 
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fired at 350 
o
C for 3 h in a flowing 5 %  H2 – 95 % Ar environment and then the 

temperature was raised to 725 
o
C for 6 h.  

 Finally, LiFePO4 was prepared by a conventional process according to the 

procedure for Li3V2(PO4)3, except iron oxalate rather than vanadyl oxalate was ball 

milled with ammonium dihydrogen phosphate and lithium hydroxide monohydrate in 

stoichiometric ratios.  

3.3 RESULTS AND DISCUSSION 

Structural and chemical characterization 

Initial reports in the literature discussing incorporation of V into LiFePO4 showed 

disagreement regarding the site that vanadium occupies in the structure, i.e., whether V 

resides in the Fe (cation) or P (anion) site [43, 44, 46, 48, 96]. To investigate this 

discrepancy, preliminary MW-ST synthesis attempts were made such that the precursor 

solutions were stoichiometric according to LiFeP1-xVxPO4, but these experiments led to 

large amounts of Fe3O4 impurity in the product. Therefore, it seemed likely that V 

occupies the Fe site instead of the P site. This conclusion is also expected based on the 

stability of the redox couples present since substituting V
5+

 for P
5+

 would likely lead to 

reduction of V
5+

 by the Fe
2+

 such that V
5+

 + 2Fe
2+

  V
3+

 2Fe
3+

. This has been 

demonstrated for the ‘LiFeVO4’ system, which cannot be synthesized because V
4+/5+

 is 

reduced by Fe
2+

 [97]. The Fe3O4 in these initial products was removed magnetically and 

the resulting products were analyzed by XRD to be phase-pure olivine-structured 

materials. The oxidation state of vanadium was unknown at that time, but lattice 

parameter changes suggested that vanadium had been incorporated into the olivine lattice. 

In this preliminary stage, (VO)
2+

 seemed to be the plausible species that would substitute 

for Fe
2+

 because it involves substitution of a cation with the same oxidation state as Fe. 
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Also, preliminary FTIR results indicated the possible presence of a V=O bond in 

accordance with the vanadyl precursor used (as will be later discussed). Aliovalent 

doping with V
3+

 or V
4+

 was not initially considered because of the skepticism in the 

literature at the time that LiFePO4 could be doped with aliovalent cations.  

Because (VO)
2+

 was deemed to be the logical species that was substituting for Fe, 

synthesis attempts were then made to prepare olivine cathodes of the form LiFe1-

x(VO)xPO4 with 0 ≤ x ≤ 0.25. Curiously, Fe3O4 impurity still formed after this synthesis, 

albeit in much smaller amounts than occurred when attempting to substitute V for P. The 

Fe3O4 was again removed magnetically. XRD patterns for these samples are shown in 

Figure 3.1 for 0 ≤ x ≤ 0.25. Impurity peaks for Fe3O4 are not detectable, demonstrating 

that the impurity has been adequately removed by stirring with a magnet, as discussed 

previously. The LiFe1-x(VO)xPO4 patterns resemble the MW-ST LiFePO4 pattern very 

closely. Figure 3.1 also shows the patterns over a smaller range of 2 to demonstrate the 

clear peak shifts to higher angles with increasing V-doping. Since the (VO)
2+

 ion is larger 

than Fe
2+

, one would expect an opposite trend, i.e., one would anticipate the unit cell 

volume to steadily increase with increasing (VO)
2+

 substitution. This contradictory 

behavior, and the fact that Fe3O4 forms when preparing the material according to LiFe1-

x(VO)xPO4, indicates that LiFe1-x(VO)xPO4 may not be the correct formula. 

Although Fe3O4 did not form as an impurity for pristine LiFePO4, adding excess 

Fe precursor during synthesis of LiFePO4 did lead to Fe3O4 formation, confirming that 

Fe3O4 is the species likely to form in the presence of excess Fe. This was analyzed by 

synthesizing LiFePO4 with 5 %, 10 %, and 15 % excess iron acetate. ICP analysis (not 

shown here) confirmed that the excess iron does not wash out of solution for these 
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samples and remains in ratios proportional to the amount of extra iron precursor taken in 

the reaction mixture. XRD confirms that the excess iron is in the form of Fe3O4.   

 

 

Figure 3.1. XRD patterns for LiFePO4 and V-doped LiFePO4 samples with a 

comparison over a smaller 2 range.  

 

 Table 3.1 gives lattice parameters for the samples and quantifies the systematic 

decrease in unit cell volume with increasing V content. Also worth mentioning is that a 

sample with no V but with 15 % deficient Fe was synthesized (‘LiFe0.85PO4’), and the 
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lattice parameters were the same as the LiFePO4 sample. This confirms that the lattice 

parameter changes are due to vanadium incorporation rather than simply from non-

stoichiometric precursor solutions. To obtain accurate values, a Si internal standard was 

used in this study and Rietveld refinement was employed.1  

Table 3.1. Lattice parameters obtained by Rietveld refinement for samples prepared 
according to LiFe1-x(VO)xPO4 with 0 ≤ x ≤ 0.25. 

Sample a (Å) b (Å) c (Å) V (Å
3
) 

LiFePO4 10.32093(20) 6.00127(12) 4.69262(9) 290.655(10) 

‘LiFe0.85PO4
’ 10.32392(14) 5.99971(8) 4.69249(6) 290.655(7) 

5 % V 10.31193(21) 5.99441(12) 4.69345(9) 290.121(10) 

10 % V 10.30262(22) 5.98984(13) 4.69563(10) 289.772(11) 

15 % V 10.27589(25) 5.97117(14) 4.69939(11) 288.350(12) 

25 % V 10.24307(34) 5.95064(19) 4.70406(14) 286.726(16) 

 

The formation of an Fe impurity indicates that there may be Fe vacancies in the 

structure, which is consistent with the shrinking unit cell volume. It is important to 

reiterate that Fe3O4 impurity formed despite careful analysis ensuring that stoichiometric 

amounts of precursors were mixed in stoichiometric ratios to prepare samples according 

                                                 

1 The XRD patterns were collected after grinding approximately 10 wt. % Si with 

the samples such that the intensity of most intense peak of the Si phase was similar to the 

most intense olivine peak. A pure Si powder sample was refined first to obtain lattice 

parameters. The lattice parameters found from this Si refinement were used for all of the 

other samples. During refinement of the olivine sample, the Si phase was first refined to 

fix the zero position. Then the olivine phase was added to the refinement. The atomic 

displacement parameters were generally reasonable without any constraints with rare 

exception, and it was usually possible to refine W, V, Y, and U (full width half maximum 

and shape parameters) for the olivine phase in most files.  
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to the formula LiFe1-x(VO)xPO4, as discussed in the previous section. Fe vacancies could 

be present to balance excess charge on V if it is not present as (VO)
2+

. After the Fe3O4 

was removed, ICP data further confirms iron deficiency, suggesting that V does likely 

substitute for Fe, but also that the samples are cation deficient, as shown in Table 3.2. 

Substitution of more than 5 mole percent of V for Fe results in consistently lower Fe/P 

ratios than expected. Conversely, Table 3.2 clearly shows that the V/P and Li/P ratios are 

nominally equal to the expected ratios for the intended samples.  

Table 3.2. Elemental ratios obtained from ICP analysis of samples prepared according 
to LiFe1-x(VO)xPO4  with 0 ≤ x ≤ 0.25. 

Compound Fe/P V/P Li/P 

LiFePO4 0.99 ----- 1.00 

5 % V 0.96 0.05 0.99 

10 % V 0.86 0.10 0.97 

15 % V 0.77 0.16 1.02 

25 % V 0.70 0.24 0.99 

 

Since XRD and ICP results suggest that LiFe1-x(VO)xPO4 may not be the correct 

formula for these samples, the olivine structure was examined more closely. The structure 

consists of a hexagonal close-packed oxygen array, and it would likely be difficult to 

accommodate (VO)
2+

 ions in the octahedral sites due to the large size of the vanadyl ion 

and the electrostatic repulsion associated with adding an extra oxygen ion into the Fe site. 

Therefore, because of these structural considerations and the results that indicate cation 

deficiency, doping of aliovalent vanadium ions for iron was considered. Although there is 

still skepticism regarding aliovalent doping in LiFePO4, many recent reports support this 

is possible [37, 41-50, 96]. If V
3+

 or V
4+

 rather than (VO)
2+

 substituted for Fe
2+

, the 
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expected formula would be LiFe1-2xVx◽xPO4 for V
4+

 or LiFe1-3x/2Vx◽x/2PO4  for V
3+

 

(where ◽ indicates Fe vacancies) rather than LiFe1-x(VO)xPO4. Both of these formulas 

could account for the presence of Fe vacancies, which are postulated to exist in these 

samples due to the formation of Fe3O4 impurity and the ICP data which suggests Fe 

deficiency after Fe3O4 is removed.  

To examine the possibility of synthesizing materials with the formula LiFe1-

2xVx◽xPO4, precursors were mixed stoichometrically to prepare LiFe1-2xVx◽xPO4 with 

x = 0.05, 0.10, and 0.15. The LiFe0.80V0.10◽0.10PO4 and LiFe0.90V0.05◽0.05PO4 

materials formed phase-pure olivine samples with no detectable impurities. However, 

attempts to prepare LiFe0.70V0.15◽0.15PO4 resulted in Li3PO4 impurity (Figure 3.2). 

Since this material was clearly deficient in Fe, the amount of Fe precursor was then 

increased while keeping the V, P, and Li stoichiometry constant until the Li3PO4 

impurity disappeared. A phase pure sample formed (with no Li3PO4 or Fe3O4) when 

Fe/P was approximately 0.78 - 0.79. Furthermore, the ICP data shown in Table 3.3 

indicates that all of the samples prepared according to LiFe1-2xVx◽xPO4 had higher Fe 

contents than expected from the precursor stoichiometry. These results are more 

consistent with an oxidation state closer to V
3+

 rather than V
4+

. A V
3+

 oxidation state 

implies LiFe1-3x/2Vx◽x/2PO4. After washing the samples with isopropyl alcohol (in 

addition to washing with acetone which was done for all other samples), the Li 

content found by ICP decreased a few percent to below the expected value, which 

may indicate slight lithium deficiency in the olivine structure. The lithium hydroxide 

starting material is not very soluble in the solvent (TEG) used in synthesis at room 

temperature or in the acetone typically used to wash the samples, though it does have 

limited solubility in isopropyl alcohol.  
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Figure 3.2.  XRD of 15 % V-doped LiFePO4 with varying Fe/P ratio in the precursor 

solution. 

Table 3.3. ICP data for V-doped samples prepared according to LiFe1-x(VO)xPO4, 

LiFe1-2xVx◽xPO4 , and LiFe1-3x/2Vx◽x/2PO4.  

Intended Sample Impurity
+ 

Li/P
* 

Fe/P
*
 V/P

*
 

LiFe0.90V0.05◽0.05PO4 none 0.99 0.92 0.05 

LiFe0.80V0.10◽0.10PO4 none 1.00 0.83 0.10 

LiFe0.70V0.15◽0.15PO4 Li3PO4 1.00 0.74 0.15 

LiFe0.775V0.15◽0.075PO4
#
 none 0.97 0.79 0.15 

LiFe0.85(VO)0.15PO4 Fe3O4 (removed) 1.02 0.77 0.16 

*Errors in ratios are estimated to be around 2 - 3 %. 
#
Sample was washed with isopropyl 

alcohol. 
+
“None” means no impurities were detected by XRD or magnetic stirring. 

 

Upon adding excess Li to the precursor solution for LiFePO4, ICP reveals excess 

Li in these samples. Since more than one Li
+
 cannot be inserted into LiFePO4, these 
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results indicate that excess Li precursor does not wash out completely in acetone after 

a reaction. Therefore, lithium deficiency in the V-doped samples may not be 

adequately detected by elemental analysis.  

Determination of transition-metal oxidation states 

Initially XPS was used to determine the oxidation states of the transition-metal 

ions. The binding energies for V
3+

, V
4+

, and V
5+

 differ by only about 1.5 eV and the 

literature values vary significantly. The difficulty in interpreting XPS data is 

compounded further by the fact that some researchers shift their peaks so that the 

carbon 1s peak is at 284.5 eV, some shift the carbon peaks to 285.0 eV, and others 

shift the oxygen peaks to standardize the measurements. Silversmit et al. [98] 

compared several V oxidation states among various studies and included the 

respective standardization conditions. The average value among the studies they 

examined were 517.2 eV for V
5+

 in V2O5, 516.0 eV for V
4+

 in VO2, and 515.6 eV for 

V
3+

 in V2O3.  

It is more difficult to find standardized data for vanadium in phosphates, so XPS 

measurements were taken for the MW-ST V-doped LiFePO4 sample prepared according 

to LiFe0.85(VO)0.15PO4 as well as for LiVOPO4 (V
4+

) and Li3V2(PO4)3 (V
3+

) as standards.2 

The LiVOPO4 and Li3V2(PO4)3 standards both showed multiple oxidation states in initial 

measurements, so the samples were sputtered to remove the surface layer. Vanadium 

                                                 
2 Note that many of the characterization experiments presented here were 

performed with the samples prepared according to LiFe1-x(VO)xPO4 because much 

characterization work was performed before the correct formula was determined. 

Subsequent characterization of a subset of the samples prepared according to the correct 

formula (LiFe1-3x/2Vx◽x/2PO4) did not significantly differ from that for samples prepared 

according to LiFe1-x(VO)xPO4 after Fe3O4 was removed.  
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measurements for the sputtered samples are shown in Figure 3.3(a). It is clear that the 

peaks for all three samples are in very similar locations, despite the fact that the 

LiVOPO4 and Li3V2(PO4)3 have different oxidation states which should affect the peak 

positions.  

 

 

Figure 3.3. XPS (a) V 2p and (b) C 1s core lines for sample prepared according to 
LiFe0.85(VO)0.15PO4. 
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These results indicate that it is not possible to distinguish between V
3+ 

and V
4+ 

in 

these samples. XPS analysis is complicated by the fact that the samples are insulating, so 

charge compensation must be used during data collection. Charge compensation shifts the 

peak locations, so all of the peaks were adjusted such that the C 1s peak was at 284.5 eV, 

as shown in Figure 3.3(b). However, since the samples and standards were prepared by 

different methods, different carbon sources may be present which could lead to 

inaccurate peak shifting. Also, most samples have several carbon peaks, further 

complicating analysis. 

Although the oxidation state of V could not be determined by the XPS 

measurements, XPS could be used to calculate elemental ratios. The V/P ratio on the 

surface of the V-doped sample was found to be V/P = 0.16 for the sample prepared 

according to LiFe0.85(VO)0.15PO4. This value agrees well with the intended V/P ratio and 

also agrees well with the bulk V/P ratio determined by the ICP analysis. This shows that 

the V is not a surface coating; rather, the V substitutes uniformly for Fe in the olivine 

lattice.   

To determine the oxidation state of V without the difficulties associated with 

XPS, the samples were tested with XANES. As shown in Figure 3.4, XANES spectra 

were collected on samples prepared according to LiFe1-x(VO)xPO4 (x = 0.05, 0.10, 

0.15), LiFe1-2xVx◽xPO4 (x = 0.05 and 0.10), and LiFe1-3x/2Vx◽x/2PO4 (x = 0.15). These 

samples are compared to LiVOPO4 and Li3V2(PO4)3 standards. Oxide standards were 

also used, but phosphate standards are a more relevant comparison, so only the 

phosphate standards are shown in Figure 3.4.  

The phosphate standards match those found in the literature well [60]. The pre-

edge feature, detailed for a few samples by the inset in Figure 3.5, arises because of 
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the 1s  3d transition for vanadium and is possible due to V 3d / V 4p and O 2p 

mixing. The LiVOPO4 sample has a much larger pre-edge peak than the Li3V2(PO4)3 

sample. The pre-edge feature is indicative of distortion in the VO6 octahedra, and the 

V=O bond in LiVOPO4 leads to significant distortion, whereas Li3V2(PO4)3 has much 

more symmetric octahedra. In Li3V2(PO4)3, there is a double peak which arises due to 

crystal field splitting of the V 3d orbitals into t2g and eg states [67].  

 

 

Figure 3.4.  V edge XANES data of V-doped LiFePO4 samples and Li3V2(PO4)3 and 

LiVOPO4 standards. With the exception of LiFe0.775V0.15◽0.075PO4, the 

formulas for the V-doped LiFePO4 samples reflect the intended sample 

compositions and the precursor ratios that were used for synthesis, rather 

than the actual compositions.  
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The V-doped LiFePO4 samples show larger pre-edge peaks than Li3V2(PO4)3 but 

smaller pre-edge peaks than LiVOPO4, indicating that the VO6 octahedra are less 

distorted than in LiVOPO4 with a strong V=O bond, but more distorted than in 

Li3V2(PO4)3. It is also notable that there is a slight decrease in pre-edge intensity with 

increasing V-doping levels, indicating that less distortion occurs for the more highly 

doped samples. This trend has been demonstrated previously for V-doped LiFePO4 

samples [45]. The V oxidation state can be estimated by least squares fitting of the 

standards. The estimated V oxidation states for the samples are presented in Table 

3.4. The fit (detailed in Figure 3.6) suggests a mixed oxidation state consisting of 77 

to 88 % V
3+

 and 12 to 23 % V
4+

.  
 

 

Figure 3.5. XANES of V-doped LiFePO4 samples and standards with inset close up of V 

pre-edge region. With the exception of LiFe0.775V0.15◽0.075PO4, the formulas 

for the V-doped LiFePO4 samples represent the intended sample 

compositions and the precursor ratios that were used for synthesis, rather 

than the actual compositions. 
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Table 3.4. Vanadium oxidation state analysis from XANES least squares fit (±0.03). 

Intended Sample 
Intended Cation 

Dopant 

V
3+ 

Content 

V
4+ 

 

Content 

Oxidation 

State 

LiFe0.95(VO)0.05PO4 (VO)
2+

 0.77 0.23 3.23 

LiFe0.90(VO)0.10PO4 (VO)
2+

 0.85 0.15 3.15 

LiFe0.80V0.10◽0.10PO4 V
4+

 0.88 0.12 3.12 

LiFe0.85(VO)0.15PO4 (VO)
2+

 0.75 0.25   3.25 

LiFe0.775V0.15◽0.075PO4 V
3+

 0.84 0.16 3.16 

  

 

 

Figure 3.6.  Representative XANES absorption spectrum least squares fit for sample 

prepared according to LiFe0.85(VO)0.15PO4. The Li3V2(PO4)3 and LiVOPO4 

curves are scaled by their relative contributions to the fit.  

XANES spectra (Figure 3.7) were also taken on the Fe edges and were 

compared to a commercial FePO4
.
xH2O sample, MW-ST LiFePO4, and 

conventionally prepared LiFePO4. The edge position and pre-edge regions for the V-
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doped samples and LiFePO4 (Fe
2+

 standards) are almost identical, and are distinctly 

different from the spectrum for the FePO4 (Fe
3+

) standard.  

 

 

Figure 3.7. Fe edge XANES data of V-doped LiFePO4 samples as well as FePO4, 

conventional LiFePO4, and MW-ST LiFePO4 standards. With the exception 

of LiFe0.775V0.15◽0.075PO4, the formulas for the V-doped LiFePO4 samples 

represent the intended sample compositions and the precursor ratios that 

were used for synthesis, rather than the actual compositions.  

A subset of the data is overlaid in Figure 3.8 to show that the curves all fall on 

top of one another. The pre-edge region, also detailed in Figure 3.8, shows no 

differences between the V-doped samples and the pristine LiFePO4 standards, 
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indicating that the FeO6 octahedra are not significantly distorted by the V doping. 

This has been previously demonstrated for V-doped LiFePO4 samples [45].  

 

 

Figure 3.8.  XANES of V-doped LiFePO4 samples and standards with the inset showing 
the Fe pre-edge region. With the exception of LiFe0.775V0.15◽0.075PO4, the 

formulas for the V-doped LiFePO4 samples represent the intended sample 

compositions and the precursor ratios that were used for synthesis, rather 

than the actual compositions.  

Figure 3.8 also illustrates that the Fe edge data for the LiFePO4 sample 

prepared by MW-ST process are almost identical to that prepared conventionally at 

725 
o
C in 5 % H2 – 95 % Ar, indicating that there is not any Fe

3+
 in the pristine MW-

ST LiFePO4 sample or the V-doped samples. Although it has been previously shown 

that low-temperature synthesis can lead to ~ 10 % Li deficiency in LiFePO4 [34], the 

pristine MW-ST LiFePO4 sample shows no indication of Fe
3+

, which means that it 
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should not be Li deficient (as charge balance would dictate Fe
3+

 should be present 

with Li deficiency). This is noteworthy because Fe3O4 forms if excess Fe precursor is 

added to the reaction precursor solution, which implies that both Fe
2+

 and Fe
3+

 can be 

stable in TEG. Conversely, these data demonstrate only Fe
2+

 is present in LiFePO4. 

 It is worth mentioning that Zhao et al. [93]
 
determined that LiFePO4 could not 

be doped with V in the Fe site because their XRD patterns showed an impurity and 

XANES fits deviated significantly from their experimental spectra, appearing more 

like Li3V2(PO4)3. The XRD patterns shown here do not have any impurities and the 

XANES spectra are distinctly different than Li3V2(PO4)3 in the pre-edge region. Their 

difficulty may have been substitution of V for Fe in a 1:1 ratio without considering 

the vacancy formation due to different valence states of the two ions (Fe
2+

 and V
3+

).  

Determination of transition-metal occupancies 

To confirm further the presence of iron vacancies and the presence of V on the 

Fe site, the occupancies of V and Fe were estimated from the XRD data with Rietveld 

refinement, (Table 3.5) and a representative refinement fit is shown in Figure 3.9. 

Convergence could not be reached through attempts to restrain the total cation charge 

to be equal to 3+ (to balance with PO4
3-

). Since X-rays are not sensitive to Li, it 

would be difficult to determine the lithium content through refinement of XRD 

patterns, so the Li occupancy was assumed to be unity and all of the V was assumed 

to be on the Fe site. A restraint was placed such that the total charge on the Fe site 

had to add up to 2+ (including Fe, V, and vacancies). The oxidation state of V was 

assumed to be 3.2+ for this analysis based on the average oxidation state found from 

the XANES samples.  
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Table 3.5.  Rietveld refinement occupancy results of XRD data for undoped and V-

doped LiFePO4 (with fit parameter 2
 shown). 

Sample Feocc Vocc 
2
 

LiFePO4 ----- ----- 1.55 

‘LiFe0.85PO4
’ ----- ----- 2.66 

LiFe0.925V0.05◽0.025PO4 0.933(18) 0.042(11) 1.92 

LiFe0.85V0.10◽0.05PO4 0.823(17) 0.111(11) 1.70 

LiFe0.775V0.15◽0.075PO4 0.764(18) 0.149(11) 1.40 

LiFe0.625V0.25◽0.125PO4 0.689(17) 0.195(11) 1.44 

 

Attempts to add analogous restraints on the Li site (such that V was allowed 

on the Li site and the total charge on the Li site was restrained to 1+) resulted in very 

high isotropic displacement parameters (Biso ~ 8), indicating likely non-physical 

results. Therefore, the refinement is not improved by placing V on the Li site and 

assuming that charge is balanced, supporting the assumption that there is not 

significant V doping on the Li site. However, restraining the total charge on the Li 

site to 1+ or the total charge on the Fe site to 2+ are just two possibilities. It is also 

possible that the charge is not perfectly balanced on each site as is the case when 

there are anti-site defects in LiFePO4. 

Rietveld refinement results of the XRD data shown in Table 3.5 supports the 

conclusion that the V and Fe occupancies are similar to the expected values from ICP 

as well as the claim that these samples are highly doped. The V occupancy of the 25 

% V-doped sample was found to be a little lower than expected, suggesting that it 

may only be possible to achieve ~ 20 % V doping on the Fe site. Since the refined Fe 

occupancy matches the ICP Fe/P ratio well for most samples, the results suggest that 

the restraint provides an appropriate model of the Fe/V site occupancy. The 
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possibility exists that there could be some V on the Li site or Li vacancies such that 

the total charge on the Fe site may not be exactly 2+, as mentioned above. Due to the 

complexity of accounting for these possibilities in the refinement, it was not possible 

to determine if the assumptions made could be responsible for the slight disagreement 

between the V occupancy and the ICP results for the 25 % V-doped sample. Although 

the refinement shows the V occupancy to be lower than expected with the described 

restraint, the lattice parameters show larger shifts from the 15 % V-doped samples 

than are consistent with only 20 % doping. Therefore, it is possible that the restraint 

used may not be appropriate for this sample, and there may be more cation disorder in 

this sample.  

 

 

Figure 3.9.  Representative XRD Rietveld refinement fit for 15 % V-doped sample. 

 Because XRD is sensitive to V and Fe, but insensitive to Li, it can be useful to 

estimate the relative V and Fe occupancies. Contrastingly, because powder neutron 
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diffraction is sensitive to Fe and Li, but not V, it can be used to estimate the Fe and Li 

occupancies. PND was performed for 5, 10, and 15 % V-doped samples and Table 3.6 

shows a summary of the results. It should be noted that the 25 % V sample is difficult 

to synthesize in the large amounts required for neutron diffraction due to the high 

pressure generated by the low boiling point V precursor used in the MW-ST 

synthesis. Therefore, the 25 % V-doped sample was not included in the neutron 

analysis.  

The lattice parameters found by PND are similar to those found from XRD. 

Fits to the neutron data with no chemical constraints and the V occupancies set at the 

nominal (intended) values are physically reasonable, with the implication that the 

occupancies are consistent with Fe
2+

 and V
3+

 within error (close to V
3+

). The large Li 

displacement parameter (Uiso) may relate in part to static disorder, which suggests 

the possibility that lithium may displace off-site from the standard (0,0,0) position. 

After off-site displacement, the thermal parameter decreases rapidly to near zero 

within error, and there is an improvement in the fit quality as may be expected with 

the addition of three (x,y,z) parameters for Li. Refinement off-site produces in the 

case of 15 % vanadium sample a negative thermal parameter, which is not physically 

reasonable. Overall, there is an indication that some displacement in the lithium 

position is real, but which may be difficult to adequately model by Rietveld 

refinement of the available data.  

Attempts to refine with the vanadium oxidation state constrained to V
4+

 

produced unphysical results, suggesting physically reasonable results obtained from 

unconstrained refinement of the Fe occupancy (Table 3.6) to be more appropriate. It 

is also worth noting that the neutron refinement results suggest a small amount of Li 



  51 

deficiency in these samples, which implies that there is either a small amount of V on 

the Li site or that the overall charge balance on the Fe site could be slightly higher 

than 2+. Either of these possibilities could explain why the V occupancy on the Fe 

site found for the 25 % V-doped sample was a little lower than expected from ICP 

data. A representative neutron refinement fit is shown in Figure 3.10.  

Table 3.6. Rietveld refinement results of the neutron diffraction data for samples 
prepared according to LiFe1-x(VO)xPO4. 

 
Samples [Li at (0,0,0)] Samples (Li off position) 

 5 % V 10 % V 15 % V 5 % V 10 % V 15 % V 

a (Å) 10.3122(7) 10.2986(7) 10.2826(8) 10.3115(7) 10.2980(7) 10.2820(8) 

b (Å) 5.9963(4) 5.9840(4) 5.9714(5) 5.9959(4) 5.9838(4) 5.9712(4) 

c (Å) 4.6982(4) 4.7003(3) 4.7018(4) 4.6979(4) 4.7001(3) 4.7016(4) 

V (Å
3
) 290.51(6) 289.67(6) 288.70(7) 290.46(6) 289.63(6) 288.66(6) 

UisoLi 2.4(3) 2.4(3) 2.1(4) 1.0(3) 0.3(4) -0.6(4) 

Liocc 1.04(3) 0.98(3) 0.94(3) 1.04(3) 0.92(3) 0.92(3)
** 

Feocc 0.916(5) 0.855(5) 0.801(6) 0.923(5) 0.860(5) 0.808(6) 

Vocc 0.05 0.10 0.15 0.05 0.10 0.15 

Ox.Fe 1.97 2.01 2.01 1.96 2.02 2.02 

Ox.V 2.52 3.12 3.05 2.28 3.20 3.12 


2 

2.24 2.98 3.43 2.17 2.92 3.30 

wRp 0.0334 0.0313 0.0374 0.0329 0.0309 0.0367 

*
 For the “Fe oxidation state" calculation, V

3+
 was assumed. For the “V oxidation 

state” calculation, Fe
2+

 was assumed.
**

 For the Li off-position refinements, the refined 

occupancy has been multiplied by a factor of 2 for comparison with the refinements 

with Li at (0,0,0). The multiplicity of Li off-position is 8, rather than 4 at (0,0,0). 

 

Further structural insight can be provided from STEM and EELS characterization 

studies. High-angle annular dark-field STEM images (Figure 3.11) show clear interstitial 

defects in the V-doped LiFePO4 samples. Because of the high contrast observed in the 

images, the species in the interstitial sites should be either V or Fe. This is surprising 
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because although Li interstitial (Frenkel) defects in LiFePO4 are calculated to require 

relatively low energy to form, Fe interstitial defects are expected to require high energy 

to form, reducing the likelihood of formation in pristine LiFePO4 [40]. However, the high 

doping levels and large quantities of vacancies may change the formation energy for 

these defects. Interstitial defects and vacancies could explain why neutron refinement 

data were better fit by allowing Li to be off-site.  

 

 

Figure 3.10. Representative neutron diffraction refinement fit for sample synthesized 

according to LiFe0.85(VO)0.15PO4 with Li at (0,0,0). 
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Figure 3.11. STEM Z-contrast images depicting interstitial defects ((a) and (b)) and 

bright field image (c) of a nanorod for 15 % V-doped LiFePO4. 

EELS data collected on the V-doped LiFePO4 nanorods are shown in Figure 3.12. 

The vanadium L3/L2 ratio was found to be 1.61 +/-0.08, which further confirms an 

oxidation state that is closer to V
3+

 than V
4+

 [99, 100], in agreement with the XANES 

measurements. 
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Figure 3.12. EELS data taken on a 15 % V-doped LiFePO4 nanorod. 

Spectroscopic characterization 

FTIR measurements can also provide insight regarding the V-doped LiFePO4 

samples. FTIR spectra are shown in Figure 3.13 below for several samples including 

LiVOPO4 and Li3V2(PO4)3 standards. The FTIR data for LiFePO4, LiVOPO4, and 

Li3V2(PO4)3 are consistent with the spectra found in the literature [101-104]. IR spectra 

of the V-doped samples closely resemble the LiFePO4 spectrum. It should be noted that 

early literature suggested that it might also be possible for V
5+

 to substitute in the anion 

site for P
5+

 rather than the cation site [44], leading to VO4
3-

 ions. Because the FTIR 

spectra are so dominated by the polyanion group, large differences in the spectra would 

be expected if LiFeP1-xVxO4 is formed, rather than only the small shifts evident in Figure 
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3.13. For example, the FTIR spectra of LiCoVO4 and LiNiVO4 look very different from 

that of LiFePO4 [105, 106]. Therefore, the small shifts evident from Figure 3.13 are more 

consistent with cation substitution than with anion substitution.  

 

 

Figure 3.13. FTIR spectra for LiFePO4 and V-doped LiFePO4 compared to standards. 

Also shown is an amorphous product formed when performing MW-ST 

synthesis with Li, V, and P precursors in the absence of Fe.  
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Despite the similarity between the pristine and V-doped LiFePO4 spectra, there 

are notable differences. The black dashed-line boxes in Figure 3.13 indicate sharp  

P-O stretching mode peaks for the LiFePO4 sample, but these features become less 

distinct in the V-doped samples, which indicates disruption or suppression of these 

modes. Also, a distinguishing feature between the LiFePO4 and LiVOPO4 spectra is 

the presence of a peak for V=O at  = 909 cm
-1

. LiFePO4 has anti-symmetric 

stretching modes of the P-O bond at 3 = 1078 – 1134 cm
-1

 and symmetric stretching 

modes at 1 = 944 – 962 cm
-1

, but these peaks drop off sharply in the region near 909 

cm
-1

. Contrastingly, the V-doped samples show a shoulder to lower wavenumbers on 

the 1 peak around 900 cm
-1

, corresponding with the location of the V=O bond in 

LiVOPO4, as illustrated by pink dashed boxes. The intensity of this shoulder increases 

with increasing V doping level. Although V=O bond peaks generally occur at a higher 

wavenumbers near 1000 cm
-1

, there are many examples of vanadium-based 

phosphates in the literature that exhibit V=O bond peaks near 900 cm
-1, 

as is the case 

for LiVOPO4 [73, 74, 101, 107-110]. 

As V
3+

 is not expected to form V=O and because there is a relatively small 

amount of V
4+

 in the V-doped samples, it is unlikely that the FTIR shoulder around 

900 cm
-1

 is indicative of V=O. To examine this point further, Raman spectroscopy 

measurements are presented in Figure 3.14. It is difficult to obtain a clear pattern 

from Raman spectroscopy because of iron fluorescence; therefore, very low power 

had to be used to avoid burning and decomposing the samples. Spectra were obtained 

for LiFePO4, 15 % V-doped LiFePO4, and LiVOPO4. It is clear that there is no peak 

around 882 cm
-1

, which would correspond to the V=O bond in LiVOPO4. Thus, the 

shoulder around 900 cm
-1 

seen in the FTIR patterns is not indicative of a V=O bond in 
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these samples. However, this FTIR peak is inconsistent with common impurities, 

including Li3PO4, Fe3O4, FePO4, LiOH, Li3Fe2(PO4)3, and LiFeP2O7.  

 

 

Figure 3.14. Raman spectroscopy of LiFePO4, 15 % V-doped LiFePO4 prepared 

according to LiFe0.775V0.15◽0.075PO4, and LiVOPO4. 

It is unknown what the shoulder at around 900 cm
-1

 represents in the V-doped 

samples. To investigate this further, the FTIR spectrum was recorded for the 

amorphous sample resulting from mixing precursors with a Li:V:P ratio of 1:1:1 and 

running a microwave reaction under the same conditions as for the V-doped LiFePO4 

samples. It would be possible for this species to be present as an impurity that would 

not be detectable by XRD but may show FTIR peaks. This was deemed unlikely due 

to the X-ray and neutron diffraction results, which indicate clear changes in lattice 
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parameters and cation occupancies consistent with doping. Regardless, the FTIR 

spectrum for the amorphous sample was examined anyway. The amorphous sample 

does not reveal an FTIR peak around 900 cm
-1 

(as shown in Figure 3.13), so the FTIR 

shoulders in the V-doped samples are not the result of an amorphous V-based 

impurity. Moreover, the FTIR pattern for the amorphous phase resembled that of 

Li3V2(PO4)3. 

It is worth mentioning that the most distinguishing feature between the LiFePO4 

and Li3V2(PO4)3 spectra is the presence of peaks around 1220 cm
-1

 in the Li3V2(PO4)3 

spectrum, outlined by a gray dashed-line boxes, arising from stretching vibrations of the 

terminal PO4 units [104]. These peaks are not present in the V-doped samples, further 

confirming the absence of a Li3V2(PO4)3 impurity phase. 

Electrochemical characterization 

Since electrochemical measurements can be dependent on particle size and 

morphology, the morphologies of LiFePO4 and 15 % V-doped LiFePO4 were also 

characterized by SEM, as shown in Figure 3.15. LiFePO4 forms uniform nanorod 

particles which have been analyzed by TEM in previous work, in which they were shown 

to be single crystals with an average size of about 40 nm by 100 nm [31, 33]. Conversely, 

the morphology of 15 % V-doped LiFePO4 consisted of several types of shapes including 

rods, plate-like particles, and spheres. The particle size is less uniform as well, but the 

particles are still at the nano scale with similar average size. 
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Figure 3.15. SEM micrographs of LiFePO4 (left) and 15 % V-doped LiFePO4 prepared 

according to LiFe0.85(VO)0.15PO4 (right). 

The V-doped samples were also characterized electrochemically by cyclic 

voltammetry to determine the activity of the Fe and V redox couples. The CV curves are 

shown in Figure 3.16, and a summary of the charge and discharge peak locations are 

presented in Table 3.7. The second CV cycle is analyzed in detail because the CV peak 

locations stabilize after one cycle. LiFePO4 has charge and discharge peaks centered 

around 3.45 V vs. Li/Li
+
 [27]. LiVOPO4 has peaks centered around 4.0 V for the V

4+/5+
 

couple [71], and Li3V2(PO4)3 has several sets of peaks between 3.5 and 4.3 V [111]. In 

Li3V2(PO4)3, the extraction of the first Li
+
 occurs in two steps from 3.5 and 3.8 V (V

3+/4+
 

couple). There is an additional charge plateau around 4.1 V, which corresponds to the 

second Li
+
 ion extraction (V

3+/4
). Peaks for the third Li

+
 extraction (V

4+/5
) occur around 

4.6 V (not shown here due to the 4.3 V cutoff). 

The V-doped samples all have peaks centered around 3.45 V, which correspond to 

the activity of the Fe
2+/3+

 couple. The peaks centered at 3.45 V in the V-doped samples 

are closer together in voltage and less broad than those in LiFePO4, indicating reduced 

polarization (Table 3.7). The V-doped samples also exhibit very broad peaks between 3.9 

and 4.3 V that increase in size with increasing doping. These peaks are illustrated in more 
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detail to the right of the CV profiles. Increasing the doping level leads to decreasing iron-

peak intensity for the peaks centered at 3.45 V and increasing current density in the 

region between 4.0 and 4.3 V. The latter current density can be attributed to the redox 

activity of the V
3+/4+

 since the oxidation state in these samples was found to be V
3.2+ 

from 

XANES. Because of this activity in the region between 3.9 and 4.3 V, V is concluded to 

be redox active.  

The LiVOPO4 and Li3V2(PO4)3 curves also have small peaks close to 2 V. 

Because this is difficult to see from the scale in the plot, the region between 2.0 and 2.6 V 

has been expanded to the left of each CV plot. LiVOPO4 has been cycled between 2.0 

and 4.3 V in this study to be consistent with LiFePO4 and the other samples tested, but 

typically LiVOPO4 is cycled between 3.0 and 4.5 V. The activity seen near 2 V in 

LiVOPO4 can be attributed to oxidation and reduction of the V
3+/4+

 couple. When cycled 

in this voltage range, LiVOPO4 can accept a second Li
+
 ion to form Li2VOPO4, which 

has activity near 2 V [60, 112-119].
 
Similarly, there is slight activity around 2 V for the 

Li3V2(PO4)3 sample (note changes of scale), which has recently been shown to be 

attributable to the V
2+/3+

 couple [120] and will be described in more detail subsequently. 

It is clear that as the V-doping increases, the samples have a small amount of activity 

near 2 V, i.e., the separation between charge and discharge CV curves increases in size 

with increasing V-doping. Like the activity between 3.9 and 4.3 V, there are not sharp 

peaks between 2.0 and 2.5 V. However, the CV measurements demonstrate that there is 

likely some reduction of V
3+

 to V
2+

.  
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Figure 3.16. Second CV cycle at a rate of 0.1 mV/s in the range of 2.0 to 4.3 V for 

LiFePO4 and V-doped LiFePO4 prepared according to LiFe1-x(VO)xPO4 

with 0 ≤ x ≤ 0.25 compared to vanadium phosphate standards (note changes 

of scale for the vanadium phosphate standards). 
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Table 3.7.  Second CV cycle charge and discharge peak voltages at a 0.05 mV/s rate for 
samples prepared according to LiFe1-x(VO)xPO4 with 0 ≤ x ≤ 0.25. 

Compound 
Fe

2+/3+
 Charge Peak 

Voltage (V) 

Fe
2+/3+

 Discharge Peak 

Voltage (V) 

LiFePO4 3.62 3.27 

5 % V-doped LiFePO4 3.54 3.33 

10 % V-doped LiFePO4 3.54 3.33 

15 % V-doped LiFePO4 3.53 3.34 

25 % V-doped LiFePO4 3.52 3.36 

 

To investigate further the activity at low and high voltage, CV was also performed 

in the voltage range between 1.5 – 4.8 V for a subset of the samples, as shown in Figure 

3.17. The pristine LiFePO4 material has little activity in the 3.8 – 4.8 V and 1.5 – 2.5 V 

regions since the Fe
2+/3+ 

couple operates at 3.45 V vs. Li, but the 15 % V-doped sample 

has obvious activity in both of these regions that can be assigned to V oxidation and 

reduction. Besides the peaks between 4.0 – 4.4 V for the V-doped sample that can be 

assigned to the V
3+/4+

 couple, there is no evidence of a second higher voltage peak 

corresponding to V
4+/5+

 in this sample, which would be analogous to the V
4+/5+ 

couple in 

Li3V2(PO4)3.  

In the lower voltage range, it has recently been shown that 2 more Li
+
 can be 

reversibly inserted into Li3V2(PO4)3 upon discharge to form Li5V2(PO4)3 [120]. This 

insertion occurs in four steps between 1.5 and 2.0 V and results from the V
2+/3+

 couple in 

Li3V2(PO4)3. V-doped LiFePO4 also shows significant activity below 2 V, and since the 

oxidation state of the pristine V-doped samples is close to V
3+

, the activity below 2 V can 

be assigned to a V
2+/3+

 couple analogous to Li3V2(PO4)3.  
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Figure 3.17. Second CV cycle at a 0.1 mV/s rate in the range between 1.8 and 4.8 V for 
LiFePO4 and LiFe0.775V0.15◽0.075PO4 synthesized under the same MW-ST 

conditions. The data are compared to vanadium phosphate standards (note 

the changes of scale for the vanadium phosphate standards). 

Further evidence of V redox activity is apparent from the first charge-discharge 

curves (Figure 3.18) with rates of C/10, C/2, and 2C. LiVOPO4 and Li3V2(PO4)3 are also 

presented. The V-doped LiFePO4 curves generally exhibit behavior characteristic of 

LiFePO4. The capacity is shown to decrease with increasing V doping owing to the Fe 

vacancies. The charge curves exhibit a change in slope around 4 V. They flatten out at 

higher voltage and this feature increases in extent with increasing doping levels. The 

capacity at 4 V is present due to the activity of the V
3+/4+ 

couple, as described in the CV 

discussion. It is also clear that the discharge curves for the V-doped samples have a 

change in slope at around 2.5 V and flatten out between 2.0 and 2.5 V. This activity can 

be attributed to the activity of the V
2+/3+

 couple, analogous to the activity in Li3V2(PO4)3.  
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Figure 3.18. First charge-discharge curves between 2 and 4.3 V for LiFePO4 and V-

doped LiFePO4 prepared according to LiFe1-x(VO)xPO4 with 0 ≤ x ≤ 0.25 

compared to vanadium phosphate standards (note change of scale for 

LiVOPO4). 
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Because there are Fe vacancies (total occupancy on Fe site is 0.925) in the V-

doped olivine structure, the V ions can operate on multiple valence states without the 

insertion of more than one Li
+
 ion. It is also possible that some of the Fe vacancies could 

be filled by Li
+
 ions. Because of the vacancies in the lattice it may be possible for Li

+
 to 

diffuse by different paths than the normal 1D channel diffusion, and increased Li 

diffusion has been demonstrated previously for doped samples [42, 95]. The overall 

contribution of V to the electrochemical behavior of the V-doped samples can be 

described by high voltage (~ 4.1 V) and low voltage (~ 1.5 V – 2.5 V) activity 

corresponding to the V
3+/4+

 and V
2+/3+

 couples, with the defects on the Fe/V site playing a 

role in lithium diffusion and redox behavior. 

As doping levels increase, the samples also show gradual suppression of the two-

phase behavior that is typical for LiFePO4. For LiFePO4, the two-phase plateau begins 

almost immediately upon discharge, so there is only a very small single-phase region. For 

the sample with 25 % V, however, there is considerable single-phase behavior at the 

beginning of the discharge curve, and the two-phase region is decreased greatly. The 

suppression of the two-phase behavior is best demonstrated through examination of the 

open-circuit voltage curve for the 25 % V-doped sample, shown in Figure 3.19. LiFePO4 

is notorious for its very flat voltage curve at 3.45 V. In contrast, the 25 % V-doped 

sample exhibits a continuously sloping open-circuit voltage (OCV) curve. A sloping 

OCV curve suggests a single-phase reaction mechanism, rather than a two-phase 

mechanism. The sloping voltage curve could be caused by the disorder associated with V 

doping or due to iron vacancies in the samples disrupting the phase transition. A single 

sloping voltage curve for LiFePO4 has been reported previously for a sample with small 

particle size and cation vacancies, indicating that non-stoichiometry combined with small 
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particles size may lead to single-phase behavior [34]. Single-phase charging and 

discharging is of interest because it allows for greater coexistence of Fe
2+

 and Fe
3+

 

species in the lattice without the presence of a phase boundary. This has rate implications 

since electronic conductivity in LiFePO4 is achieved by small polaron hopping of Fe
3+

 

holes or Fe
2+

 electrons. These charge carriers increase in concentration in a single-phase 

system [21, 22]. Also, although battery materials with flat voltage curves are beneficial 

because they can supply power at a constant voltage, sloping charge-discharge curves 

make state-of-charge determination easier for batteries [34]. 

 
 

 

Figure 3.19. Open-circuit voltage curve for 25 % V-doped LiFePO4 sample prepared 

according to LiFe0.75(VO)0.25PO4. 

It should be noted that the XANES data does not show a mixed Fe oxidation 

state, indicating that the suppression of the distinct two-phase plateau behavior 

characteristic of LiFePO4 does not result from Fe
2+/3+

 mixing in these samples. 

Instead, the iron vacancies or presence of V
3+

 appear to be responsible for increasing 
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the solid solubility of FePO4 and LiFePO4. It has also been previously suggested that 

doping can lead to increased solid solution between LiFePO4 and FePO4 [42]. This 

improved solubility could be the reason for the decreased polarization demonstrated 

in the CV data for the V-doped samples since the phase change is kinetically limiting.  

 Although the capacity decreases with increasing V-doping due to Fe vacancies, 

the capacity retention during extended cycling improves for all of the V-doped samples 

compared to LiFePO4, as shown in Figure 3.20. It is possible that the improved 

cyclability could be due to the Fe vacancies in the samples; the Fe vacancies may 

suppress anti-site disorder between Li and Fe, and thereby enhance the lithium diffusivity 

or create new paths for Li
+
 diffusion.  

 

 

Figure 3.20. Cycle performance data at a C/10 rate for LiFePO4 and V-doped LiFePO4 

samples prepared according to LiFe1-x(VO)xPO4 with 0 ≤ x ≤ 0.25. 
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By 50 cycles, the capacities of all of the V-doped samples (except the 25 % V-

doped sample) exceed the capacity of pristine LiFePO4 and are fairly stable. Because of 

redox activity at higher voltage and the increased capacity, the energy densities of the V-

doped samples are also higher than for LiFePO4 after 50 cycles. It should be noted that all 

of the data presented here are for samples without any carbon coating, and MW-ST 

LiFePO4 with carbon coating has been shown before to exhibit very good capacity 

retention [31]. Therefore, the trend in the cyclability results shown here may differ in the 

presence of carbon coating.  

3.4 CONCLUSIONS 

A rapid microwave-assisted solvothermal synthesis method was developed to 

prepare V-doped LiFePO4 cathodes with the formula LiFe1-3x/2Vx◽x/2PO4 (x at least 

0.2) at 300 
o
C. The oxidation state of V was found consistently to be ~ V

3.2+
 by 

XANES. Neutron and X-ray Rietveld refinements show clear evidence of Fe 

vacancies in these materials, with the X-ray data confirming that at least 20 % V can 

be doped into the Fe site and that the olivine structure can accommodate significant 

cation vacancies. This is in sharp contrast to other studies that employed 

conventional, high-temperature synthetic approaches and demonstrated a maximum of 

10 % V doping without formation of impurity phases.  

CV and charge-discharge curves show that the V
2+/3+

 and V
3+/4+

 redox couples 

are both electrochemically active, and the typical two-phase plateau behavior 

characteristic of LiFePO4 is suppressed in the vanadium ion substituted samples. 

Although the capacities and rate capabilities decrease with increasing V doping due to 

Fe vacancy formation and corresponding capacity loss, the cycle life improves; 

however, the samples examined are not coated with carbon, which affects cyclability.  
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Chapter 4: Phase Stability of LiFe1-3x/2Vx◽x/2PO4 Cathodes 

4.1 INTRODUCTION 

In the previous Chapter, the low-temperature microwave-assisted solvothermal 

synthesis and characterization of V-doped LiFePO4 cathodes was detailed. Although 

previous studies have been able to demonstrate a maximum of 10 % V doping [43-51], 

accommodation of at least 20 % V in the olivine lattice is demonstrated here. In this 

Chapter, these remarkably high doping levels are shown to be possible only because of 

the low-temperature MW-ST synthesis method which leads to formation of a metastable 

phase. This is demonstrated by heating the 15 % V-doped LiFePO4 sample in reducing 

and inert atmospheres at various temperatures to show that the olivine lattice loses 

vanadium and forms Li3V2(PO4)3 at high temperatures. For comparison, attempts were 

also made to prepare V-doped samples by a conventional ball milling and heating 

method. As found in previous studies, at conventional synthesis temperatures, only about 

10 % V can be accommodated in the olivine lattice. Therefore, the low temperature MW-

ST method is demonstrated here to yield a metastable phase with higher dopant levels 

than can be achieved by conventional methods. 

4.2 EXPERIMENTAL 

Microwave Synthesis 

The microwave-synthesized samples were prepared as described in the 

previous Chapter. To determine the stability of the V-doped samples at synthesis 

temperatures conventionally used for LiFePO4 type phases, the pristine MW-ST 

sample prepared according to LiFe0.775V0.15◽0.075PO4 was ground and heated in 

flowing 5 % H2 – 95 % Ar or 100 % Ar environments at various elevated 

temperatures (525 
o
C – 25 

o
C) and for various times (6 h and 15 h), similar to the 
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methods used in the conventional high-temperature synthesis of pristine and V-doped 

LiFePO4 [23, 25-27, 35- 38, 43-51]. 

Conventional synthesis 

Attempts were also made to synthesize LiFe0.775V0.15◽0.075PO4 directly by 

solid-state reaction.  The V precursor was first prepared by reaction (1):  

V2O5 + 3H2C2O4  2VOC2O4 + 3H2O + 2CO2 (1) 

The water was evaporated while stirring the solution on a hot plate at 70 
o
C and finally 

the powder was dried in a vacuum oven at 100 
o
C. ICP analysis was used to determine 

and adjust for the water content of VOC2O4. Subsequently, the VOC2O4 was ball milled 

in acetone for 5 days with stoichiometric amounts of iron oxalate (Fisher), ammonium 

dihydrogen phosphate (Fisher), and lithium hydroxide monohydrate (Fisher) in 

stoichiometric ratios to prepare LiFe0.775V0.15◽0.075PO4. The products were dried, ground, 

and then heated in flowing 5 % H2 – 95 % Ar and 100 % Ar atmospheres for 3 h at 350 

o
C followed by 6 h at temperatures ranging from 525 

o
C - 725 

o
C. This is similar to 

previously described conventional methods used for LiFePO4 and V-doped LiFePO4 

synthesis [23, 25-27, 35-38, 43-51]. 

Additionally, LiFePO4 was prepared by the same ball milling and heating 

method with stoichiometric amounts of precursors. For a comparison, Li3V2(PO4)3 

and LiVOPO4 were also prepared, as described in the previous Chapter. A naming 

scheme will be employed to refer to the pristine and heated samples, defined by: 

“synthesis method – sample – furnace heating atmosphere – furnace heating 

temperature – furnace heating time.” For example, MW-ST V-doped LiFePO4 that is 

then heated at 525 
o
C in 5% H2 and 95 % Ar for 6 h will be referred to as MW-LFVP-

H2-525-6h. The corresponding conventionally prepared sample will be referred to as 
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CONV-LFVP-H2-525-6h. LiFePO4 samples will be described with ”LFP” rather than 

“LFVP.” The relevant samples are summarized in Table 4.1 

Table 4.1. Summary of as-prepared and post-heated samples of undoped and V-doped 
LiFePO4. 

Sample 
 

Intended 

Product 

Synthesis 

Method 

MW 

Temp. 

MW 

Time 

Furnace 

Temp. 

Furnace 

Time 

Furnace 

Atmosphere 

MW-LFP-unheated LiFePO4 MW 300 
o
C 30 min N/A N/A N/A 

MW-LFPdef-unheated LiFe0.85PO4 MW 300 
o
C 30 min N/A N/A N/A 

MW-LFP-H2-725-6h LiFePO4 MW 300 
o
C 30 min 725 

o
C 6 h 5 % H2 

MW-LFVP-unheated LiFe0.775V0.15PO4 MW 300 
o
C 30 min N/A N/A N/A 

MW-LFVP-H2-525-6h LiFe0.775V0.15PO4 MW, heat 300 
o
C 30 min 525 

o
C 6 h 5 % H2  

MW-LFVP-H2-625-6h LiFe0.775V0.15PO4 MW, heat 300 
o
C 30 min 625 

o
C 6 h 5 % H2  

MW-LFVP-H2-725-6h LiFe0.775V0.15PO4 MW, heat 300 
o
C 30 min 725 

o
C 6 h 5 % H2  

MW-LFVP-Ar-525-6h LiFe0.775V0.15PO4 MW, heat 300 
o
C 30 min 525 

o
C 6 h Ar 

MW-LFVP-Ar-625-6h LiFe0.775V0.15PO4 MW, heat 300 
o
C 30 min 625 

o
C 6 h Ar 

MW-LFVP-Ar-725-6h LiFe0.775V0.15PO4 MW, heat 300 
o
C 30 min 725 

o
C 6 h Ar 

MW-LFVP-Ar-525-15h LiFe0.775V0.15PO4 MW, heat 300 
o
C 30 min 525 

o
C 15 h Ar 

MW-LFVP-Ar-625-15h LiFe0.775V0.15PO4 MW, heat 300 
o
C 30 min 625 

o
C 15 h Ar 

MW-LFVP-Ar-725-15h LiFe0.775V0.15PO4 MW, heat 300 
o
C 30 min 725 

o
C 15 h Ar 

CONV-LFP-Ar-725-6h LiFePO4 ball mill, heat N/A N/A 725 
o
C 6 h Ar 

CONV-LFPdef-Ar-725-6h LiFe0.85PO4 ball mill, heat N/A N/A 725 
o
C 6 h Ar 

CONV-LFP-H2-525-6h LiFePO4 ball mill, heat N/A N/A 525 
o
C 6 h Ar 

CONV-LFP-H2-625-6h LiFePO4 ball mill, heat N/A N/A 625 
o
C 6 h Ar 

CONV-LFP-H2-725-6h LiFePO4 ball mill, heat N/A N/A 725 
o
C 6 h Ar 

CONV-LFVP-H2-525-6h LiFe0.775V0.15PO4 ball mill, heat N/A N/A 525 
o
C 6 h 5 % H2  

CONV-LFVP-H2-625-6h LiFe0.775V0.15PO4 ball mill, heat N/A N/A 625 
o
C 6 h 5 % H2  

CONV-LFVP-H2-725-6h LiFe0.775V0.15PO4 ball mill, heat N/A N/A 725 
o
C 6 h 5 % H2  

CONV-LFVP-Ar-525-6h LiFe0.775V0.15PO4 ball mill, heat N/A N/A 525 
o
C 6 h Ar 

CONV-LFVP-Ar-625-6h LiFe0.775V0.15PO4 ball mill, heat N/A N/A 625 
o
C 6 h Ar 

CONV-LFVP-Ar-725-6h LiFe0.775V0.15PO4 ball mill, heat N/A N/A 725 
o
C 6 h Ar 

Li3V2(PO4)3 Li3V2(PO4)3 ball mill, heat N/A N/A 725 
o
C 6 h 5 % H2  

LiVOPO4 LiVOPO4 sol-gel, heat N/A N/A 500 
o
C 4 h Air 
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4.3 RESULTS AND DISCUSSION 

Structural characterization 

XRD patterns are shown in Figure 4.1 for the as-prepared MW-LFP-unheated 

and MW-LFVP-unheated samples as well as the MW-ST samples subsequently heated 

in 5 % H2 – 95 % Ar at various temperatures. A Si internal standard was used during 

data collection, as discussed in the previous chapter to obtain more accurate lattice 

parameters. The pattern for Li3V2(PO4)3 is also shown for a comparison. Results for 

the samples heated in Ar were very similar to those heated in 5 % H2 – 95 % Ar, so 

only the samples heated in 5 % H2 – 95 % Ar are presented for brevity. The XRD 

patterns for MW-LFVP-H2-525-6h and MW-LFVP-H2-625-6h closely resemble that 

for MW-LFVP-unheated with no detectable impurity phases. Conversely, the MW-

LFVP-H2-725-6h sample has impurity peaks that can be identified as monoclinic 

Li3V2(PO4)3. Several studies have shown that that Li3V2(PO4)3 impurity forms when 

doping V into the olivine lattice at levels above 5 – 10 % by conventional high 

temperature synthesis methods [44, 45-47, 50, 96]; therefore, this result was 

anticipated.  

XRD patterns for the post-heated microwave-synthesized samples can be 

compared to the LiFe0.775V0.15◽0.075PO4 samples synthesized by a conventional ball 

milling and heating process. The XRD patterns for these materials (CONV-LFVP) are 

shown in Figure 4.1 for the samples heated in 5 % H2 – 95 % Ar. Li3V2(PO4)3 peaks 

are detectable in the samples at all three heating temperatures in contrast to the MW-

ST synthesized and heated samples. Again, similar results were obtained when 

heating in Ar and in 5 % H2 – 95 % Ar.  

 



  73 

 

 

Figure 4.1.  XRD patterns of as-prepared and post-heated samples of undoped and V-

doped LiFePO4 with an internal Si standard. 

To eliminate any possibility that different heating conditions were responsible 

for the difference in Li3V2(PO4)3 formation, the microwave-synthesized sample and 
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the precursors for the conventionally doped samples were heated in the same tube 

furnace in adjacent crucibles. This result was repeatable, which confirms that MW-ST 

synthesis provides a product with higher doping levels that is somewhat kinetically 

stable at elevated temperatures. If the V had been present, for example, as an 

amorphous impurity rather than within the olivine lattice, the V should have formed 

Li3V2(PO4)3, as occurs in the conventionally prepared samples. Furthermore, even 

after 15 h of heating in Ar, the microwave-synthesized LFVP sample showed phase 

pure patterns at 525 
o
C and 625 

o
C.   

As shown in the previous Chapter, there is a systematic decrease in unit cell 

volume, in addition to an increase in the length of the c axis, with increasing V 

doping. Therefore, an increase in unit cell volume and decrease in c axis length is 

expected if heating results in vanadium being leached from the olivine lattice. Table 

4.2 shows that the MW-LFVP-H2-525-6h, MW-LFVP-Ar-525-6h, and MW-LFVP-

Ar-525-15h samples have similar unit cell volumes, indicating only a slight increase 

(approximately within error) from pristine MW-LFVP-unheated. At higher 

temperatures, there is a systematic increase in unit cell volume with increasing 

temperature, with the most significant increase in the unit cell volume present for the 

samples heated at 725 
o
C. In addition, there is a systematic decrease in the length of 

the c axis. However, the lattice parameters do not shift all the way back to those for 

MW-LFP-unheated, suggesting that some vanadium remains present in the olivine 

lattice even at 725 
o
C. The unit cell volumes for the conventionally heated LFVP 

samples are shown to be similar for all heating conditions, and the unit cell volumes 

are all lower than for the conventional LiFePO4 samples, indicating V doping. 

Furthermore, the unit cell volumes are similar to those for the microwave-synthesized 



  75 

samples heated at 725 
o
C, and have a volume similar to LiFePO4 doped with V in the 

range of 5 – 10 %. 

Table 4.2.  Summary of the lattice parameters of the as-prepared and post-heated 
undoped and V-doped LiFePO4 (obtained by Rietveld refinement of XRD 

data with fit parameter 2
 shown). 

Sample a (Å) b (Å) c (Å) V (Å
3
) 

2
 

MW-LFP-unheated 10.32093(20) 6.00127(12) 4.69262(9) 290.655(10) 1.55 

MW-LFPdef-unheated 10.32392(14) 5.99971(8) 4.69249(6) 290.655(7) 2.66 

MW-LFP-H2-700-6h 10.32653(8) 6.00370(5) 4.69084(4) 290.820(4) 2.44 

MW-LFVP-unheated 10.27589(25) 5.97117(14) 4.69939(11) 288.350(12) 1.40 

MW-LFVP-H2-525-6h 10.28668(14) 5.97441(8) 4.69636(6) 288.623(7) 1.94 

MW-LFVP-H2-625-6h 10.29490(14) 5.98145(9) 4.69423(6) 289.063(7) 2.21 

MW-LFVP-H2-725-6h 10.31397(10) 5.99741(6) 4.69195(5) 290.230(5) 2.67 

MW-LFVP-Ar-525-6h 10.28145(15) 5.97428(9) 4.69722(7) 288.523(7) 1.88 

MW-LFVP-Ar-625-6h 10.28643(14) 5.97664(9) 4.69590(6) 288.696(7) 2.24 

MW-LFVP-Ar-725-6h 10.31407(10) 5.99812(6) 4.69239(5) 290.295(5) 2.52 

MW-LFVP-Ar-525-15h 10.28433(16) 5.97423(9) 4.69697(7) 288.586(8) 1.85 

MW-LFVP-Ar-625-15h 10.28678(14) 5.97686(8) 4.69540(6) 288.686(7) 2.11 

MW-LFVP-Ar-725-15h 10.31685(8) 6.00016(5) 4.69230(4) 290.466(4) 2.70 

CONV-LFVP-H2-525-6h 10.3097(3) 6.00242(17) 4.69601(14) 290.604(14) 1.84 

CONV-LFVP-H2-625-6h 10.30809(27) 6.00045(15) 4.69596(12) 290.461(13) 1.85 

CONV-LFVP-H2-725-6h 10.31044(20) 5.99990(12) 4.69530(9) 290.459(10) 1.95 

CONV-LFVP-Ar-525-6h 10.31085(30) 6.00156(16) 4.69548(13) 290.562(14) 1.68 

CONV-LFVP-Ar-625-6h 10.30902(25) 5.99882(14) 4.69585(11) 290.400(12) 1.74 

CONV-LFVP-Ar-725-6h 10.30636(21) 5.99633(12) 4.69407(10) 290.095(10) 2.52 

CONV-LFP-Ar-725-6h 10.32494(8) 6.00591(5) 4.69161(4) 290.930(4) 1.80 

CONV-LFPdef-Ar-725-6h 10.32681(11) 6.00602(6) 4.69043(5) 290.915(5) 1.95 

CONV-LFP-H2-525-6h 10.32535(15) 6.00610(9) 4.69367(7) 291.079(7) 2.27 

CONV-LFP-H2-625-6h 10.32441(13) 6.00614(7) 4.69241(6) 290.975(6) 2.40 

CONV-LFP-H2-725-6h 10.32507(9) 6.00606(5) 4.69162(4) 290.941(4) 3.64 
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Since the precursor for these doped samples all have deficient amounts of Fe 

relative to Li and P, samples were also synthesized with Fe deficiency but without V, 

i.e., ‘LiFe0.85PO4’ as the intended formula, both conventionally and by the MW-ST 

process. These samples are referred to as CONV-LFPdef-Ar-725-6h and MW-

LFPdef-unheated, respectively, and the lattice parameters are shown. In both cases, 

the deficient iron samples have similar unit cell volumes as their stoichiometric 

counterparts. This shows that Fe vacancies do not occur without vanadium doping and 

the lower lattice parameters in the doped samples are due to V presence in the olivine 

lattice. It is worth noting that the MW-LFP-unheated sample has a slightly lower unit 

cell volume than the conventionally prepared LiFePO4 samples. However, upon 

heating, the lattice parameters are similar, as indicated in Table 4.2 by the MW-LFP-

H2-725-6h sample. It is unclear why this is the case; it could be related to defects in 

the structure, but could also have to do with particle size effects giving rise to lattice 

strain from surface tension [26, 121, 122].
 

To estimate the amount of vanadium remaining in the lattice after heating, the 

V and Fe occupancies were also refined with a restraint that the total charge on the Fe 

site must be 2+. Oxidation states were assumed to be Fe
2+

 and V
3+

. The MW-LFVP-

unheated sample was found to have a slightly higher V oxidation state (V
3.2+

), but the 

heated samples were assumed to consist of V
3+

 since the conventional V-doped 

samples have Li3V2(PO4)3 impurity, indicating V
3+

 is the stable oxidation state. The 

oxidation state might be slightly higher than V
3+

 in some of the samples (especially 

when heated at lower temperature), but an assumption had to be made and this 

seemed most reasonable. A representative refinement fit is shown in Figure 4.2 for a 

sample with olivine, Si, and Li3V2(PO4)3. It was difficult to refine the Li3V2(PO4)3 
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phase in the samples since it was only a small impurity phase. Therefore, a pure 

Li3V2(PO4)3 sample was first refined and all of the parameters from that refinement 

were used for the Li3V2(PO4)3 impurity phase in the olivine samples. Only the lattice 

parameters and the overall isotropic displacement parameter were refined for the 

Li3V2(PO4)3 phase in the olivine samples. 

 
 

 

Figure 4.2. Representative XRD Rietveld refinement fit of V-doped LiFePO4, 

Li3V2(PO4)3, and Si phases.  

As shown in Table 4.3, the refinement suggests that the samples heated at 525 

o
C and 625 

o
C still have around 15 % V doping, but the samples heated at 725 

o
C lose 

V from the olivine lattice. These values agree well with existing literature and with 

the conventionally prepared samples, which indicate doping levels of ~10 % or less 

can be achieved [43-51, 93, 94]. The doping levels in the conventional samples are 

slightly higher than in the MW-ST samples at 725 
o
C, which could be related to the 
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slightly different stoichiometry in the microwave samples (i.e., possible lithium 

deficiency as discussed in the previous Chapter).  

Table 4.3. Fractional occupancy and phase fraction results for as-prepared and post-
heated samples of undoped and V-doped LiFePO4 from Rietveld refinement.  

Sample Feoccupancy Voccupancy 
Voccupancy from 

% LVP
* % LVP 

MW-LFVP-unheated 0.764(18) 0.149(11) ----- ----- 

MW-LFVP-H2-525-6h 0.765(14) 0.156(9) ----- ----- 

MW-LFVP-H2-625-6h 0.798(14) 0.135(10) ----- ----- 

MW-LFVP-H2-725-6h 0.875(14) 0.084(9) 0.0883(16) 9.50(33) 

MW-LFVP-Ar-525-6h 0.777(13) 0.148(9) ----- ----- 

MW-LFVP-Ar-625-6h 0.763(14) 0.158(10) ----- ----- 

MW-LFVP-Ar-725-6h 0.878(14) 0.082(10) 0.0802(18) 10.61(36) 

MW-LFVP-Ar-525-15h 0.767(14) 0.155(9) ----- ----- 

MW-LFVP-Ar-625-15h 0.769(14) 0.154(9) ----- ----- 

MW-LFVP-Ar-725-15h 0.895(15) 0.070(10) 0.0668(21) 12.39(41) 

CONV-LFVP-H2-525-6h 0.843(35) 0.098(40) 0.1168(15) 5.36(31) 

CONV-LFVP-H2-625-6h 0.839(17) 0.107(12) 0.1144(15) 5.72(30) 

CONV-LFVP-H2-725-6h 0.805(19) 0.130(13) 0.0975(19) 8.24(39) 

CONV-LFVP-Ar-525-6h 0.842(20) 0.105(13) 0.1175(14) 5.26(30) 

CONV-LFVP-Ar-625-6h 0.824(18) 0.117(12) 0.1171(14) 5.33(29) 

CONV-LFVP-Ar-725-6h 0.830(17) 0.113(11) 0.1035(17) 7.36(35) 

*Errors for “Vocc from % LVP” were estimated by the method of sequential 

perturbation because an iterative solution was required. 

 

To corroborate the V occupancies as a function of temperature that were 

determined by direct refinement of site occupancies, the amount of V remaining in the 

olivine lattice after heating was also indirectly estimated from the phase fractions. By 

assuming the V is all present in either the crystalline olivine phase or Li3V2(PO4)3, 
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one can estimate the amount of V remaining in the olivine lattice from the phase 

fraction of Li3V2(PO4)3 that forms. This indirect analysis reveals similar V 

occupancies (within error) as the direct Fe site refinement, as shown in Table 4.3.  

The only data that do not agree well are for the conventional sample 

synthesized at 725 
o
C in 5 % H2 – 95% Ar (the strongest reducing environment). In 

this case, the V occupancy found by restraining the total charge on the Fe site is 

significantly higher than for the occupancy found from the phase fraction of 

Li3V2(PO4)3. The higher V occupancy in this sample is inconsistent with the trends 

from the other samples and from other literature. This implies that the restraint on the 

Fe-site charge is not valid for this sample or that V is present in a phase other than the 

olivine and Li3V2(PO4)3 phases. The maximum V doping demonstrated in the olivine 

lattice is summarized as a function of temperature in Figure 4.2 and compared to 

other studies. In general, all of the results indicate the trend that the maximum 

achievable doping levels before impurity formation decreases with increasing 

temperature.  
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Figure 4.3. Maximum V content demonstrated versus temperature. Heated MW-ST V-

doped LiFePO4 samples are compared to conventionally prepared V-doped 

LiFePO4 samples from this study (red triangles) and from other literature 

(black symbols). The legends indicate the heating environment and heating 

time. The values used here are ‘Voccupancy from % LVP’ from Table 4.3 where 

applicable. The MW-ST data point is theVoccupancy value found for the Fe site 

in the ‘25 %’ V-doped sample.  

STEM and EDS analysis 

To confirm the assumption made in the Rietveld analysis that the monoclinic 

Li3M2(PO4)3 phase consists of M = V rather than M = Fe, electron microscopy data 

were collected in conjunction with elemental analysis. As both M are possible, it 

would be difficult to distinguish whether M = Fe or V with XRD for the small 

impurity amounts present in the samples. M = V is expected because V
3+ 

and Fe
2+

 

should be stable under these heating conditions, rather than Fe
3+

, especially as no Fe
3+
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was discovered in the pristine MW-ST samples (Figure 3.8). However, to confirm this 

assumption, several samples were imaged by STEM with an EDS elemental mapping 

capability. Figure 4.4(a) shows a MW-LFVP-unheated nanorod and corresponding 

elemental dot maps for Fe, V, and P. It is clear that the V and Fe are evenly 

distributed along the nanorod imaged. Since the morphology of this sample includes 

nanorods as well as other shapes, a range of different particle sizes and shapes were 

imaged. Images of all particles yielded similar results, and no evidence of any V-rich 

or Fe-poor regions was found.  

Figure 4.4(b) shows an STEM image of MW-LFVP-H2-725-6h with 

corresponding elemental dot maps. It is clear that there are V-rich, Fe-poor particles 

present in this sample, indicating clear phase separation. This confirms that the 

Li3M2(PO4)3 impurity is likely Li3V2(PO4)3 with little Fe incorporated since the 

particle clearly shows both V and P but not Fe. Another interesting point is that there 

is still a significant amount of V in the Fe-rich particles indicating that they remain 

significantly doped, which agrees with the refinement results. STEM/EDS was also 

performed for MW-LFVP-H2-525-6h (not shown in Figure 4.4), and no V-rich or Fe-

poor particles were discovered. These microscopy results suggest that phase 

segregation to form Li3V2(PO4)3 only occurs above 500 
o
C in the MW-ST LFVP 

samples.  

STEM/EDS was also performed on the CONV-LFVP-H2-525-6h and CONV-

LFVP-H2-725-6h samples, as shown in Figure 4.5(a) and Figure 4.5(b), respectively. 

In both of these samples, there was clear evidence of V-rich particles and Fe-poor 

particles. This is in contrast to MW-LFVP-H2-525-6h. Similar to the STEM/EDS 

shown in Figure 4.4 for MW-LFVP-H2-725-6h, there is still a significant amount of V 
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in the Fe-rich particles (presumably the olivine structured phase). Clearly, at higher 

doping levels the conventional synthesis produces V-rich impurities at all 

temperatures, though some V remains in the olivine lattice. 

 

 

Figure 4.4. STEM images and corresponding elemental dot maps of (a) MW-LFVP-

unheated and (b) MW-LFVP-H2-725-6h. Note that (b) was obtained for a 

sample previously heated at 700 
o
C rather than 725 

o
C, but this is not 

anticipated to change the result. 



  83 

 

Figure 4.5.  STEM images and corresponding elemental dot maps of (a) CONV-LFVP-

H2-525-6h and (b) CONV-LFVP-H2-725-6h. Note that images were 

obtained for samples previously heated at 500 
o
C and 700 

o
C rather than 

525 
o
C and 725 

o
C, but this is not anticipated to change the results. 

Spectroscopic characterization 

In addition to diffraction and imaging techniques, spectroscopy can also 

provide insight regarding the phases formed upon heating the samples. Figure 4.6 

shows FTIR spectra for several samples. As discussed in greater detail in the previous 



  84 

Chapter, the largest distinction between the spectra for the doped and undoped 

LiFePO4 samples prepared by MW-ST is the shoulder at around 900 cm
-1

, which 

agrees with the previously documented position of the V=O bond in LiVOPO4 [101] 

and is outlined in a dashed-line pink box. Pink dashed-line boxes around the same 

location for the heated MW-ST V-doped samples show a decreasing shoulder in this 

location with increasing heating temperature. Since Raman spectroscopy showed no 

evidence of a vanadyl bond, this peak cannot correspond to V=O. However, it remains 

a noteworthy feature because it is present in the MW-ST doped samples, but not in 

MW-LFP-unheated or in the conventionally doped samples, which show no peak in 

the pink box region at any heating temperature.  

The black dashed line boxes in Figure 4.6 indicate another feature that changes 

with V doping, related to P-O bonds. Sharp peaks for  P-O stretching modes [102, 

103] are not distinct in the unheated V-doped samples, but these peaks return after 

heating at 625 
o
C and 725 

o
C, albeit slightly broadened (black dashed line boxes). 

These peaks are present in the conventionally prepared V-doped samples, but are 

broader than in the pristine LiFePO4 sample. Finally, it is also informative to compare 

the heated materials to pure Li3V2(PO4)3, while noting that the results were again 

similar for the samples heated in Ar and 5 % H2 – 95% Ar. The spectra are roughly 

similar to that of MW-LFVP-unheated, but for some of the samples, there are extra 

peaks around 1220 cm
-1

, outlined by a gray dashed-line box, as expected for 

Li3V2(PO4)3 [104]. Contrastingly, the 1220 cm
-1

 peaks are not present in the doped or 

undoped pristine MW-ST samples, or for the MW-LFVP-H2-525-6h and MW-LFVP-

H2-625-6h samples. However, the peak is present for the MW-LFVP-H2-725-6h and 

all of the conventionally heated samples, which further confirms the presence of 
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Li3V2(PO4)3 impurities.  

 

 

Figure 4.6.  FTIR absorbance spectra for as-prepared and post-heated samples of 

undoped and V-doped LiFePO4, conventionally prepared V-doped LiFePO4, 

and reference compounds. 
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Electrochemical characterization 

 It is useful to examine electrochemical data for V-doped samples in consideration 

of the structural and compositional analysis that has been presented. Electrochemical data 

can be instructive in terms of understanding redox couples and for examining the 

presence of multiple phases. Figure 4.7 shows first charge-discharge curves for various 

samples in the voltage range from 1.5 - 4.8 V. Although it is common to test LiFePO4 

between limits of 2.0 – 4.3 V (which is shown in Figure 4.8 for reference), the range is 

expanded here to look for additional redox couples that could be assigned to different 

vanadium plateaus. As discussed in more detail in the previous Chapter, LiFePO4 has 

little capacity in the 3.8 – 4.8 V and 1.5 – 2.5 V regions, but the 15 % V-doped LiFePO4 

sample has significant capacity in both of these regions that can be assigned to activity of 

the V
3+/4+ 

and V
2+/3+

 couples, respectively, by comparison to the redox couples in 

Li3V2(PO4)3.  

Further evidence of phase separation into LiFePO4 and Li3V2(PO4)3 in the 

conventionally heated materials can also be established through electrochemical 

measurements due to the different redox energies of the Fe and V redox couples. After 

heating the MW-LFVP-pristine sample at 525 and 625 
o
C, the capacity between 3.8 and 

4.8 V (corresponding to V
3+/4+

) decreases slightly, but the capacity between 1.5 and 2.5 V 

(corresponding to V
2+/3+

) decreases more significantly, as shown in Figure 4.7. This 

decrease is particularly obvious for the sample heated at 625 
o
C, indicating that the V

2+/3+
 

couple is no longer accessible in this sample.  
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Figure 4.7. First charge-discharge curves at a C/10 rate for MW-ST LiFePO4, heated 

and unheated MW-ST V-doped LiFePO4 samples, conventionally prepared 

V-doped LiFePO4 samples, as well as Li3V2(PO4)3 and LiVOPO4 for a 

comparison. 
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Figure 4.8. Charge-discharge data at a C/10 rate in the voltage range from 2.0 – 4.3 V, 

which is the typical range for LiFePO4.  
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Cyclic voltammetry (Figure 4.9) data show that small peaks arise in the 3.8 to 4.8 

V region that were not present in the pristine sample, indicating that a small amount of a 

new phase has formed. Although the peaks in the MW-ST V-doped sample heated at 600 

o
C are shifted from the locations for the peaks in Li3V2(PO4)3, Figure 4.10 shows that (for 

the same sample heated at 600 
o
C) these peaks align well with Li3V2(PO4)3 when cycled 

from 2.0 – 4.3 V. Thus, even though Li3V2(PO4)3 was not detected by XRD or FTIR, it is 

likely that there is a small amount of Li3V2(PO4)3 in the MW-ST V-doped sample heated 

at 625 
o
C. The presence of this impurity is consistent with reduced V occupancy found 

through Rietveld refinement for this sample in Table 4.3.  

Heating the pristine sample at 725 
o
C led to clear peaks in the CV (Figure 4.9) 

and a plateau around 4.6 V in the charge-discharge measurements that corresponds to 

V
4+/5+

 in Li3V2(PO4)3 (Figure 4.7). Similarly, distinct peaks arise in the 1.5 – 2.5 V region 

corresponding to V
2+/3+

 in Li3V2(PO4)3, as is expected since Li3V2(PO4)3 was detected by 

XRD and FTIR for this sample. There are also distinct fingerprint plateaus and peaks for 

Li3V2(PO4)3 in all of the conventionally heated samples, also in agreement with the XRD 

and FTIR measurements.  

The capacities and CV peaks are higher for the conventionally prepared samples. 

The higher capacities exhibited by the conventionally prepared samples likely result 

because of carbon coating from the organic oxalate precursors used in the synthesis. The 

MW-ST samples are a light gray color with a pink tint. Contrastingly, the conventional 

materials are all dark gray in color, consistent with carbon coated samples.  
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Figure 4.9.  Second cycle CV data at a 0.1 mV/s rate for MW-ST LiFePO4, heated and 

unheated MW-ST V-doped LiFePO4 samples, conventionally prepared V-

doped LiFePO4 samples, as well as Li3V2(PO4)3 and LiVOPO4 for 

comparison.  
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Figure 4.10. Second cycle CV data at a 0.1 mV/s rate in the voltage range of 2.0 - 4.3 V, 
which is a more typical range for LiFePO4 than the range of 1.5 - 4.8 V.  
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It is worth mentioning that the capacities for the conventionally prepared samples 

are higher than the theoretical capacity of LiFePO4. However, since the theoretical 

capacity of Li3V2(PO4)3 is ~ 329 mAh/g when cycled in this range with 5 Li
+ 

inserted and 

extracted, even 5-10 % Li3V2(PO4)3 impurity could approximately account for this 

increased capacity. It also may be possible that some additional Li ions can be inserted 

into vacancies on the Fe site, as discussed in the previous Chapter, since the presence of 

Fe vacancies may allow Li
+ 

to access diffusion paths that are not possible in undoped 

LiFePO4 [42, 95]. 

4.4 CONCLUSION 

The metastability of V-doped LiFePO4 samples prepared by a rapid, low-

temperature microwave-assisted solvothermal synthesis method has been examined 

by heating the pristine 15 % V-doped LiFePO4 in 100 % Ar and 5 % H2 – 95 % Ar 

over a range of heating temperatures and times. Heating the samples led to clear 

Li3V2(PO4)3 impurities at 725 
o
C, but the samples were relatively stable at 525 

o
C and 

625 
o
C. The limited stability of the samples heated at 525 and 625 

o
C was 

demonstrated by subtle changes in lattice parameters and vanadium occupancies 

determined through Rietveld refinement, FTIR spectra, and electrochemical 

measurements relative to the pristine microwave-synthesized V-doped LiFePO4 

sample. STEM/EDS data showed no evidence of Li3V2(PO4)3 for the sample heated at 

525 
o
C or the pristine sample, but clear evidence of Li3V2(PO4)3 for the sample heated 

at 725 
o
C. Contrastingly, attempts to synthesize 15 % V-doped LiFePO4 samples by a 

conventional method resulted in impurities at all temperatures. Therefore, the pristine 

MW-ST V-doped LiFePO4 samples with > 10 % doping are metastable phases only 

accessible at low temperature, which exhibit moderate kinetic stability up to 625 
o
C.  
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Chapter 5: Microwave-assisted Solvothermal Synthesis and   

Characterization of Various Polymorphs of LiVOPO4 Cathodes  

5.1 INTRODUCTION  

Recently, the Manthiram group has shown the ability to tune particle size and 

obtain useful particle morphologies for LiFePO4 with microwave-assisted hydrothermal 

and solvothermal (in tetraetheylene glycol) synthesis methods [29-33]. LiVOPO4 is a 

cathode material with higher energy density than LiFePO4 due to its 4.1 V redox plateau, 

but similar limitations in ionic and electronic conductivity. The electrochemical 

performances of the three LiVOPO4 polymorphs vary widely with different synthesis 

methods. Since particle size and morphology can greatly influence the electrochemical 

performance of LiVOPO4 as in the case of LiFePO4 [61, 62], it is of interest to develop a 

microwave-assisted synthesis method for LiVOPO4 in an attempt to control the particle 

size and morphology by varying synthesis parameters. Here MW-ST methods are 

presented for the first time to synthesize all three phases of LiVOPO4 under various 

conditions. The triclinic polymorph (-LiVOPO4) formed with the most stoichiometric 

elemental ratios, so this work focuses on optimizing the electrochemical performance of 

the triclinic phase. The orthorhombic (-LiVOPO4) and tetragonal (-LiVOPO4) 

polymorphs will be further optimized in the future.  

5.2 EXPERIMENTAL  

Various ratios of vanadium (V) oxide (Alfa Aesar), oxalic acid (Fisher), and 

phosphoric acid (Fisher) precursors were dissolved in water and stirred overnight 

until the solutions were transparent. Oxalic acid was added according to reaction (1):  

V2O5 + 3H2C2O4  2VOC2O4 + 3H2O + 2CO2 (1) 

Then lithium hydroxide monohydrate (Fisher) was added and the solutions were 
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stirred for an additional hour. In some syntheses, various amounts of alcohols 

(methanol, ethanol, isopropanol, butanol, octanol, tetraethylene glycol (TEG), and 

polyethylene glycol (PEG)) were added just before transferring the solutions to 100 

mL polytetrafluoroethylene (PTFE) microwave reaction vessels. The total amount of 

solution was always 15 mL and the concentration was kept at 0.067 M in V unless 

otherwise noted. These vessels were inserted into ceramic liners and sealed such that 

autogenous pressure could be generated during the reaction. These vessels were 

secured on a rotor, which was placed on a turntable in a microwave reaction system 

(Anton Paar Synthos 3000). To ensure uniform microwave heating and reaction 

mixing, each vessel was equipped with a stir bar and the turntable was spun during 

synthesis. Four vessels were always used in a given synthesis run, and the power 

during the temperature ramp time was set to 600 W. The temperature and pressure of 

each vessel was monitored during the reactions.  

In order to screen many different combinations of reaction conditions quickly, 

four different solutions were run simultaneously with a maximum pressure set to 40 

bar and the total reaction time set to 50 min. This included approximately 25 min 

ramping time to the final temperature. The ratios of precursors and solvents were 

varied to test many different conditions, as will be subsequently discussed. After each 

synthesis run, the microwave convectively cooled the vessels to 50 
o
C. The 

precipitates were washed with water and acetone and centrifuged several times. The 

products were then dried overnight in a vacuum oven at 150 
o
C. The -LiVOPO4 and 

-LiVOPO4 polymorphs were green in color and the -LiVOPO4 polymorph was 

brown. A schematic of the synthesis process is depicted in Schematic 5.1 for a 

representative synthesis condition leading to the-LiVOPO4 polymorph. 
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Schematic 5.1.  Schematic summarizing the typical synthesis conditions for -LiVOPO4.  

5.3 RESULTS AND DISCUSSION 

Synthesis of LiVOPO4 polymorphs 

Conventional hydrothermal methods have been demonstrated in the literature for 

synthesizing all three polymorphs of LiVOPO4; thus, it seemed likely that microwave-

assisted hydrothermal methods for LiVOPO4 could be developed. The conventional 

hydrothermal method for -LiVOPO4 consists of a Li:V:P = 1:1:3.3 mixture of 

precursors heated at 450 
o
C for 7 days [68]. The hydrothermal method in the literature for 

synthesizing -LiVOPO4 consists of a Li:V:P mixture of 9:3:1 heated at 250 
o
C for 48 h 

with the addition of N2H4
.
H2O as a reducing agent [70]. The 1 polymorph of LiVOPO4 

has been synthesized by a two-step process. First, LiVOPO4
.
2H2O was synthesized by a 

conventional hydrothermal process at 120 
o
C for 48 h with stoichiometric precursors and 

oxalic acid as a reducing agent. The hydrothermal step was followed by dehydration at 
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300 
o
C under vacuum [65]. Since the existing methods indicate that sometimes non-

stoichiometric ratios of precursors are required to obtain LiVOPO4, synthesis attempts 

were made with stoichiometric precursors, excess P, excess Li, and both excess P and 

excess Li.  

The effectiveness of the volumetric dielectric and ohmic heating employed during 

a microwave reaction is dependent on the dissolved species in solution, so adjustment of 

the precursor ratios causes significantly varying temperature and pressure relationships 

during the reactions. It is difficult to predict the maximum possible temperature that can 

be reached before actually running a reaction. On account of this difficulty and the desire 

to test many different reaction conditions, initial experiments to screen for promising 

conditions were all performed with a maximum pressure set to 40 bar rather than with a 

maximum temperature. The maximum temperature reached typically varied between 215 

and 235 
o
C for these reactions with the exception of one sample that only achieved 180 

o
C. Under these conditions, no LiVOPO4 polymorphs formed, as shown in the first 

column of Table 5.1. The temperature was increased to 250 
o
C for the reactions with the 

same precursor ratios used in the conventional hydrothermal methods [65, 68, 70],
 
but 

LiVOPO4 still did not form (although the precursors were not all exactly the same as in 

the conventional hydrothermal reactions).  

Because obtaining LiVOPO4 in water did not appear promising from initial 

results, the solvent was varied. V2O5 does not dissolve in alcohols easily even with the 

addition of oxalic acid, so water and ethanol were mixed in 3:1, 1:1, and 1:3 ratios, and 

microwave reactions were performed for the various precursor ratios with a maximum 

pressure of 40 bar. The results are outlined in Table 5.1, which shows the dominant phase 

that formed (impurities also formed) during each reaction. The maximum temperature 
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reached in these reactions was between 200 and 225 
o
C. In contrast to the reactions run in 

water, which led to no LiVOPO4 formation at 40 bar, many different conditions in the 

mixed solvent reactions produced LiVOPO4, and the products formed at lower 

temperatures.  

Table 5.1. Dominant products from MW-ST synthesis in water or mixed water and 
ethanol solvent with various ratios of Li:V:P. All reactions were run to a 

maximum pressure of 40 bar for a total reaction time of 50 minutes with a V 

concentration of 0.067 M.   

water : 

ethanol 
1:0  3:1  1:1  1:3  

Li:V:P = 1:1:1  amorphous  no precipitate  amorphous   + 1-LiVOPO4  

Li:V:P = 1:1:2  VPO4
.
H2O  HVOPO4

.
0.5H2O  HVOPO4

.
0.5H2O  -LiVOPO4  

Li:V:P = 1:1:3  HVOPO4
.
0.5H2O  HVOPO4

.
0.5H2O  HVOPO4

.
0.5H2O + -LiVOPO4  -LiVOPO4  

Li:V:P = 1:1:4  HVOPO4
.
0.5H2O  HVOPO4

.
0.5H2O  HVOPO4

.
0.5H2O  -LiVOPO4  

Li:V:P = 2:1:1  no precipitate  amorphous  1-LiVOPO4 Li3PO4  

Li:V:P = 3:1:1  Li3PO4  no precipitate  Li3PO4  Li3PO4  

Li:V:P = 4:1:1  Li3PO4  Li3PO4  Li3PO4  Li3PO4  

Li:V:P = 5:1:1  Li3PO4  Li3PO4  Li3PO4  Li3PO4  

Li:V:P = 2:1:2  amorphous  amorphous  -LiVOPO4 unknown 

Li:V:P = 3:1:3  no precipitate  1-LiVOPO4  -LiVOPO4 unknown 

Li:V:P = 4:1:4  unknown 1-LiVOPO4  -LiVOPO4 unknown 

Li:V:P = 5:1:5  amorphous  1-LiVOPO4  -LiVOPO4 Li3PO4  

Li:V:P = 4:1:3  no precipitate  Li3PO4  -LiVOPO4 Li3PO4  

Li:V:P = 6:1:3  Li3PO4  Li3PO4  HVOPO4
.
0.5H2O  Li3PO4  

Li:V:P = 9:1:3  Li3PO4  Li3PO4  Li3PO4  Li3PO4  

Li:V:P = 12:1:3  Li3VO4  Li3PO4  HVOPO4
.
0.5H2O  Li3PO4  

Li:V:P = 3:1:2  no precipitate  Li3PO4  -LiVOPO4 Li3PO4  

Li:V:P = 4:1:2  Li3PO4  Li3PO4  Li3PO4  Li3PO4  

Li:V:P = 5:1:2  Li3PO4  Li3PO4  Li3PO4  Li3PO4  

Li:V:P = 6:1:2  Li3PO4  Li3PO4  Li3PO4  Li3PO4  

 

Since impurities also formed for the reactions summarized in Table 5.1, the 

reaction conditions (temperature and precursor ratios) had to be further varied to obtain 
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more phase-pure materials. Figure 5.1 shows XRD patterns for the resulting materials. 

The synthesis conditions and elemental ratios determined by ICP are shown in the insets 

of the XRD patterns. It is clear that only the  phase gives stoichiometric elemental 

ratios. Patterns for the 1 and  polymorphs show no impurities, but the peak intensity 

ratios for the 1 polymorph are different than expected. Specifically, the peak at 20 

degrees has a lower intensity than is typically observed. The varied peak intensity could 

be due to defects, since the ICP data indicate something of the form Li1.16(VO)0.91PO4, 

which is approximately charge balanced assuming all V
4+

, but the deviations from the 

expected stoichiometry could also indicate amorphous impurities.  

The polymorph also showed unexpected peak intensity ratios in addition to 

lithium deficiency and some slight impurities, including a small amount of -LiVOPO4. 

Conversely, the polymorph is phase pure, stoichiometric, and shows no obvious peak 

intensity ratio variations from the expected patterns. Lattice parameters found from 

Rietveld refinement of the three polymorphs are presented in Table 5.2. The lattice 

parameters for the-LiVOPO4 polymorph agree well with the literature values [75], and 

the refinement fit is very good. The fit was worse for the -LiVOPO4 and -LiVOPO4 

polymorphs, which is not surprising because of the non-stoichiometry of the samples. 

The unit cell volumes were larger than some literature values for both the -LiVOPO4 

and -LiVOPO4 polymorphs, although there is a fairly large range [68, 58]. 

Table 5.2. Lattice parameters for LiVOPO4 determined by Rietveld refinement. 

Polymorph a (Å) b (Å) c (Å)    V (Å) 
2
 

 6.7872(3) 7.2153(3) 7.8857(3) 89.902(2) 88.575(2) 62.835(3) 343.45(2) 1.42 

1 6.3166(8) 6.3166(8) 4.4337(4) 90 90 90 176.90(4) 5.19 

 7.467(2) 6.338(2) 7.172(2) 90 90 90 339.38(15) 5.25 
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Figure 5.1.  XRD patterns for the three polymorphs of LiVOPO4 compared to the 

database patterns [58, 68, 75]. All three syntheses were run for a total 

reaction time of 50 minutes (~ 25 min hold time) with a concentration of 

0.067 M in V. Slight impurities for -LiVOPO4 are indicated with red 
arrows.  
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When varying the temperatures in an attempt to obtain phase pure polymorphs, it 

was common for the other phases to transition into the triclinic phase as the temperature 

and pressure was increased, which indicates that the other phases form as intermediates 

and may be metastable under these reaction conditions. Several examples that show the 

transition to the triclinic polymorph with increasing temperature are shown in Table 5.3. 

Because the triclinic phase was the easiest to synthesize and formed the most 

stoichiometric product, it was selected for further optimization.  

Table 5.3.  Examples of transition to  polymorph with increased pressure (which 
equates to increased temperature). All tests were run to a maximum of 

either 40 or 50 bar with a V concentration of 0.067 M. 

precursor 

ratio 

water : ethanol 

ratio 

dominant product 

at 40 bar 

dominant product 

at 50 bar 

Li:V:P = 1:1:1  -LiVOPO4 + 1-LiVOPO4 1-LiVOPO4 

Li:V:P = 1:1:2  -LiVOPO4 -LiVOPO4 

Li:V:P = 1:1:3  -LiVOPO4 -LiVOPO4 + -LiVOPO4 

Li:V:P = 1:1:4  -LiVOPO4 -LiVOPO4 + -LiVOPO4 

Li:V:P = 5:1:5  1-LiVOPO4 -LiVOPO4 

Li:V:P = 5:1:5 1 : 3 Li3PO4 -LiVOPO4 

 

FTIR was also used to characterize the -LiVOPO4 sample, as shown in Figure 

5.2. The spectrum matches the literature well with no detectable impurities [74, 101], 

further confirming the phase purity of the sample. The 1 and 3 peaks arise from 

symmetric and asymmetric bending vibrations of the PO4 tetrahedra, respectively, and the 

2 and 4 peaks arise from bending vibrations of PO4.  
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Figure 5.2. FTIR absorbance spectrum for -LiVOPO4 synthesized at 230 
o
C with a V 

concentration of 0.067 M and a total reaction time of 50 min.  

Effects of the solvent 

Because a maximum pressure was used as the limit in the initial reactions, the 

temperatures were not constant for all of the samples. Phase-pure -LiVOPO4 was 

synthesized at 230 
o
C in 3:1 water:ethanol, so it was of interest to determine whether a 

phase-pure material could be synthesized in the other solvent mixtures at the same 

temperature and with the same precursor ratio. The reactions in pure water, 1:1 

water:ethanol, and 1:3 water:ethanol were repeated at 230 
o
C with Li:V:P = 5:1:5 to see 

how critical the solvent mixture was to obtain the pure phase; the XRD results are shown 

in Figure 5.3.  

It is clear that impurities form for all conditions except the 3:1 mixture of 

water:ethanol, so the ratio of ethanol to water is critical. It was possible to obtain phase-

pure -LiVOPO4 with 100 % water as the solvent and Li:V:P = 5:1:5, but the 

temperature had to be elevated to 240 
o
C. ICP data for the sample synthesized in water at 
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240 
o
C revealed nearly stoichiometric elemental ratios, as shown in the inset on the XRD 

pattern.   

 

 

Figure 5.3.  XRD of -LiVOPO4 synthesized with a V concentration of 0.067 M for a 50 

min total reaction time and Li:V:P = 5:1:5 in various solvent mixtures. 

Because -LiVOPO4 could be synthesized in mixtures of ethanol and water, it 

seemed reasonable that it may also be synthesized in other alcohols. To see whether the 

alcohol had an effect on the products, -LiVOPO4 was synthesized at 230 
o
C with Li:V:P 

= 5:1:5 and 3:1 mixtures of water and methanol, ethanol, isopropanol, butanol, octanol, 

PEG, or TEG. The XRD patterns are shown in Figure 5.4 for the products resulting from 

each of these solvent mixtures. Single-phase -LiVOPO4 formed for all of these samples, 

except for the samples synthesized in mixtures of water with octanol and methanol. 
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Synthesis in a mixture octanol and water did not lead to a decipherable phase, and 

synthesis in methanol and water mixture led to just a slight impurity. Elemental ratios for 

the samples which formed pure or nearly pure phases are indicated in the insets of the 

XRD patterns. The samples generally showed close to stoichiometric elemental ratios, 

with slight Li deficiency in some of the samples. 

 

 

Figure 5.4.  XRD of -LiVOPO4 synthesized at 230 
o
C with a V concentration of 0.067 

M for a 50 min total reaction time (~25 min hold time) and Li:V:P = 5:1:5 

in various solvent mixtures. 
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SEM images for the materials synthesized in various water and alcohol mixtures 

are shown in Figure 5.5. The materials form into microflower-like morphologies with 

similar sizes for most of the simple alcohols. The samples synthesized in 3:1 mixtures of 

water : butanol, water : PEG, or water : TEG showed smaller particle sizes. The smallest 

and most uniform particles were synthesized in mixtures of water and PEG.  

To determine the effect of the solvent on the electrochemical performance, coin 

cells were fabricated, and the performance at C/20 is shown in Figure 5.6. The highest 

capacities are achieved for mixtures of water with the two glycols. This correlates well 

with the smaller particle sizes (Figure 5.5) obtained during synthesis. Small particle size 

has been previously demonstrated as a means to improve electrochemical performance 

for LiVOPO4 due to its poor conductivity [61, 62]. The sample synthesized in butanol and 

water also showed slightly higher performance, but much lower still than the samples 

synthesized in the glycols, despite similar particle size. Therefore, it is likely that the 

glycols may have an effect beyond simply particle size control.  

The glycols are very reducing, which could be useful since it is necessary to keep 

V in the V
4+

 state. However, the ICP ratios shown in Figure 5.4 indicate slight lithium 

deficiency for the samples synthesized in water and glycol mixtures. Lithium deficiency 

suggests that there may be a small amount of V
5+

 in the samples to maintain charge 

balance, but this is clearly inconsistent with the glycols being good reducing agents. 

Therefore, it is unclear how to rationalize these observations that the samples with 

lithium deficiency exhibited the highest capacities. Note also that the sample synthesized 

in pure water showed lower capacity than any of the samples prepared in the mixed 

solvents despite similar particle size and the higher reaction temperatures used.  
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Figure 5.5.  SEM images of -LiVOPO4 synthesized at 230 
o
C with a V concentration of 

0.067 M for a 50 min total reaction time (~ 25 min hold time) in various 
solvents.  
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Figure 5.6.  First charge-discharge curves at 3.0 - 4.5 V with a C/20 rate for -
LiVOPO4 synthesized. All solutions contained a V concentration of 0.067 M 

for a 50 min total reaction time in different solvents. All samples were 

prepared at 230 
o
C expect for the sample prepared in water, which was held 

at 240 
o
C. 
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It has been suggested in the literature that a second Li can be inserted into 

LiVOPO4 to form Li2VOPO4 [60, 112-119]. The second Li ion insertion occurs between 

2.0 and 2.5 V and increases the theoretical capacity to 318 mAh/g, though this extra 

capacity is not generally fully realized. First charge-discharge curves are shown in Figure 

5.7 for the voltage range of 2 – 4.5 V to allow access to the V
3+/4+

 couple corresponding 

to the second lithium insertion/extraction. Although there are large differences in capacity 

in the range between 3 – 4.5 V, the differences are not as large in the range from 2 – 4.5 

V. Furthermore, high capacity in the 3 - 4.5 V range did not necessarily correlate to high 

capacity in the 2 – 4.5 V range. For example, the sample synthesized in pure water 

showed the lowest capacity for the V
4+/5+

 couple at ~ 4 V (~ 60 mAh/g), but showed the 

highest capacity for the V
3+/4+

 couple at ~ 2 V (~ 135 mAh/g). Similarly, the samples 

prepared in glycols and water showed high capacity at ~ 4 V (~ 120 mAh/g), but showed 

relatively low capacity at ~ 2 V (~ 90 mAh/g). The capacities in the 2 – 4.5 V range also 

did not show a strong correlation to the particle size. 
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Figure 5.7.  First charge-discharge curves at 2.0 - 4.5 V with a C/20 rate for -

LiVOPO4 synthesized. All solutions contained a V concentration of 0.067 M 

for a 50 min total reaction time in different solvents. All samples were 

prepared at 230 
o
C expect for the sample prepared in water, which was held 

at 240 
o
C. 
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Optimization of particle size 

Initially, a very long hold time (~ 25 min) was used to ensure that products would 

form (50 min total reaction time with a 25 min ramp time), but the long hold time led to 

large particles, which contributes to poor capacities. Therefore, the hold time was varied 

from 5 to 45 min for the sample synthesized in water and ethanol to determine the effect 

of reaction time on particle growth and electrochemical performance. A hold time of at 

least ten minutes was necessary to obtain pure phase -LiVOPO4. The particle size was 

found to decrease with decreasing reaction time as indicated in Figure 5.8, and the 

particle size correlated inversely with improved electrochemical performance (Figure 5.9 

and Figure 5.10).  

Decreasing the precursor concentration also decreased particle size and improved 

electrochemical performance for constant reaction time, as has been previously 

demonstrated for microwave synthesized LiFePO4 [32]. However, the performance 

improvement was very modest for the sample prepared with lower precursor 

concentration. The concentration may need to be decreased further to see a more 

appreciable effect, but attempts to decrease the concentration to significantly lower 

values led to amorphous products. Furthermore, it is preferable to control particle size 

with reaction time rather than concentration to maximize product yield.  
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Figure 5.8. SEM of -LiVOPO4 synthesized in 3:1 water:ethanol. All samples were 

prepared at 230 
o
C with varied concentration and reaction time. 
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Figure 5.9. First charge-discharge curves at 3.0 - 4.5 V with a C/20 rate for -

LiVOPO4 synthesized in 3:1 water:ethanol at 230 
o
C with varied reaction 

time and concentration.  
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Figure 5.10. First charge-discharge curves at 2.0 - 4.5 V at C/20 rate for -LiVOPO4 

synthesized in 3:1 water:ethanol at 230 
o
C with varied reaction time and 

concentration. 

 

 

 



  113 

In an attempt to decrease particle size further, a surfactant (cetyl 

trimethylammonium bromide (CTAB)) was used to prevent particle growth and 

agglomeration. 0.5 – 1.5 mL of CTAB extraction solution (Teknova 2 % CTAB, 100 mM 

HCL pH 8.0, 20 mM EDTA pH 8.0, and 1.3 M NaCl) was substituted for water in the 

precursor solutions such that there was still a 3:1 mixture of water + CTAB solution : 

ethanol. The sample with 1.5 mL CTAB was amorphous, but the samples prepared with 

0.5 and 1.0 mL CTAB solution were pure phase -LiVOPO4.  

The particle size decreased with increasing CTAB for the same reaction time, as 

shown in Figure 5.11, and smaller particle sizes were obtained than for the samples 

prepared with water and glycol mixtures as well as the samples prepared with short 

reaction times and lower precursor concentrations. The sample synthesized with 0.5 mL 

of CTAB solution still showed micro-flower like morphology, but the samples 

synthesized with 1.0 mL CTAB showed more irregular particles.  

The electrochemical performance improved for the sample prepared with 0.5 mL 

CTAB solution in the 3 – 4.5 V range, as shown in Figure 5.12, but the capacity in the 2 – 

3 V range was quite limited. The cause of this observed phenomenon is not clear. The 

sample prepared with 1.0 mL CTAB solution showed lower capacity than the sample 

prepared with 0.5 mL CTAB solution in the 3-4.5 V range despite smaller particles, but 

higher capacity in the 2-4.5 V range. As discussed for other samples, high capacity at ~ 4 

V does not always correlate well with high capacity at ~ 2 V. 

To try to understand the discrepancy that the sample prepared with 1.0 mL CTAB 

solution consisted of smaller particles but showed lower capacity than the sample 

prepared with 0.5 mL CTAB solution, ICP was done to determine the elemental ratios. 

These ratios are presented in Table 5.4 and show that the sample prepared with 1.0 mL 
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CTAB solution had significant Li deficiency compared to the other samples. The 

elemental ratios suggest that the sample may have defects or impurities, so more 

experiments are necessary to optimize the amount of CTAB added to the solution to 

obtain small particles but the expected stoichiometry. All attempts to further reduce the 

particle size led to amorphous products.  

 

 

Figure 5.11. SEM of -LiVOPO4 synthesized in 3:1 water:ethanol at 230 
o
C. The 

reactions were run with a V concentration of 0.067 M with varied reaction 

time and amounts of CTAB solution substituted for water.  
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Figure 5.12. First charge-discharge curves at 3.0 - 4.5 ad 2.0 - 4.5 V at C/20 rate for -

LiVOPO4 synthesized in 3:1 water:ethanol at 230 
o
C. The reactions were 

run with a V concentration of 0.067 M with varied amounts of CTAB 

solution substituted for water. 
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Table 5.4.  Elemental analysis of samples prepared at 230 
o
C in 3:1 water:ethanol with 

varying amounts of CTAB solution substituted for water. All samples were 

synthesized with a V concentration of  0.067 M. 

CTAB solution content V/P Li/P 

none 0.98 0.97 

0.5 mL 0.95 0.99 

1.0 mL 0.97 0.86 

Cycling performance 

 The cycling performance for the samples with varied solvents is shown in Figure 

5.13 and Figure 5.14 shows the cycling performance for the samples with varied reaction 

time and CTAB concentration (all with solvent mixtures of water and ethanol). It is clear 

that the cycle performance is poor for most samples. Furthermore, the cycle performance 

does not generally correlate well to high initial capacity. For example, the sample 

prepared in pure water showed the lowest initial capacity of all the samples, but the 

capacity was more stable than the samples prepared in mixed solvents. Similarly, the 

sample prepared with a 45 min hold time exhibited good cycle performance, but poor 

initial capacity. The samples prepared in short reaction times and with CTAB solution 

(small particles) showed high initial capacities, but there was rapid capacity fade in these 

samples such that after 20 cycles, the capacity was equivalent or lower than the samples 

prepared with longer reaction times (larger particles).  

The correlation between particle size (exposed surface area) and performance 

degradation during cycling suggests that the degradation in cycle performance may be 

related to reactions at the surface of the particles. Especially since these samples are 

cycled up to 4.5 V, which is a potential at the limits of stability for the electrolyte 

window, the degradation could be related to side reactions with the electrolyte. Thus, it 

seemed likely that coating the particles might improve the cycling performance.  



  117 

 

Figure 5.13. Cycle performance of samples synthesized in mixtures of water and various 

solvents with a V concentration of 0.067 M and a temperature of 230 
o
C 

(except for the sample synthesized in water at 240 
o
C) for a reaction time of 

50 min.  

The sample prepared in 3:1 water:ethanol with a 10 min reaction hold time was 

coated with PEDOT:PSS (poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate), 

Clevios™ P VP AI 4083 with resistivity 500 - 5000 Ω-cm). This was accomplished by 

mixing the PEDOT:PSS solution with 10 mL of water and adding 0.1 g of the -

LiVOPO4 sample. Enough PEDOT:PSS  solution was added to incorporate about 5 wt. % 

PEDOT:PSS into the final product. The mixture was stirred on a hot plate at 85 
o
C until 
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the water evaporated and then the material was ground and dried in a vacuum oven at 150 

o
C before making electrodes. This process is similar to a previously described PEDOT 

coating procedure for LiFePO4 [32]. 

 

 

Figure 5.14. Cycle performance of samples synthesized in mixtures of water and ethanol 

with a temperature of 230 
o
C for varied reaction time, concentration, and 

CTAB and PEDOT additives.  

The cycling performance of the PEDOT:PSS coated sample is compared to the 

other samples in Figure 5.14. The PEDOT:PSS-coated sample shows improved 
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cyclability compared to the pristine sample prepared in water and ethanol with a 10 min 

microwave reaction time before coating. However, much lower initial capacity is 

exhibited. Also interesting is that there is a change in the shape of the charge-discharge 

profile with PEDOT:PSS addition, but more analysis is necessary to understand this 

change. Overall, coating shows promise for improving the cycling performance for these 

samples, but the coating procedure needs to be optimized. 

 

 

Figure 5.15. First charge-discharge curves of the PEDOT:PSS-coated sample compared  

to the sample before coating (prepared in 3:1 water:ethanol with a reaction 

time of 10 min) with voltage windows of 2 – 4.5 and 3 – 4.5 V. 
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5.4 CONCLUSIONS 

Three polymorphs of LiVOPO4 were synthesized with a facile, low-temperature 

microwave-assisted solvothermal approach. By varying the ratios of ethanol and water as 

the solvent as well as the precursor ratios and temperature, the three known polymorphs 

of LiVOPO4 could be stabilized. Formation of the triclinic phase (-LiVOPO4) was 

favored at high temperature and formed the most stoichiometric product, whereas the 

other two polymorphs showed non-stoichiometric elemental ratios and atypical XRD 

peak intensity ratios.  

The effects of synthesis conditions on the particle size/morphology and the 

electrochemical performance of the -LiVOPO4 were studied in detail. The ratio between 

water and alcohol as the solvent was found to be critical for formation of a phase pure 

sample. Several different alcohols and glycols could be used to synthesize this phase, 

with the smallest particles and best electrochemical performance resulting from synthesis 

in mixtures of water and glycols. The reaction time and concentration were also varied to 

show that the particle size could be controlled by these factors. Higher initial capacity 

was generally found to be linked to reduced particle size.  

The particles formed into a micro-flower like morphology. To further control the 

particle size, CTAB was added to the precursor solution, which helped to prevent particle 

growth and agglomeration, reduced particle size, and improved electrochemical 

performance. The cycling performance was improved by coating the particles with 

PEDOT:PSS.  
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Chapter 6: Chemical and Electrochemical Lithiation of LiVOPO4 

Cathodes 

6.1 INTRODUCTION 

 As shown in the previous Chapter, more than one Li
+ 

ion can be inserted into 

LiVOPO4. There have been a few papers that have mentioned this. Pozas et al. [119] 

synthesized orthorhombic Li1.6VOPO4 by reaction of -VOPO4 with LiNO3
.
H2O, and 

confirmed the Li content by emission spectroscopy. The Whittingham group showed that 

-VOPO4 can be synthesized by heating monoclinic H2VOPO4 [112, 115-118]. Since the 

structures of -VOPO4, H2VOPO4, and -LiVOPO4 are closely related, the authors 

hypothesized that a second Li could be inserted electrochemically into -VOPO4. They 

found that ~ 1.6 Li (discharge capacity of 250 mAh/g) could be inserted into -VOPO4 

electrochemically and the insertion of the second Li occurred between 2.0 and 2.5 V. 

They mention that the extra 1.6 lithium inserted is accompanied by larger lattice 

parameters but do not show XRD patterns or detail the structural change.  

Similarly, Ren et al. [70, 114] discovered that -LiVOPO4 and -LiVOPO4 could 

be cycled as anode materials. The first step in their proposed reaction mechanism 

involved a second Li insertion into LiVOPO4 to form Li2VOPO4. Further reaction 

involves irreversible phase separation into V metal and Li3PO4, which undergoes the 

reversible reaction V + Li3PO4 ↔ VPO4 + 3Li
+
 + 3e

-
. Davis et al. [113] conducted an 

NMR study on Li2VOPO4 which was synthesized from -LiVOPO4 by chemical 

lithiation, but no diffraction or elemental analysis are provided for the Li2VOPO4 phase.   

Perhaps the most detailed study of the second lithium insertion is provided by 

Allen et al. [60]. They synthesized -LiVOPO4 and -LiVOPO4 and electrochemically 

lithiated the materials at slow rates to obtain -Li1.76VOPO4 and -Li1.47VOPO4.
 
Again, 
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no XRD patterns were presented, but they show very detailed XANES/EXAFS 

measurements at various states of charge and discharge. Their results suggest that the 

short bond in LiVOPO4 increases in length with increasing Li
+ 

insertion as the vanadium 

is reduced to V
3+

. This is expected since V
3+

 does not form V=O bonds. Because of this, 

there is likely a structural rearrangement with the second lithium insertion, which has not 

been detailed in the literature. There is a diffraction database entry for -Li1.75VOPO4, 

but the reference for the data is an ICDD Grant in Aid report with no details accessible 

[123]. 

Although several reports suggest it is possible to insert more than one lithium ion 

into -LiVOPO4 and -LiVOPO4, none of the studies detail the phase transformation that 

occurs and it is unclear how much lithium can actually be inserted. To this end, -

LiVOPO4 and -LiVOPO4 are synthesized here and both chemical and electrochemical 

lithiation on the starting materials are performed. The materials are chemically lithiated 

to Li1.5VOPO4 and Li2VOPO4 and electrochemically lithiated at steps of 0.1 Li
+
 for 

LixVOPO4 with 1 ≤ x ≤ 2. ICP, FTIR, and XRD data are used to evidence the chemical 

lithium insertion, and ex situ XRD measurements are presented to show the structural 

changes that occur at various stages during the lithiation process. Although the second 

voltage plateau is below 2.5 V, which may be too low to be ideal for high energy density 

lithium-ion batteries, the second voltage plateau is helpful for determining state of charge 

with certainty and preventing over-discharge even if the extra capacity is not used 

directly [60, 115]. 

6.2 EXPERIMENTAL 

Synthesis of LiVOPO4 

The -LiVOPO4 polymorph was synthesized as described in Chapter 5 by a 
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microwave reaction in a 3:1 mixture of water:ethanol. The reaction was held at 230 
o
C 

for 10 min and the concentration was 0.067 M in V. A sol-gel method used to 

synthesize -LiVOPO4 was described in Chapter 3.  

Chemical Lithiation 

 Chemical lithiation was performed with n-butyllithium (Acros) and the standard 

Schlenk technique under an atmosphere of dry nitrogen. Hexanes (Fischer) were dried 

and degassed by a Vacuum Atmospheres Company solvent purification system (model 

number 103991-0319). 1.6 mmol (0.27 g) of pristine LiVOPO4 was added to each of two 

flame-dried 50 mL Schlenk flasks (one for each polymorph) equipped with stir bars for 

preparation of the  and  Li1.5VOPO4 samples. Slightly less (1.56 mmol) pristine 

LiVOPO4 was added to each of the two additional flasks (one for each polymorph) for 

preparation of the Li2VOPO4 samples. The flasks were sealed with rubber septa and then 

evacuated and backfilled with dry nitrogen. Hexanes (10 mL for Li1.5VOPO4 products 

and 20 mL for Li2VOPO4 products) was added to the flasks via a syringe. Then 0.5 mL or 

1.0 mL (0.8 or 1.6 mM, 1.6 M in hexanes) of n-butyllithium were added in one portion to 

the flasks at ambient temperature to obtain Li1.5VOPO4 and Li2VOPO4, respectively. It 

should be noted that slightly less LiVOPO4 was added to the flasks for the samples 

prepared according to Li2VOPO4 such that there would be a slight excess of n-

butyllithium, but 1.0 mL could still be easily measured with a syringe.  

Adding the n-butyllithium resulted in rapid color changes of the solid from light 

green to varying shades of grayish green/blue. The color of the solution before and after 

adding n-butyllithium is shown in Figure 6.1. The mixtures were then stirred for 48 h 

under nitrogen, at which time the solids were allowed to settle and the supernatant was 

removed by syringe. The residual solids were washed with two 25 mL portions of 
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hexanes and then dried under vacuum. The samples were then transferred to an Ar-filled 

glove box for storage. Pictures of the powders before and after lithiation are shown in 

Figure 6.1, indicating the clear color changes in the products.  

 

 

Figure 6.1.  Pictures of LiVOPO4 products before and after chemical lithiation. The 

color change was immediate upon addition of n-butyllithium.  

6.3 RESULTS AND DISCUSSION 

Chemical lithiation 

-LiVOPO4 and -LiVOPO4 were chemically lithiated with enough n-

butyllithium to synthesize approximately Li1.5VOPO4 and Li2VOPO4. ICP results are 

shown in Table 6.1 for the -LiVOPO4 and -LiVOPO4 materials before and after 

chemical lithiation. The elemental analysis confirms that lithium is present in 

approximately the intended amounts. Secondly, the estimated oxidation states of 

vanadium were also calculated based on charge balance assuming that all of the 

lithium present is incorporated into the structure. Clearly, there is a slight lithium 

excess in the -Li2VOPO4 sample, which could be present in another phase.  
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Table 6.1. Elemental analysis of pristine and chemically lithiated LiVOPO4.*
 

Intended Sample Li/P V/P Formula 
estimated V 

oxidation state 

pristine -LiVOPO4 0.97 0.98 Li0.97(VO)0.98PO4 4.07+ 

-Li1.5VOPO4 1.49 0.97 Li1.49(VO)0.97PO4 3.56+ 

-Li2VOPO4 1.92 0.97 Li1.92(VO)0.97PO4 3.11+ 

pristine -LiVOPO4 0.98 0.99 Li0.98(VO)0.99PO4 4.04+ 

-Li1.5VOPO4 1.53 1.01 Li1.53(VO)1.01PO4 3.47+ 

-Li2VOPO4 2.06 1.00 Li2.06(VO)1.00PO4 2.94+ 

 * Errors in ICP results are expected to be ~2-3%. 

Since V in LiVOPO4 transitions to V
3+

 when the second Li is inserted, the V=O 

bond should no longer be present after lithiation to Li2VOPO4. To evidence the reduction 

of V and the vanishing of the V=O bond, FTIR spectra were collected for the pristine and 

chemically lithiated samples, as shown in Figure 6.2. The pristine samples match the 

literature values well and the V=O bond is depicted near 900 cm
-1

 in both the structures 

[74, 101]. It is clear that the V=O bond peak shifts to lower wavenumbers (weaker bond) 

with increasing Li content for -Li1.5VOPO4 and -Li2VOPO4 compared to pristine -

Li2VOPO4. This is consistent with the reduction of V
4+

 to V
3+

 because V
3+

 should form 

weaker bonds with oxygen than V
4+

 and because short V=O bonds do not form for V
3+

. 

The shifting of the V=O bond peak suggests that for both the chemically lithiated 

samples, there is a phase with mixed V
3+/4+ 

oxidation state which is consistent with longer 

V-O bonds being present. If lithium intercalation occurs by a two-phase reaction 

mechanism such that all the extra lithium is accommodated only in a second phase in the 

-Li1.5VOPO4 and -Li2VOPO4 samples, then the V=O bond peaks would be in the same 

locations as in the pristine sample. The V=O bond peak almost disappears for the fully 

lithiated sample, further confirming that vanadium has been reduced and the sample has 
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been chemically lithiated. There is still a slight V=O bond peak for the ‘-Li2VOPO4’ 

sample, which is consistent with the elemental analysis results that show only 1.92 Li 

were actually inserted into the -Li2VOPO4 sample (Table 6.1). The FTIR data 

complements previous detailed ex situ EXAFS measurements that show the short V-O 

bond in -LixVOPO4 increases in length with 0 ≤ x ≤ 1.76 [60].  

 

 

Figure 6.2.  FTIR spectra of -LiVOPO4 and -LiVOPO4 before and after chemical 
lithiation.  
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In contrast to the -Li1.5VOPO4 sample, which showed a shift in the V=O bond 

peak location with increasing lithium content, the -Li1.5VOPO4 sample has a V=O bond 

peak at the same wavenumber as that for pristine -LiVOPO4. However, the peak for the 

V=O bond decreases in intensity for -Li1.5VOPO4 relative to that of the pristine -

LiVOPO4, indicating that the V=O bond is the same length but the species containing the 

V=O bond is less prevalent. This likely indicates a two-phase reaction mechanism in 

which there is a mixture of a species very closely related to -LiVOPO4 and another 

species which does not contain a V=O bond (presumably something like -Li2VOPO4) 

with little solid solution between the two phases. If that were the case, the V=O bond 

length (and therefore the peak location) would not change, but the intensity would 

diminish due to the influence of -Li2VOPO4. Clearly -Li2VOPO4 has no V=O bond 

peak (Figure 6.2), as expected for the fully lithiated sample, in agreement with the 

elemental analysis (Table 6.1), which shows there should be no V
4+ 

 left in this sample.  

Previous ex situ EXAFS measurements suggested that the V=O bond in -

LixVOPO4 increases in length with lithiation between 0 ≤ x ≤ 1.47, which is inconsistent 

with the results here [60]. The cause of this disagreement is unclear. However, their 

pristine sample was not stoichiometric (-Li1.16(VO)0.92PO4), which may affect the 

lithiation process. Also, with EXAFS it may be difficult to distinguish between the 

average bond length between a mixture of phases (one with and one without a V=O 

bond) and a single phase with a changing short V-O bond length, especially since there 

are already three distinct V-O bond lengths in the VO6 octahedra for LiVOPO4 (a short 

V=O bond, a long V-O bond opposite to the short V-O bond, and four equal V-O bonds) 

[68]. 
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XRD patterns for the chemically lithiated materials are shown in Figure 6.3. 

There are clear changes in the XRD patterns after chemical lithiation. It should be noted 

that these patterns are distinctly different from database patterns for -Li1.6VOPO4 and -

Li1.75VOPO4 (although not at exactly the same lithium contents, which will be addressed 

later). The database pattern for the -Li1.75VOPO4 phase, synthesized by chemical 

lithiation, is very similar to the pristine pattern for -LiVOPO4 [123]. The database 

pattern for -Li1.6VOPO4, synthesized by mixing precursors in acetone and then heating 

in N2, does not resemble the pristine or chemically lithiated products presented here 

[119], indicating that a different phase forms through chemical lithiation. The phases 

formed here have not been previously presented. 

Although refinement of the exact structures formed by chemical lithiation has not 

yet been achieved, several observations can be made by examining the XRD patterns in 

the low-angle region (Figure 6.4). The -Li1.5VOPO4 sample exhibits many of the same 

peaks as the pristine -LiVOPO4 pattern, but several peaks in the -Li1.5VOPO4 pattern 

are shifted, missing, or new relative to the pristine -LiVOPO4 pattern (most notably the 

peaks at ~ 22.5, 27.3, 29.6, and 34.5 degrees). 

Similarly, the -Li1.5VOPO4 pattern peaks do not align well with the peaks for -

Li2VOPO4. It is clear that the -Li1.5VOPO4 sample is not simply a mixture of the -

LiVOPO4 and the -Li2VOPO4 patterns. The peak shifts suggest that there is some solid 

solution between the -LiVOPO4 and the -Li2VOPO4 phases or between these phases 

and intermediate phases. This supports the observation made in the FTIR data which 

suggests that the short V-O bond weakens with increasing lithiation, indicating that at 

least some lithium is inserted into the -LiVOPO4 in accompaniment with the formation 

of a new phase.  
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Figure 6.3. XRD patterns of -LiVOPO4 and -LiVOPO4 before and after chemical 

lithiation compared to database patterns. 

Conversely, all of the peaks for -LiVOPO4 phase are present in the -

Li1.5VOPO4 pattern at the same angles. The presence of the un-shifted -LiVOPO4 peaks 

indicates that there is likely little lithium inserted into pristine -LiVOPO4. Instead, a new 

phase is likely formed to accommodate the lithium. The second phase in the -

Li1.5VOPO4 pattern is consistent with the -Li2VOPO4 pattern with some small shifts for 
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a few peaks. Thus, the -Li1.5VOPO4 sample is a phase mixture between the pristine and 

fully lithiated samples with very little solid solution between -LiVOPO4 and -

Li2VOPO4. These observations are again consistent with the FTIR results, which suggest 

no change in V=O bond length for the -LiVOPO4 polymorph with insertion of a second 

lithium. This implies that a new phase forms to accommodate the extra lithium during 

chemical lithiation and this new lithium-rich phase consists of V
3+

 with no V=O bond. 

 

 

Figure 6.4. XRD patterns in a small range of angles for (a) pristine -LiVOPO4, (b) 

chemically lithiated -Li1.5VOPO4, (c) chemically lithiated -Li2VOPO4, (d) 

pristine -LiVOPO4, (e) chemically lithiated -Li1.5VOPO4, and (f) 

chemically lithiated -Li2VOPO4. 
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Electrochemical lithiation 

Since the XRD patterns of the chemically lithiated materials do not resemble 

previously published patterns for LiVOPO4 samples hosting more than one lithium ion 

per formula unit, it was of interest to investigate the structural transformation that occurs 

during electrochemical lithiation for comparison to the chemical lithiation products. 

Thus, pouch cells of pristine -LiVOPO4 and -LiVOPO4 were constructed and 

discharged at a C/100 rate to various states of discharge for ex situ XRD measurements. 

The cells were then opened in an Ar-filled glove box so that the electrodes could be 

removed and sealed in Kapton film and tape. The discharge curves are shown in Figure 

6.5, and the states of discharge that were accessed for ex situ XRD are indicated.   

 

 

Figure 6.5.  Discharge curves for -LiVOPO4 and -LiVOPO4 with states of discharge 
used for ex situ XRD indicated (note changes in scale). 
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Because the -LiVOPO4 curve was still somewhat flat at 2 V (which has been 

used as a potential cutoff in previous studies [60, 115]), the cells were also cycled down 

to 1.8 V to lithiate the material a little further. By cycling down to 1.8 V, 1.92 Li can be 

incorporated into the structure. Just above this point, the slope of the curve changes such 

that it is clear that discharging to lower potential would not increase the capacity 

significantly. Also, elemental analysis of the chemically lithiated “-Li2VOPO4” sample 

showed only about 1.92 Li per formula unit (Table 6.1). Because the ex situ 

measurements were undertaken for comparison to the chemical lithiation products, 

discharging down to 1.8 V with 1.92 Li total Li per formula unit is reasonable.  

The discharge profile for -LiVOPO4 shows that there is a relatively flat region 

(up to about 1.4 Li), followed by a continuously sloping region. By Gibbs phase rule, the 

plateau region would imply that there is a two-phase mixture during Li insertion up to 

about 1.4 Li
+
 and then a single phase after that point. At the point in the discharge curve 

that would correspond to -Li1.5VOPO4, the curve is transitioning to a single phase, so 

one would expect that the emerging new phase would have a mixture of V
3+

 and V
4+

. 

This is consistent with shifts in the V=O bond peak locations in the FTIR measurements 

and shifts in the XRD peaks for the chemically lithiated -LiVOPO4 samples.  

The capacity for the second lithium insertion into the -LiVOPO4 polymorph 

occurs at slightly lower voltage (2.2 V versus 2.4 V), so the cells were discharged down 

to lower voltage. Discharging down to 1.8 V led to a capacity equivalent to lithiation with 

~1.8 Li per formula unit. The discharge curve was still fairly flat at 1.8 V, so electrodes 

were also discharged down to 1.6 V, resulting in capacity corresponding to ~ -

Li2.10VOPO4. There was a change in slope just above 1.6 V implying that discharging 
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further would not lead to significant increases in capacity. Also, since chemical lithiation 

results indicate -Li2.06VOPO4, 1.6 V is a reasonable cutoff voltage for comparison.  

The chemical and electrochemical lithiation results for -Li2VOPO4 show slightly 

higher lithium content than expected, which could mean that more than 2 lithium ions can 

be incorporated into the new phase that forms upon lithiation of pristine -LiVOPO4, 

especially since both the chemical and electrochemical lithiation results show similar 

values. However, this could also imply that there is a lithium-rich impurity phase present 

or could indicate that side reactions occur during electrochemical lithiation. It is worth 

noting that the chemical lithiation product was washed with hexanes to remove excess 

leftover n-butyllithium, but it is also possible that a small impurity is present. 

Furthermore, this could indicate that the initial oxidation state of V was a little higher and 

the lithium content was a little lower in the starting material than is implied by the 

formula -LiVOPO4, although the elemental analysis suggested ratios consistent with -

LiVOPO4 within error and no detectable impurities are present in the XRD pattern.  

Ren et al. [114] showed that discharging -LiVOPO4 down to 0.01 V resulted in 

irreversible decomposition of -LiVOPO4 into Li2O, V metal, Li3PO4, and VPO3. Their 

CV curve shows a continuous discharge peak between about 1.6 and 2.1 V (presumably 

for V
3+/4+

 corresponding to the second lithiation in -LiVOPO4) and then a flat region 

until approximately 1.1 V, after which there are a series of other peaks. This agrees with 

the assumption made here that lithiation of -LiVOPO4 occurs down to about 1.6 V and 

the material irreversibly decomposes only at lower voltage. As will be discussed in more 

detail at the end of this Chapter, discharging -LiVOPO4 down to 1.6 V was reversible 

and pristine -VOPO4 was recovered upon charging to 4.5 V.  
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It is also worth examining the shape of the discharge profile for -LiVOPO4 in 

more detail. There is a relatively flat region up to the insertion of ~ 1.6 Li, which implies 

a possible two-phase mixture over that range. A two-phase mixture is consistent with the 

FTIR results that indicate that the V=O bond does not shift with lithiation and with XRD 

of the chemically lithiated -Li1.5VOPO4 sample, which suggests that this sample is a 

phase mixture with little solid solution between -LiVOPO4 and -Li2VOPO4. After ~ 1.6 

Li, the discharge curve slopes continuously, which indicates a likely single-phase region. 

Because these discharge curves are measured under load (although a slow rate is used), it 

is difficult to draw decisive conclusions from the discharge curves. Open-circuit voltage 

discharge curves are needed to make more definitive arguments about the discharge curve 

shapes than can be made from examining the discharge curves under load. 

Figure 6.6 shows ex situ XRD patterns at various states of discharge, and Figure 

6.7 details the low-angle range. There is a clear structural transition that occurs as more 

Li is inserted into the structure. Most notably, the peaks around 22.5 and 27.3 degrees 

shift to higher angles with lithiation, and the peak at 29.6 degrees shifts to lower angle 

with lithiation. For the sample with ≥ 1.4 Li, new peaks arise. The strong peak at 28.5 

degrees in the -Li1.4VOPO4 pattern shifts to lower angles with increased lithiation, but 

many other peaks remain in similar locations. The shifting of peaks in the samples with 

1.1 – 1.3 Li provides evidence that lithium has been intercalated into the structure, as 

opposed to simply forming a phase mixture. Because the voltage plateau is relatively flat 

in the region between -LiVOPO4 and -Li1.4VOPO4, there still may be a two-phase 

mixture in this range, but open-circuit voltage curves are needed to confirm this. 

However, the peak shifting suggests that the -LiVOPO4 phase can also accommodate 

some extra lithium in addition to formation of a new phase.  
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Figure 6.6.  Ex situ XRD patterns of -LiVOPO4 at various states of discharge. 
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Figure 6.7.  Ex situ XRD patterns of -LiVOPO4 at various states of discharge, detailing 

the low-angle region. 
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The voltage plateau for the samples with ≥ 1.5 Li was shown to be continuously 

sloping, suggesting a single phase is present. The sloping curve also explains why the 

peaks for the pristine -LiVOPO4 phase disappear for samples with lithium contents of 

approximately ≥ 1.5 Li and only shifts in the peaks are observed with increased lithiation, 

consistent with a single phase.  

A database pattern for -Li1.75VOPO4 is shown again for comparison, and it is 

distinctly different from the electrochemically lithiated materials obtained in this study as 

well. Again, this database pattern resembles the pristine -LiVOPO4 material much more 

closely than the -Li1.7VOPO4 or -Li1.8VOPO4 samples shown here. 

It is helpful to compare the chemically and electrochemically lithiated materials to 

see whether the same structural transformation occurs. Figure 6.8 shows such a 

comparison for the -Li1.5VOPO4 and -Li2VOPO4 samples. It is clear that the 

chemically and electrochemically lithiated materials match well, which indicates that the 

structural transformation that occurs during electrochemical lithiation can be replicated 

by chemical lithiation. The electrochemically and chemically lithiated -Li1.5VOPO4 

have slightly different peak intensities, but overall show similar peak locations. The small 

differences are likely because the -Li1.5VOPO4 sample has a lithium content 

corresponding to an inflection point in the discharge curve, so small changes in the state 

of charge may change the XRD pattern significantly. Since lithiation to 1.5 Li is around 

the region where a plateau transitions to a sloping region, it is likely that a two-phase 

mixture is transitioning to a single phase, making this region particularly difficult to 

characterize. The patterns for the electrochemically and chemically lithiated -Li2VOPO4 

materials are almost identical, indicating that the same structural transformation occurs 

during chemical and electrochemical lithiation.  
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Figure 6.8.  Comparison between chemically lithiated and electrochemically lithiated -

LiVOPO4 samples. 

Similarly, ex situ XRD patterns at various states of discharge are shown in Figure 

6.7 and Figure 6.10 for the -LiVOPO4 sample. Again, there are clear changes in the 

XRD patterns as more lithium is inserted, but the changes are more subtle at lower states 

of discharge. At states of discharge ≥ 1.4 Li, there are not any obvious systematic shifts 

in the peak locations, again indicating that little additional lithium can be inserted into -

LiVOPO4 without a phase change occurring. Starting at around -Li1.4VOPO4, though, a 

shoulder becomes visible on the peak around 26.5 degrees. As the lithium content 

increases further, there are more drastic changes in the patterns and the peaks between ~ 

27.0 and ~ 28.4 merge into a single peak. Similarly, several small new peaks arise.  
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Figure 6.9.  Ex situ XRD patterns of -LiVOPO4 at various states of discharge. 
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Figure 6.10. Ex situ XRD Patterns of -LiVOPO4 at various states of discharge, detailing 

the low-angle region. 
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The discharge curve for the -LiVOPO4 sample exhibits a sloping curve after an 

initial voltage drop occurs at around 1.6 Li (Figure 6.5), indicating that there is likely a 

single phase. Again, open-circuit voltage measurements are needed to exactly analyze 

where the single phase region begins. Finally, it is worth pointing out that there is no 

similarity between the ex situ XRD pattern for -Li1.6VOPO4 and the database pattern 

synthesized by mixing precursors in acetone and then firing in N2 [119]. Clearly this solid 

state procedure does not result in the same phase as occurs during electrochemical 

lithiation of -LiVOPO4. 

A comparison is shown between the chemically and electrochemically lithiated -

LiVOPO4 polymorph in Figure 6.11. The chemically and electrochemically lithiated -

Li2VOPO4 samples agree well. The pattern for the chemically lithiated -Li1.5VOPO4 

sample is very similar to that for the electrochemically lithiated sample with some slight 

peak intensity differences. Again, this is at a point in the discharge curve where a two-

phase region is transitioning to a single-phase region, which means that small changes in 

the lithium content could change the XRD patterns significantly. Regardless, it is clear 

that the chemical and electrochemical lithation data at these two stages of lithiation agree 

for both polymorphs, indicating that the structural transformations that occur 

electrochemically are replicated here by chemical lithiation. 

Finally, it is important to establish that the -LiVOPO4 and -LiVOPO4 

structures remain stable after insertion of close to 2 Li. After cycling the materials down 

to 1.8 and 1.6 V, respectively, the cells were then charged to 4.5 V and ex situ XRD 

patterns were collected. These patterns were compared to pristine cells charged to 4.5 V 

(without discharging first). The ex situ XRD results are shown in Figure 6.12, and it is 

clear that charging the fully discharged -LiVOPO4 material to 4.5 V results in the same 
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VOPO4 phase as charging the pristine material to 4.5 V. The -LiVOPO4 material 

showed a similar trend. The ex situ XRD patterns obtained by charging the -LiVOPO4 

and -LiVOPO4 polymorphs can be indexed to -VOPO4 (orthorhombic) and -VOPO4 

(monoclinic), respectively.  

 

 

Figure 6.11. Comparison of the chemically and electrochemically lithiated -LiVOPO4 

samples. 

Thus, inserting 1.92 Li into the -LiVOPO4 structure and ~ 2.1 Li into the -

LiVOPO4 structure does not cause an irreversible structural change. This structural 

reversibility supports the argument that the capacities and structures presented here are 

the result of lithiation of the respective LiVOPO4 polymorphs rather than due to 

structural decomposition and resulting impurity formation. The structures that form after 
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lithiation need to be analyzed by neutron diffraction in order to determine the lithium 

positions in the structure.  

 

 

Figure 6.12. Ex situ XRD patterns of LiVOPO4 after the pristine material is charged to 

4.5 V and after the fully discharged material is charged to 4.5 V.  

6.4 CONCLUSIONS 

A second lithium ion can be inserted into LiVOPO4, increasing its theoretical 

capacity to 318 mAh/g (albeit half of that capacity occurs at potentials less than 2.5 V), 

but this process has not been detailed in the literature. To address this, -LiVOPO4 and 

-LiVOPO4 were synthesized and the lithium insertion process was studied. The 

materials were chemically lithiated to obtain  and  Li1.5VOPO4 as well as  and  

Li2VOPO4, and the materials were also electrochemically lithiated for ex situ XRD. The 
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XRD patterns show clear changes from the starting materials and are also significantly 

different from patterns available in the literature. FTIR and XRD measurements on the 

chemically lithiated phases suggest that lithiation into the -LiVOPO4 polymorph 

proceeds such that some excess Li can be accommodated in the structure before a phase 

change occurs at which point there is a large single-phase region. Lithiation of the -

LiVOPO4 polymorph is more consistent with the formation of a two-phase mixture with 

little solid solution between the two phases. More analysis needs to be done to determine 

the structures of the new phases that form upon lithiation.  
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Chapter 7: Microwave-assisted Solvothermal Synthesis of TiO2 Thin 

Films  

7.1 INTRODUCTION  

Thin-film synthesis is of interest for many applications ranging from solar cells, 

thin-film batteries, electronics, photochemical water splitting, and sensors. Conventional 

techniques for growing thin films typically require expensive, time consuming, and 

energy intensive processes such as sputtering and vacuum deposition, which then require 

high-temperature heating to crystallize the materials. These conventional deposition and 

heating methods are a major hurdle for certain applications. For example, synthesizing 

anatase-phase TiO2 thin films on indium tin oxide (ITO)-coated substrates is necessary 

for some types of solar cells such as inorganic-organic hybrid cells [124]. However, 

anatase films are conventionally grown by spin coating a Ti sol-gel precursor onto ITO 

and then heating above 450 
o
C [125]. This precludes the use of flexible plastic substrates 

since they will melt at temperatures above 100 - 300 
o
C. Therefore, this application 

requires innovative new synthesis methods allowing films to be grown at low temperature 

in order for flexible solar cells to be fabricated directly on plastic substrates.  

Thin-film batteries are another example of an application that is limited by 

existing high-temperature synthesis methods. Conventional thin film electrode deposition 

methods for thin-film batteries such as chemical vapor deposition, spray pyrolysis, pulsed 

laser deposition, vacuum evaporation, and sputtering
 
[76-79] also can be problematic 

because they are expensive, slow, and stoichiometry control of the electrode materials is 

difficult [126, 127]. This is especially challenging for ternary element cathode materials 

for which the performance is intimately linked to the stoichiometry. Furthermore, the 

deposition has to be performed at high temperatures or the films need to be post-heated to 

obtain crystalline phases [76, 126, 127]. There is speculation in the literature that low-
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temperature processing methods could reduce manufacturing cost, but there are very few 

low-temperature deposition methods and generally these methods lead to poor 

performance compared to materials synthesized at conventional temperatures [76, 128-

132]. In response to difficulties obtaining crystalline and stoichiometric electrode films 

by traditional deposition methods, a few sol-gel methods have been developed during 

which the sol-gel is spin-coated onto the substrate and sintered at high temperature to 

obtain crystalline phases, as is necessary for high capacity and cyclability in batteries 

[126, 127, 133].
 
To deposit thick films, this process sometimes is repeated several times.  

TiO2 is an attractive candidate electrode material for lithium-ion thin film 

batteries owing to its good lithium intercalation reversibility and safety advantages [79, 

134].
 
As the low-temperature deposition of TiO2 thin films is of interest for several 

different energy applications, including solar cells and thin-film batteries, among others, 

a low-temperature microwave-assisted solvothermal method (MW-ST) is developed here 

to grow thin films of TiO2 on ITO-coated glass. ITO on glass is not a traditional substrate 

for thin-film batteries because it is too expensive to be used as a current collector and is 

not flexible. However, ITO has been used previously in the literature as the current 

collector to evaluate TiO2 for thin-film battery applications [79]. Thus, growing thin films 

of TiO2 on ITO serves as a demonstration that the microwave-assisted solvothermal 

method can be used to deposit electrode films for use in solar cells and thin-film batteries. 

As will be discussed, TiO2 on ITO is only one example to demonstrate that thin films can 

be deposited at low temperatures by a MW-ST process, and other materials/substrates 

may prove more useful for thin-film batteries.  

Thin-film growth in solution is inherently a difficult process because there is a 

competition between the bulk homogeneous nucleation of particles in solution and 



  147 

heterogeneous nucleation on a substrate inside of a growth solution. In order to grow thin 

films in solution, the conditions must be tuned to favor heterogeneous nucleation. 

Microwave irradiation has previously been shown to create an environment that can favor 

heterogeneous nucleation [135, 136]. However, the mechanism by which this process 

occurs has not been adequately understood. The results presented here indicate that the 

films grow on ITO because the ITO layer absorbs microwaves more readily than the 

solution, which leads to ohmic heating of the ITO layer. Consequently, the hot surface 

acts to catalyze nucleation of the TiO2 film, leading to preferential nucleation and growth 

on the surface. Therefore, it is likely that many different materials can be grown on a 

variety of microwave absorbing layers including metal and highly conducting oxides like 

ITO. The MW-ST process should make it possible to deposit crystalline, stoichiometry-

controlled thin films, thus reducing film deposition and sintering into a single, rapid step 

performed at low temperatures. This could provide a means for depositing thin films on 

plastics and other low-melting-temperature substrates.  

Furthermore, the MW-ST process is of interest because it demonstrates the 

importance of the ‘specific’ microwave effect known as ‘selective heating’ [82, 83, 84]. It 

is well-known that microwave-assisted synthesis processes can drastically reduce 

reaction times compared to conventional solvothermal processes carried out using acid 

digestion vessels in a furnace, as has been demonstrated in previous chapters. However, 

there are also sometimes other anomalous results that cannot always easily be explained 

by simple thermal effects such as the fast ramp rates achieved during microwave 

synthesis [82-84]. There is much controversy regarding whether anomalous results are 

directly caused by microwave interaction with the material in question. Since materials 

have differing abilities to absorb microwaves, they will heat (‘selectively’) at different 
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rates under microwave radiation. Although selective heating is recognized as a reality in 

microwave synthesis, whether the selective heating directly has an effect on the product 

is controversial. It is shown that growth of the TiO2 thin films demonstrated here is 

critically dependent on selective heating of the microwave absorbing ITO layer.  

7.2 EXPERIMENTAL 

A typical experiment involved mixing 20 mL of tetraethylene glycol (TEG) and 5 

mL of a Ti containing sol-gel in 80 mL quartz vessels. The sol-gel consisted of a mixture 

of 10:1:1:1:1 ethanol : tetrabutyl orthotitanate (TBT) : acetic acid : acetylacetone : 

deionized water [137].
 
The sol-gel was aged for one week before using. Indium tin oxide 

(ITO)-coated glass slides (sheet resistance ~ 10 Ω/◽) and polyethylene terephthalate 

(PET) slides (sheet resistance ~ 30 Ω/◽) were purchased from Nanocs (New York, NY), 

cut into ~ 1 cm by 1 cm squares, and patterned as described elsewhere [138]. Deposition 

of Al metal (150 nm) was prepared by thermal evaporation also as described elsewhere 

[138]. Deposition of high resistance ITO (sheet resistance ~450 Ω/◽) layers on glass 

substrates was achieved by magnetron sputtering of an In2O3 : SnO2 (10 wt. % SnO2) 

sputtering target (99.99% purity, Kurt J. Lesker company) onto solda-lime glass 

substrates with an RF power supply of 75 W with an Ar working pressure of 3 mTorr 

under a base pressure of 8.75 x 10
-5

 Torr for 60 min.  

The ITO and metal-coated substrates were then hung from the vessel caps in 

custom-designed glass baskets, as is shown in Schematic 7.1. The vessels were 

positioned on a rotor (4 vessels at a time) that was spun on a turntable inside an Anton 

Paar Synthos 3000 microwave reactor operated at 2.45 GHz. Stir bars were added to 

ensure efficient mixing and the vessels were sealed. The solution temperature was 

measured with infrared sensors, which were calibrated to an internal temperature probe. 
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Reactions were ramped with a power rate of 10 W/min until the temperature reached 150 

o
C, and that temperature was held for 60 min in a typical experiment. However, these 

conditions were widely varied, as will be discussed. After the reaction, the solutions were 

convectively cooled, and the resulting TiO2 films were washed and sonicated in 

deionized water, acetone, and ethanol to remove leftover solvent and precursors.  

 

 

Schematic 7.1.  Comparison of the MW-ST synthesis to conventional thin film deposition 

(top) with a summary of synthesis method and resulting TiO2 thin films 

(bottom). The blue square shown on the glass slide is ITO that was 

patterned onto the slide by chemical etching.  
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7.3 RESULTS AND DISCUSSION 

Synthesis condition optimization and film growth mechanism 

Heterogeneous growth of a thin film selectively onto a substrate requires 

extensive optimization of synthesis conditions. One of the first steps in optimizing the 

film growth was selecting an appropriate additive for the growth solution so as to dilute 

the Ti sol-gel precursor. The growth solution always consisted of 5 mL sol-gel and 20 mL 

of solvent additive. The solvent additives used in the reaction vessels were ethanol and 

tetraethylene glycol (TEG) in varying amounts. Initial tests were performed with ethanol 

as an additive, but anatase formation was found to be favored by using TEG instead. 

Figure 7.1 shows GIXRD patterns for films grown with using various ratios of TEG and 

ethanol as additives at 140 
o
C. Films grown in solutions containing more TEG led to 

small peaks beginning to form at around 25 degrees, which corresponds to the largest 

peak for anatase TiO2.  

 

 

Figure 7.1.  GIXRD patterns for films grown with a 60 min hold time at 140 
o
C. Films 

are grown with varying amounts of TEG and ethanol as additives, but all 

growth solutions contained 5 mL of Ti sol-gel. 



  151 

Because adding TEG to the sol-gel led to anatase formation at lower temperatures 

than with ethanol as an additive, the sol-gel recipe was then prepared with TEG as the 

solvent rather than ethanol. Attempts to grow films with a TEG-based precursor led to 

thin and non-uniform films. Thus, it was concluded that the optimum films are grown 

with a mixture of an ethanol based sol-gel and TEG as an additive in the microwave 

vessels.  

Initial testing was also performed at a variety of temperatures to determine the 

temperature range at which anatase formed. Figure 7.2 shows GIXRD patterns for films 

grown in solutions consisting of 5 mL sol-gel, 15 mL ethanol, and 5 mL TEG. It is clear 

that films grow even at 120 
o
C, as indicated by the rainbow fringe pattern on the slide. 

However, no anatase formation is detected in GIXRD patterns at low temperatures. As 

the temperature increases, the films become white in color, and the anatase phase (at 25
o
) 

is detected in the GIXRD patterns. The anatase peak at 25
o
 was strongest for the film 

grown at 150 
o
C. At higher temperatures, the films become thick and begin to chip off. At 

lower temperatures, the films are thin and amorphous. At 180 
o
C, additional rutile peaks 

appeared, and the slide cracked into several pieces, which will be discussed in more detail 

in a subsequent section. It should be noted that this test was run with 5 mL sol-gel and 20 

mL of ethanol, in contrast to the rest of the slides in Figure 7.2. For safety reasons, the 

test at 180 
o
C was not repeated with different ratios of additives.  

Some ITO-coated slides were also patterned with smaller square ITO layers 

chemically etched onto them, as shown below in Schematic 7.1. The slides were 

patterned because in device applications, films need to be patterned into a variety of 

shapes. Also, patterning the slides was found to be useful to avoid cracking of the films. 

The edges of the glass are jagged due to rough cutting of the slides. The rough edges lead 
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to small cracks on the edges of the ITO film, which can propagate during the rapid 

heating occurring in the MW-ST process. The effect of temperature on film growth is 

shown in Figure 7.3 for patterned ITO-coated glass slides. Similar to the non-patterned 

slides, the optimum film growth occurred at 150 
o
C. It is also noteworthy that the TiO2 

films form only on the ITO layer and not on the surrounding glass, which will be further 

discussed in a subsequent section. Conventional thin-film growth, in contrast, requires an 

additional patterning step after the thin film has been deposited and sintered. 

 

 

Figure 7.2. GIXRD patterns of films grown with a 60 minute hold time at various 

temperatures with 5 mL sol-gel, 15 mL ethanol, and 5 mL TEG *except for 

the film at 180 
o
C, which was grown in 5 mL sol-gel and 20 mL ethanol. 



  153 

 

Figure 7.3. GIXRD patterns of patterned films grown with a 60 minute hold at various 

temperatures. Films are grown with 5 mL sol-gel and 20 mL TEG. 

The dependence of reaction time on thin-film growth for the patterned and non-

patterned slides was also studied, as shown in Figure 7.4 and Figure 7.5. It is clear that 

the most uniform films are grown for reaction times of 60 min or less. For non-patterned 

slides, the anatase peaks become larger with increased reaction time until the films begin 

to flake off after 75 – 90 min, but anatase peaks can be detected for all reaction times. 

GIXRD of the patterned slides (Figure 7.5) shows similar trends, but the films were 

found to be amorphous if only allowed short reaction times. It should also be noted that at 

higher temperatures, shorter reaction times were required to obtain crystalline films, 

although only the effects of time variation at 150 
o
C are shown here.  
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Figure 7.4. GIXRD patterns of films grown at 150 
o
C for various hold times. Films are 

grown with 5 mL sol-gel and 20 mL TEG. 

 

Figure 7.5.  GIXRD patterns of patterned films grown at 150 
o
C for various hold times. 

Films are grown with 5 mL sol-gel and 20 mL TEG. 
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The ITO-coated glass slide orientation proved to have a dramatic effect on TiO2 

film growth. GIXRD patterns of films grown in vertical and horizontal orientations are 

shown in Figure 7.6, along with pictures of the custom-designed glass holders with the 

slide positions depicted. Clearly the anatase peaks are much stronger for the films grown 

in the vertical orientation. The anatase peaks agree with visual inspection of the films, 

which suggests very thin films form in the horizontal orientation. Similar results were 

observed for the patterned and non-patterned ITO-coated slides. Cross-sectional SEM 

confirms that the films grown oriented horizontally are much thinner than the vertically 

oriented films, as described elsewhere [138]. Also shown elsewhere are high-resolution 

transmission electron microscopy (TEM) imaging and Raman spectroscopy data for the 

optimized films, which further confirm formation of anatase [138]. 

 

 

Figure 7.6. GIXRD of films grown on ITO-coated glass slides at 150 
o
C with a 60 

minute hold time in solutions consisting of 20 mL TEG and 5 mL sol-gel. 
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 The morphology of these films was also examined, as shown by SEM 

micrographs in Figure 7.7. The films are very dense, flat, and uniform, with few features. 

Films grown under optimized conditions were found to strongly adhere to the ITO, likely 

due to the strong oxide-oxide bonding between TiO2 and ITO. Sonicating the films for 10 

min in various solvents did not damage them. Cross-sectional SEM was used to 

determine the film thickness, which was found to be one the order of 1-2 m for slides 

grown at 150 
o
C with a 60 min reaction time. Many cross-sectional SEM micrographs 

[138] were imaged for many different conditions, and the micrographs confirmed that the 

films grown at low temperature or short times were thinner and those grown at high 

temperature and long reaction time were thicker, as expected from visual inspection and 

by GIXRD measurements. The cross sectional SEM results provide evidence that there is 

a very dense and strongly adhered underlayer with a less dense outerlayer (dense 

underlayer shown here in Figure 7.7) [138].  

 

 

Figure 7.7. TiO2 film grown at 150 
o
C for 60 min reaction inside microwave reactor 

with 10 W/m power ramp rate. A large area SEM view is shown in (b), and 

a magnified region is shown in (a). A cross sectional image reveals a 

thickness of approximately 800 nm in (c). 
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Selective heating of the ITO layer 

Several observations from the results shown in the preceding section can provide 

insight into how and why these films grow. The first of these observations is that the film 

grown at 180 
o
C, shown in Figure 7.2, cracked into several pieces. Glass substrates 

heated under the same conditions without the ITO layer did not crack at 180 
o
C or any 

other temperature tested, so one can conclude that the presence of the ITO layer causes 

the cracking. ITO is a strong microwave absorber resulting in rapid ohmic heating during 

the microwave process. Contrastingly, glass does not absorb microwaves, so it heats 

slowly by thermal convection from other microwave absorbing species in the vessel 

(solution and ITO layer). Therefore, it is reasonable to theorize that the ITO selectively 

absorbs microwaves and heats, thereby providing a hot surface to catalyze TiO2 film 

nucleation and growth. As the temperature is ramped (by increasing the microwave 

power), it is likely that there is a large thermal gradient between the microwave absorbing 

ITO layer and the insulating glass substrate during this non-equilibrium process. This, in 

turn, could cause significant thermal expansion mismatch at the interface between the 

glass and ITO layer, which could cause the slide to crack due to the corresponding 

mechanical strain. Alternatively, this could be a thermal shock phenomenon. 

The patterned slides further support the argument that the ITO selectively absorbs 

microwaves and acts as a hot nucleation site for the TiO2. If the ITO layer acts as a 

nucleation site for the film to grow because it absorbs microwaves and heats faster than 

other surfaces in the vessel, then the films should grow only on the patterned ITO. This is 

indeed what occurs; the films form selectively on the square ITO layer (Figure 7.3, 

Figure 7.5, and Figure 7.6) and not on the surrounding glass from which the ITO has 

been etched away chemically. Furthermore, the TiO2 films did not form at any 

temperature tested for glass slides suspended in the growth solution without an ITO layer. 
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For the MW-ST films, once the TiO2 nucleates on the ITO, it is likely easy to form a 

well-adhered film due to oxide-oxide bonding between the TiO2 and ITO. 

Another interesting observation regarding these films is that they are non-

uniform. The films are thickest at the edges and thinnest in the middle, as has been 

confirmed by cross-sectional SEM. The thickness variation is obvious upon visual 

inspection, as is demonstrated in Figure 7.8 for a variety of chemically etched ITO 

patterns and the resulting films after microwave reaction. Collaboration with a 

computational group specializing in electromagnetic simulation provided insight 

regarding the film growth pattern. The experimental setup was simulated with the integral 

form of Maxwell’s equations. The electric field, conduction current density, and the 

absorbed power can all be calculated from the model (see [139]). 

Simulations showing the time-averaged absorbed microwave power density (in 

units of dB) are shown in Figure 7.8. It is clear that the model independently predicts 

increased microwave power absorption on the edges of the ITO layers. Despite the large 

wavelength of the microwaves (> 10 cm), there is still a distinguishable field interaction 

with the small ITO patterns (~ 1 cm) such that current and power absorption are highest 

at the edges. This occurs because the incident microwaves are distorted by the ITO layer, 

but the perpendicular components of the electric and magnetic fields must be continuous 

at the boundaries between the ITO layer and the solution or glass. As a result of the 

mismatch in the properties between the conductive ITO and the dielectric solution/glass 

at the boundary, the elecromagentic field and the current density will be highest near the 

edges. Another way to think about this is that currents tend to repel one another. In the 

middle of the slide, there are currents coming from all directions, so the currents can 

effectively repel one another. At the boundary between the ITO and the glass, there is 
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current density on the ITO side of the boundary, but not on the glass side, so the current 

density can collect at the ITO edges.  

 

 

Figure 7.8.  Various ITO patterns before the microwave reactions, TiO2 films grown on 

ITO after microwave reactions, and computational predictions showing the 

time-averaged absorbed power density in the ITO layer (units of dB). 
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The absorbed power distributions correlate well with the experimentally observed 

film growth patterns. Although the model does not explicitly calculate heat transfer, the 

absorbed power will be converted to heat by ohmic heating. The edge effects shown in 

Figure 7.8 are likely to be smeared to some degree by thermal conduction in the ITO 

layer, which is not included in the model.  

Another important observation that can be explained by the simulations is that the 

patterned slides do not show anatase peaks in the GIXRD patterns for films grown at 140 

o
C for 60 min or at 150 

o
C for 30 min (Figure 7.3 andFigure 7.5) in contrast to the 

comparable non-patterned slides (Figure 7.1 and Figure 7.4). TiO2 films form on the ITO 

for the patterned slides as well, as indicated by visual inspection of the films and 

confirmed by EDS, but the films are amorphous. These differences between the GIXRD 

patterns for the patterned and non-patterned slides held at 140 
o
C for 60 min and 150 

o
C 

for 30 min were theorized to be due to the different sizes of the ITO layers.  

To test this theory, the ITO was patterned with four squares that were 

approximately half the dimensions of the typical ITO square size (pictured in Figure 7.9), 

keeping the total area of the ITO layer constant. Attempts to grow films on this substrate 

were unsuccessful under normal reaction conditions (150 
o
C for 60 min). In order to grow 

films on the smaller ITO features, the power had to be increased significantly, which 

equated to a temperature of 170 
o
C rather than 150 

o
C. Furthermore, each of the four 

small squares was found to have edge effects similar to the larger squares. The 

simulations confirmed that the smaller ITO patterns absorb less power, in agreement with 

the experimental observations that the power had to be increased to grow films.  
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Figure 7.9. Simulations of the time-averaged absorbed power density in the ITO layer 

(units of dB) compared to experiments detailing the effects of ITO pattern 

size and ITO sheet resistance. Note that the sheet resistance of the ITO for 

the left and middle columns is 10 Ω/◽ for simulations and experiments. The 

resistivity of the ITO on the right is 1000 Ω/◽ for the simulations and 450 

ohm/sq for the experiments.  
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The size effect is expected if selective microwave heating is important because as 

the microwave absorbing layer becomes smaller, there is a larger difference between the 

effective microwave wavelength and the ITO layer dimensions, reducing the efficiency of 

the absorption between the microwaves and the small ITO patterns. The film formation 

shown here is found to be dependent on the size of the patterned features, which further 

suggests that direct interaction with the microwave field is responsible for film growth. 

Since the model was found to agree well with experimental observations, the 

model was then used to identify conditions that could lead to more uniform films, which 

would be more desirable for device applications. The simulations predicted that more 

uniform films could be obtained by lowering the microwave frequency or increasing the 

sheet resistance of the ITO layer, as is discussed in more detail elsewhere [139]. The 

effect of conductivity on absorption of microwave power is complex. As the conductivity 

increases, so does the absorption coefficient, but the reflectivity also increases at the 

boundaries, so the microwave field is largely rejected by the conducting material. 

However, if the conductivity is too low, the material only weakly absorbs microwave 

power because electrons cannot be effectively excited by the field. Thus, there exists an 

optimum conductivity where maximum microwave power absorption occurs throughout 

the layer. Also, if the conductivity is too low, there is less difference in the properties 

between the conductive layer and the surrounding dielectric materials (solution and 

glass), so there is not as strong of an edge effect and microwave power is absorbed more 

evenly.   

Based on the predictions suggesting that lower conductivity would lead to more 

uniform films, films were grown on ITO with a sheet resistance of approximately 450 

Ω/◽ and are compared to films grown on 10 Ω/◽ slides in Figure 7.9. Clearly, more 
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uniform films are grown on higher resistance ITO as predicted. It also took less time to 

obtain these films, which is in further accordance with the predictions. The simulations 

predict higher power absorption for the higher resistance ITO, and higher power 

absorption should lead to more pronounced selective heating and consequently higher 

temperature and less time to obtain crystalline films.  

Attempts to grow films by conventional solvothermal method 

The non-uniformity of the films (edge effects), the orientation effects, the size 

dependence on film growth, and the effect of conductivity on the film growth all support 

the argument that the films grow due to specific microwave interaction (selective heating) 

with the ITO layer. This is further confirmed by excellent agreement between simulations 

and experimental observations. Since the film growth was found to be dependent on 

interaction with the microwave field, it was of interest to attempt to grow films by 

conventional solvothermal experiments for comparison with the microwave-assisted 

solvothermal experiments. 

To see whether the film growth could be replicated without the microwave field, 5 

mL of sol-gel was mixed with 20 mL of TEG in 45 mL Paar 4744 acid digestion vessels. 

ITO-coated glass slides were positioned on custom-made glass holders to keep the slides 

in vertical orientations similar to the microwave experiments. The vessels were then 

sealed and placed in a preheated furnace to achieve the fastest ramp rate possible. The 

reactions were held at 150 
o
C and 180 

o
C for 2 - 72 h. Because reaction times for 

conventional solvothermal synthesis are generally much longer than for microwave 

synthesis reactions, the reaction time was varied over a wide range. The results are 

summarized in Table 7.1. 
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At 150 
o
C, the ITO-coated glass slide did not change in any detectable way. The 

resistance of the ITO was the same before and after the reaction and the ITO showed no 

color change. However, an anatase phase precipitate formed in solution after the 8 h, 24 

h, and 72 h experiments at 150 
o
C, although the patterns were weakly crystalline at 

shorter times. During the microwave reaction, only the solution temperature can be 

measured. Since the ITO selectively absorbs microwaves, it is likely that the temperature 

of the ITO is warmer than the temperature of the glass and the surrounding solution 

(which is the temperature measured in the microwave). Note that the temperature of the 

slide cannot be too much warmer than 150 
o
C during the microwave reaction because 

films were also grown on plastic substrates (which will be discussed later) without 

melting or deforming the substrates.  

Table 7.1.  Summary of results for conventional solvothermal synthesis tests. ITO-
coated glass slides were placed in acid digestion vessels containing 5 mL 

sol-gel and 20 mL TEG for times ranging from 2-72 h at 150 and 180 
o
C. 

 Temperature 

(
o
C) 

Time 

(h) 

Change in ITO 

Resistance (Ω/◽) 

ITO Color 

After Synthesis 

GIXRD of 

Slide 

XRD Solution 

Precipitate 

150 2 none blue no anatase no precipitate 

150 8 none blue no anatase anatase 

150 24 none blue no anatase anatase 

150 72 none blue no anatase anatase 

180 2 none blue no anatase amorphous 

180 8 none blue no anatase anatase 

180 24 16  23 yellow and pink no anatase anatase 

180 72 16  24 yellow and pink no anatase anatase 

 

To see whether a higher temperature was needed, the conventional solvothermal 

tests were also run at 180 
o
C. After 2 and 8 h, the slide results were similar to the results 
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at 150 
o
C. After 24 h, the slide had copious amounts of white precipitate loosely bound to 

both sides (the ITO and glass surfaces), as shown in Figure 7.10. However, the powder 

fell off easily when cleaning the slide with a deionized water squirt bottle.  

The results summarized in Figure 7.10 are in striking contrast to the microwave 

synthesized slides, which can be washed and even sonicated for 10 minutes without 

damaging the films. Furthermore, the film forms selectively on the ITO layer in the 

microwave process rather than powder from solution loosely bound to both sides of the 

slide, as was seen in the conventional solvothermal samples at 180 
o
C. Also notable was 

an increase in the ITO resistance and color change of the ITO layer for the slides held at 

180 
o
C for 24 and 72 h. Since the color change could be indicative of a TiO2 film, the 

films were analyzed by GIXRD (Figure 7.11) and EDS (Figure 7.12). No anatase was 

detected by GIXRD. Correspondingly, EDS shows no Ti signals in contrast to the large 

Ti peaks for the microwave deposited films. 

 

 

Figure 7.10.  Conventional solvothermal reactions were performed in the vessel shown 

in (a) on ITO-coated glass slides (c). After the reaction at 180 
o
C for 72 h, 

the glass holder and slide were covered with off-white precipitate (b and d). 

This was easily washed to produce the slide shown in (e). 
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Figure 7.11. GIXRD of the ITO-coated glass slide (pictured in Figure 7.10) after the 180 
o
C reaction held for 72 h compared to a microwave-synthesized film. 

Another important observation is that the solution precipitate was identified as 

anatase TiO2 for almost all of the conventional solvothermal reactions, so the temperature 

was definitely high enough and the time was long enough to form crystalline anatase. 

Furthermore, there was little change between the results after 24 and 72 h, indicating that 

holding the time for longer would likely not change the results. The color change of the 

slide may be due to sol-gel sticking to the slide. Even letting a small amount of the sol-

gel dry on glass at room temperature leads to hydrolysis of the sol-gel and a very thin Ti 

film. However, the sol-gel will not lead to anatase unless annealed.  

The color change and increase in resistance could also be due to indium diffusion 

in the ITO layer due to the prolonged hold time at 180 
o
C. In summary, heating the 
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solution conventionally did not lead to film growth. These results support the argument 

that growth of the TiO2 thin films is dependent on the selective heating of the ITO layer 

by direct interaction with the microwave field.  

 
 

 

Figure 7.12. EDS results of the ITO-coated glass slides (a) after solvothermal reaction at 

180 
o
C for 72 h and (b) after microwave solvothermal deposition at 150 

o
C 

for 60 min with a 10 W/min power ramp rate. Both growth solutions 

contained 5 mL sol-gel and 20 mL TEG. 
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Film growth in other microwaves 

All films discussed thus far were grown in an Anton Paar Synthos 3000 

microwave reactor, a multi-mode reactor in which four or eight vessels can be used 

during a single reaction. There are two magnetrons located on two adjacent walls, which 

supply the microwaves. The vessels are placed on a rotor, which spins during the reaction 

to ensure uniform exposure of the vessels to the microwave field. Because there are 

essentially two microwave fields that interact with vessels rotating within the resulting 

field, this setup is very complex. In order to study film growth in a simpler microwave 

reactor, the synthesis conditions were modified and reactions were run in two mono-

mode microwaves (CEM Discover and Anton Paar Monowave). These microwaves are 

much simpler, each with only one magnetron and only one stationary vessel being 

irradiated during the reaction.  

TiO2 films were grown with both mono-mode microwaves. Because the software 

and scale of reaction in these microwaves are different than in the Synthos 3000, the 

ramping condition had to be changed. In the Synthos 3000, a linear power ramping 

condition of 10 W/min (corresponding to ~30 min ramping time to 150 
o
C) was used and 

the best films were grown after a 60 minute hold time. In the Discover microwave, a 

constant power of 50 – 70 W was set during the temperature ramping portion of the 

synthesis, which corresponded to a 5 – 10 min ramp time up to 150 
o
C. Once the 

temperature reached 150 
o
C, the power was then adjusted to maintain the constant 

temperature. Similarly, in the Monowave, a constant power of 20 – 60 W was set during 

a 2 – 10 min ramping time to get to 160 
o
C and the temperature was held at 160 

o
C for 60 

minutes. The Monowave reactions were run at a higher temperature because the ITO 

patterned squares were etched smaller than in the Synthos and CEM microwave reactions 

due to the small size of the Monowave vessels. 
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The films grown in the Synthos 3000 were highly optimized and hundreds of 

films were grown to test various conditions. Many fewer films were grown in the two 

mono-mode reactors, so the conditions would require further optimization to obtain 

highly crystalline films similar to those grown in the Synthos 3000. Regardless, it is 

interesting to examine the results from initial testing in the mono-mode microwave 

reactors to demonstrate that the synthesis technique can be adapted to other reactors.  

The film growth patterns in the mono-mode microwave reactors appeared visually 

different than films grown in the Synthos 3000. As shown in Figure 7.13, the films grown 

in the Synthos 3000 showed thicker regions on all four edges and the thinnest regions at 

the center and corners. Contrastingly, the films grown in the mono-mode microwave 

reactors showed thick regions only on two edges. The pattern is difficult to see on the 

Monowave slide at 160 
o
C with a 60 min hold time, so a picture of a film grown after a 

shorter time is shown to the right.  

 

 

Figure 7.13. Pictures and GIXRD of TiO2 films grown in three different microwaves. The 

film grown in the Monowave is a different size because smaller vessels used 

cannot accommodate larger slides.  
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The thinnest regions form on the top and bottom of the ITO layer and there are 

horizontal rainbow patterned fringes showing different thicknesses. Although the 

thickness variation is difficult to see in the picture, the edges on the left and the right 

show thicker regions than the middle. The differences in the film growth patterns are 

likely due to the differences in the electric field generated by the microwaves due to 

different geometry and whether the vessels are stationary or rotate. The angle of the ITO-

coated slide relative to the field was found to greatly affect the power absorption and the 

edge effects on the ITO in computational simulations.  

MW-ST synthesis comparison in SiC and glass vessels 

 The conventional solvothermal experiments in acid digestion vessels suggest that 

the microwave irradiation and subsequent selective heating of the ITO layer is critical for 

film growth, but the vessel geometry and temperature ramp rates are not constant 

between the conventional and microwave-assisted solvothermal experiments, and these 

factors could also affect the results. To further confirm the dependence of film growth on 

the microwave field, reactions were run in glass and SiC vessels in an Anton Paar 

Monowave microwave reactor. Glass is a poor microwave absorber, so when an ITO-

coated glass slide is suspended in TiO2 growth solution within a glass vessel, the 

microwave field can interact directly with the solution and ITO layer since the glass 

vessel does not appreciably absorb microwaves. Contrastingly, SiC is a very good 

microwave absorber, so if an ITO-coated glass slide is suspended in TiO2 growth solution 

within a SiC vessel, the SiC absorbs the microwaves very effectively and prevents 

microwave absorption by the solution and ITO layer [140]. In the glass vessel, heating 

occurs by selective ohmic heating of the ITO layer and dielectric/ohmic heating of the 

solution. In the SiC vessel, the SiC absorbs microwaves and heats through ohmic heating. 
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The solution and ITO layer are then in turn heated by thermal convection of heat from the 

hot vessel walls.  

A common argument used to dismiss specific microwave effects is that the 

conditions during microwave heating are difficult to replicate by conventional methods 

(such as the temperature ramping time) [82- 84, 140]. Because of the small size of the 

vessels (10 mL) and the very high power available in the Monowave, the solution can be 

heated very quickly by thermal convection even in the SiC vessel. It has been previously 

demonstrated that even very poor microwave absorbers can be heated very quickly with 

the SiC vessel and that the SiC vessel effectively shields the solution from direct 

interaction with the microwave field [140].
 

 To compare directly heating of the ITO layer by selective heating (in the glass 

vessel) and by thermal convection (in the SiC vessel), microwave reactions were run with 

the same heating conditions in the two different microwave vessels. The ramp time, 

heating temperature, and reaction hold time were the same in both reactions (Figure 

7.14). The only difference was the vessel material. In both vessels, an ITO-coated glass 

slide was suspended from the top of the vessel with a custom made basket tied to the 

vessel cap by Teflon tape. The reaction temperature was measured directly within the 

growth solution via a thermometer inside an immersion tube. The thermometer was 

located directly behind the glass slide in these reactions. The temperature was ramped to 

160 
o
C in approximately 3 min and held for 60 min. Note that the required temperature 

was slightly higher than in other microwave reactors because of the limited size of the 

Monowave reaction vessels (and therefore small ITO patterns), as discussed previously.  
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Figure 7.14. Comparison of the thermal profiles in glass and SiC vessels. The ramp time, 

temperature, and hold time were nearly identical in both vessels. There is 

slightly more temperature variation during the hold time in the SiC vessel, 

because it is more difficult to control the temperature. This is because 

thermal convection is a slow heat transfer process relative to direct 

dielectric heating of the solvent and ohmic heating of the ITO layer.  

 The results from the reactions in the SiC and glass vessels are shown in Figure 

7.15. Clearly, no film forms when reactions are run in the SiC vessel and films do form 

during reactions under the same conditions in the glass vessel. Even after varying the 

ramp time and temperature, films never grew in the SiC vessel. In contrast, films could be 

grown in the glass vessels for a wide variety of temperatures and ramp times. The ITO 

layer is only heated indirectly by thermal convection in the SiC vessel, rather than by 

direct selective heating, which occurs due to interaction with the microwave field. This 

further demonstrates that film growth is critically dependent on the selective heating of 

the ITO layer, which results from direct interaction with the microwave field. 
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Figure 7.15. Comparison of ITO slides before and after microwave reactions in glass 

and SiC vessels for a reaction ramped to 160 
o
C in approximately 3 min and 

held for 60 minutes. Only reactions in the glass vessel led to film formation. 

The color of the ITO layer (square patterned in center of slides) is different 

than previously shown slides, because the slides were from a different batch 

with a slightly higher resistance. It should be noted that different 

temperatures and different ramp times did not change these results.  

Cyclic voltammetry of thin films 

The utility of these films for thin-film battery applications can also be 

demonstrated. Anatase TiO2 is currently being studied as a candidate anode material for 

thin-film Li-ion batteries because it is safer than Li metal anodes and can withstand 
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solder-reflow conditions, the common process for attaching thin-film batteries to circuit 

boards [76, 79-81, 134]. 

CV results for anatase thin films on ITO-coated glass grown by the MW-ST 

method are shown in Figure 7.16. The CV experiments were performed by constructing 

coin cells with 1:1 ethylene carbonate and diethyl carbonate as the electrolyte (LiPF6 

salt). This is not a typical configuration for thin-film batteries since thin-film batteries are 

completely solid state and typically are grown on flexible substrates. Also, ITO is not a 

practical current collector for thin-film batteries due to cost. Despite these considerations, 

CV of TiO2 on ITO has previously been used to demonstrate the electrochemical 

response of anatase for thin-film battery applications [79]. Future work will focus on 

adapting these films to be grown in more traditional thin-film battery configurations. It 

should be noted that the thicknesses of the films grown here are more on the order of 

those for thin-film batteries than for Li-ion batteries. Furthermoere, they are grown with 

no binder or carbon additives, also consistent with thin-film batteries and not consistent 

with lithium-ion batteries. 

The CV results show sharp peaks centered around 1.75 V for the most crystalline 

film pictured, as is typical of anatase. A thin amorphous film is also shown in which there 

are no TiO2 peaks and there is little current density. The CV curves for the amorphous 

sample were found to show only slightly more separation between charge and discharge 

curves than CV curves for cells fabricated with just Cu metal versus Li metal (not shown 

here). The peaks below 1.5 V and above 2.2 V are present for cells made with just Cu 

metal versus Li metal, indicating that these peaks result from side reactions with the cell 

components.  
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Figure 7.16. CV of (a) a very crystalline microwave-grown TiO2 film on ITO-coated 

glass, (b) a more weakly crystalline TiO2 film, (c) an amorphous TiO2 film, 

and (d) TiO2 film on ITO-coated glass grown by conventional spin coating 

of Ti sol-gel and subsequent furnace heating at 450 
o
C. Note changes in 

current density scale.  

Representative CV curves are also shown for more weakly crystalline TiO2 films 

in which there are TiO2 peaks present but also large broad separation between the charge 

and discharge curves at low voltage, which is likely attributable to amorphous TiO2 or 

impurities. Only the most crystalline films showed sharp peaks like those in Figure 

7.16(a) and most films tested exhibited an electrochemical response more like that shown 

in Figure 7.16(b), indicating that the conditions have to be very well optimized in order to 
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obtain good electrochemical performance. These results can also be compared to a 

conventionally prepared TiO2 thin film synthesized by spin coating Ti sol-gel onto ITO-

coated glass and firing in air at 450 
o
C. This procedure is used to grow TiO2 films for use 

in inorganic-organic hybrid solar cells, as discussed in more detail elsewhere [138]. There 

are clear crystalline anatase peaks for this sample as well. The current density is lower 

than for the crystalline microwave-grown films because the conventionally prepared film 

is much thinner than the microwave-grown films, and the current density is scaled per 

unit area rather than per unit thickness.  

Although this demonstrates that it may be possible to grow anode films for 

lithium-ion thin-film batteries, this process may prove more useful for cathode materials. 

Conventional deposition methods cannot control stoichiometry well, which is a 

particularly difficult challenge for ternary cathode materials. In response to difficulties 

obtaining crystalline and stoichiometric electrode films by traditional deposition methods, 

a few sol-gel methods have been developed in which the sol-gel is spin coated onto the 

substrate and sintered at high temperature to obtain crystalline phases
 
[126, 127, 133]. To 

deposit thick films, this process is sometimes repeated several times. In future work, 

growing films of other materials relevant for batteries will be attempted on microwave 

absorbing substrates. This film growth method will likely have economic advantages, and 

may lead to better stoichiometry control than is possible for current methods.   

Because devices for many applications require films to be grown on other 

substrates, attempts have been made to grow films on ITO-coated plastic and on Al-

coated glass. Although the conditions for these reactions are not optimized, Figure 7.17  

shows film growth on both substrates. The films on Al-coated glass appear to be more 
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weakly adhered than the films on ITO, possibly due to the absence of oxide-oxide 

bonding, and thus far, only amorphous films have been grown.  

 

 

Figure 7.17. Films grown on Al-coated glass and ITO-coated plastic compared to films 
grown on ITO-coated glass.  

Films grown on ITO-coated plastic also present challenges because of the thin 

flexible nature of the substrates. High temperatures and long times lead to cracks in the 

films. The crystallinity of the films on plastic could not be tested with GIXRD because 

the PET substrate has a very strong peak that overlaps the anatase peak, but Raman 

spectroscopy revealed spectra similar to that of the crystalline films on ITO-coated glass 
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[138]. More optimization needs to be done to obtain strongly adhered, crystalline films 

on flexible and metal substrates, but initial results suggest that this is likely possible. The 

film growth mechanism described here, which is strongly dependent on selective heating 

of a microwave-absorbing substrate to catalyze film growth, may be adaptable to many 

different materials grown on many substrates.  

Summary of results from collaborators 

 This project is the result of much collaboration. My contributions have been 

outlined here, but there are significant contributions from collaborators. In addition to 

preparing ITO-coated glass slides before microwave synthesis and collecting many of the 

GIXRD patterns, B. Reeja-Jayan did extensive characterization of the films with TEM, 

Raman spectroscopy, XPS, and conductive AFM. She also put together a movie of the 

film formation from a camera that recorded the film growth in situ in the CEM Discover 

microwave. This showed that the film grew on the ITO before it grew in solution. 

Additionally, she fabricated photodetectors and solar cells out of the films and compared 

their performance to conventionally synthesized thin films. More extensive discussion 

can be found in her dissertation [138]. Chih-Liang Wang also helped prepare substrates 

for use in the microwave synthesis reactions, including developing a method to deposit 

high-resistance ITO on glass. He also imaged many samples with cross-sectional SEM to 

study the thickness of the films grown under various conditions. These images are 

presented elsewhere [138]. Finally Kai Yang developed an extensive computational 

model of the microwave interaction with the ITO layer and performed many simulations 

of different conditions varying the microwave absorbing layer conductivity, the size and 

shape of the patterns, the microwave frequency, and many other parameters. A few of the 
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results are presented here, but more details and results can be found in his dissertation 

[139]. 

7.4 CONCLUSIONS 

Thin films of anatase TiO2 were grown on ITO-coated glass substrates at 150 
o
C 

by a facile, single step MW-ST synthesis technique. Attempts to grow these films by 

conventional solvothermal heating mechanisms (both in a furnace and with SiC vessels in 

a microwave) were unsuccessful, indicating that this process is critically dependent on 

the presence of a microwave absorbing layer like ITO on the substrate, which heats 

selectively and catalyzes thin-film growth. This argument is further supported by 

simulations, which show excellent agreement with experimental observations.  

This process is likely adaptable to growing thin films on other microwave 

absorbing substrates, including metals and other conducting oxides. The temperature used 

is low enough that it could be possible to deposit films on ITO-coated plastic substrates 

without melting the plastic, although more optimization is necessary before this becomes 

a reality. With more optimization, these films have potential applications in many other 

areas including ultracapacitors, dye-sensitized solar cells, hydrogen production, 

photocatalytic water splitting, functional biomaterials, medical devices, and self-cleaning 

and anticorrosion coatings.  
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Chapter 8: Summary 

Inorganic materials for energy applications are commonly synthesized by solid-

state methods, which require long reaction times at high temperatures, sometimes in 

specialized gas environments. These processes consume large amounts of energy, which 

increases manufacturing cost. Solvothermal synthesis methods can greatly reduce 

reaction temperatures, but generally require very long reaction times (often several days). 

Microwave-assisted solvothermal (MW-ST) synthesis methods can reduce reaction times 

to mere minutes, and often result in nanoparticles with tunable sizes and useful 

morphologies. To this end, this dissertation outlines a variety of contributions, which 

involve the development of microwave-assisted solvothermal synthesis methods for 

inorganic materials that are relevant to energy applications focusing on batteries and solar 

cells.   

First, a MW-ST method was developed to dope vanadium into LiFePO4 at 300 
o
C 

in a reaction time of 5-10 min, such that a cathode material of the form LiFe1-

3x/2Vx◽x/2PO4 with at least x = 0.2 was prepared. The doping onto the iron site was 

evidenced by Rietveld refinement of powder neutron and X-ray diffraction patterns. 

XANES was used to calculate the oxidation state of vanadium, which was ~ 3.2+. 

Electrochemical measurements suggest that the V
3+/4+

 and V
2+/3+

 couples are active in the 

doped samples, and open-circuit voltage measurements suggest a single phase charge-

discharge mechanism (solid-solution) rather than the two-phase behavior typical of 

LiFePO4. The cycling performance was also found to improve with doping.  

The phase stability of the 15 % V-doped LiFePO4 was also assessed by heating 

the pristine material in reducing and inert environments at conventional synthesis 

temperatures. After heating, Rietveld refinement of the X-ray diffraction patterns showed 
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clear evidence of Li3V2(PO4)3 impurity at high temperatures, and the vanadium 

occupancies in the olivine phase decreased with increasing heating temperature. At lower 

temperatures, no impurity formed, but changes in the FTIR spectra and electrochemical 

data indicated that the samples exhibited only moderate kinetic stability after heating, 

even at low temperatures. Furthermore, direct synthesis of 15 % V-doped LiFePO4 was 

attempted by conventional heating methods. Rietveld refinement of these materials 

indicated less vanadium doping than that in the microwave-prepared samples. These 

results agree with previous studies, which indicate only about 10 % vanadium can be 

accommodated in the olivine lattice at conventional temperatures, whereas at least 20 % 

can be accommodated by the MW-ST method presented here. These observations 

confirm that the MW-ST method allows formation of a metastable phase at low 

temperatures, which can accommodate higher doping levels than can be achieved in 

conventional synthesis.  

A MW-ST method was also developed to synthesize all three polymorphs of 

LiVOPO4 at ≤ 230 
o
C in ≤ 25 min using a mixed solvent (water and a variety of 

alcohols/glycols) approach. By varying the mixture of solvents, the precursor ratios, and 

the temperature, the various polymorphs could be isolated. The -LiVOPO4 polymorph 

was the most stoichiometric phase, as determined by elemental analysis, so this phase 

was further optimized by varying the reaction conditions. The morphology was found to 

consist of micro-flower-like structures and particle size was shown to be tunable by 

varying the solvent mixture, reaction time, and concentration. Smaller particles were 

found to greatly improve electrochemical performance. The particle size and resulting 

electrochemical performance was further controlled by adding a surfactant (CTAB) to the 
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reaction solution. The capacities of the as-synthesized materials faded with cycling, so 

the material was coated with PEDOT to improve cyclability.  

  The process of inserting a second lithium ion into two of the LiVOPO4 

polymorphs was also studied here by electrochemical and chemical lithiation of pristine 

-LiVOPO4 and -LiVOPO4. Chemical lithiation of the material was confirmed by 

elemental analysis, and FTIR measurements revealed the V=O bonds present in both the 

polymorphs disappeared with increasing lithium content, in agreement with expectations. 

Ex situ XRD measurements of the electrochemically lithiated material detailed the phase 

transition that occurs during discharge. XRD patterns for the electrochemically and 

chemically lithiated products agreed well, indicating that the same phase forms during 

these processes. Ex situ measurements of the fully charged materials (fully delithiated) 

before and after full discharge to Li2VOPO4 showed that the structural transformation 

that occurs by insertion of a second lithium ion is reversible. Furthermore, the products 

synthesized here have not been presented before in the literature and do not resemble 

previously recognized phases. 

In addition to isolation of metastable phases and the ability to tune particle size 

and electrochemical performance for lithium-ion batteries, a MW-ST method was also 

developed to grow thin films of anatase TiO2 on indium tin oxide (ITO)-coated glass. The 

ITO coating selectively absorbs microwaves, leading to rapid ohmic heating of the ITO, 

as is confirmed through electromagnetic simulations. This, in turn, provides a favorable 

site for thin-film nucleation and growth. Film growth was found to be critically 

dependent on direct microwave interaction with the ITO coating, as evidenced by failure 

to grow films without the presence of the microwave field in conventional solvothermal 

and SiC microwave reaction vessels.  
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ITO-coated glass was chosen as a substrate because the initial goal of this project 

was to develop a low-temperature method to grow TiO2 on ITO-coated plastic, which is 

of particular interest for use in flexible inorganic-organic hybrid solar cells. Since TiO2 is 

normally synthesized at temperatures of at least 450 
o
C, thin films cannot be grown on 

ITO-coated plastic due to the low melting temperature of the available plastics. Although 

film growth was optimized on ITO-coated glass, preliminary results reveal that this 

method could likely be adapted to ITO-coated plastic substrates. TiO2 is also of interest 

for thin-film battery applications. Although ITO-coated glass is not an ideal substrate for 

thin-film batteries, cyclic voltammetry tests of the TiO2 films demonstrate encouraging 

electrochemical activity. Initial attempts to grow films on more appropriate metal 

substrates were successful, but these initial experiments led to amorphous films. More 

optimization is required to adapt these films to be grown on substrates appropriate for 

thin-film batteries. Regardless, the MW-ST method is a promising approach, which has 

been only minimally explored for thin-film deposition.  

Overall, MW-ST synthesis methods are advantageous for reducing manufacturing 

energy, cost, and time. It is also shown here that MW-ST methods can access regions 

unexplored and inaccessible with conventional approaches. The materials resulting from 

these synthesis methods can be useful for a variety of energy applications, especially 

owing to the ability to vary reaction parameters with MW-ST so as to tune material 

properties. 
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Appendices 

A. SYNTHESIS OF BULK TIO2 POWDER FOR LITHIUM-ION BATTERIES 

Chapter 7 described synthesis of anatase phase TiO2 thin films on ITO-coated 

glass substrates. In addition to use in thin-film batteries, TiO2 is also an anode material 

under investigation for lithium-ion batteries [141, 142]. For lithium-ion batteries, bulk 

powder must be synthesized for electrodes rather than thin films. Thus, it was relevant to 

adapt the thin-film TiO2 procedure from Chapter 7 to synthesize bulk TiO2 powder. 

Because anatase formation was favored by addition of tetrethylene glycol (TEG) to the 

precursor solutions (Figure 7.1), the sol-gel recipe [137] described in Chapter 7 was 

adapted such that the ethanol was replaced by TEG. Also, the TiO2 powder resulting from 

the synthesis described in Chapter 7 was light yellow in color, whereas TiO2 is generally 

white. Since the precursor solution turns yellow upon addition of acetylacetone, it seemed 

likely that the acetylacetone may be causing the color change by possibly not washing out 

after synthesis, so the acetylacetone was left out of the precursor solutions for bulk 

powder synthesis.  

In a typical reaction, 10 mL of tetrabutyl orthotitanate (TBT) was added to 100 

mL of TEG and stirred for 30 min. Then, 10 mL of acetic acid was added and the solution 

was stirred for 1 h. 20 mL of the solution was transferred to each of four 

polytetrafluoroethylene (PTFE) microwave reaction vessels. Reactions were run using a 

power of 600 W until final temperatures between 150 
o
C and 300 

o
C were reached. At 

that point, the reaction was held for 20 min and then convectively cooled. The other 

details about reaction conditions are similar to those described in previous Chapters.  

Low yields were obtained at lower temperatures, so a reaction temperature of 200 

o
C seemed most optimal. An XRD pattern of the as-synthesized material is shown in 
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Figure A.1. The peaks can all be indexed to anatase phase TiO2. The SEM image in 

Figure A.2 shows nano-particle morphology with some particle agglomeration. Initial 

electrochemical performance is promising, as shown in Figure A.3, and is similar to 

literature values [141, 142]. Future work will focus on optimizing the synthesis 

conditions by changing the temperature, time, solvent, and solution composition.  

 

 

Figure A.1.  XRD of TiO2 powder.  

 

Figure A.2. SEM image of TiO2 powder. 
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Figure A.3. First charge-discharge curves (top) and cycle performance (bottom) of 

TiO2.  
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B. SCALE UP OF MICROWAVE-ASSISTED SOLVOTHERMAL GRAPHENE SYNTHESIS 

Many microwave-assisted solvothermal (MW-ST) synthesis methods have been 

described in this dissertation and in the literature. MW-ST methods are pursued because 

of the many advantages over conventional methods, including the energy, time, and cost 

savings associated with short reaction times and very efficient heating as well as the 

ability to tune material properties through particle morphology and purity control. To 

address the demand for microwaves with precise control and monitoring of reaction 

parameters, several companies have developed commercial microwave reactors designed 

specifically for material synthesis. Despite the advances in synthesis methods and 

available microwaves, the scalability of MW-ST reactions remains a major hurdle for 

commercialization of MW-ST synthesized materials. However, microwave 

manufacturers are beginning to address this shortcoming by developing large-scale 

reaction vessels which could make microwave-synthesized products more commercially 

viable. I had the opportunity to evaluate an Anton Paar Masterwave BTR microwave 

reactor to experiment with synthesis scale up. This microwave reactor is equipped with a 

1 L vessel as opposed to the 80-100 mL vessels that can be used with the Anton Paar 

Synthos 3000.  

Previously, the Manthiram group has demonstrated that graphene sheets can be 

synthesized by a MW-ST method in 15 min at 300 
o
C [143]. Graphene is of great interest 

in many applications due to its large thermal conductivity, high electrical conductivity, 

favorable mechanical properties, and interesting optical properties. Specifically for Li-ion 

batteries and electrochemical capacitors, graphene is pursued because it is chemically 

stable and has a large surface area to volume ratio, which is helpful for facilitating 

electrochemical reactions. Because graphene has many potential applications and is a 
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very active research area in the literature, scale up of graphene in the Masterwave was 

chosen as a test case.   

The Masterwave vessel is made of polytetrafluoroethylene (PTFE), so the 

reaction temperature was limited to 250 
o
C unlike the Synthos, which can use quartz 

vessels that withstand 300 
o
C. Because of the Masterwave temperature limitation, the 

reaction could not be carried out under exactly the same conditions as has been done 

previously in the Synthos. Other than the temperature, the procedure was similar to that 

previously described [143]. Graphite oxide was prepared by Hummers method [144]. The 

resulting graphite oxide was ultrasonicated in tetraethylene glycol for 30 minutes and 

then transferred to the 1 L Masterwave vessel. The temperature was ramped to 250 
o
C 

and held for 15 min. Products were washed in acetone and ethanol several times and 

dried under vacuum at 80 
o
C. Electrodes were prepared by mixing 70 wt. % active 

material with 15 wt. % conductive carbon (super P) as a conductive agent and 15 wt. % 

polyvinylidene fluoride (PVDF) dissolved in N-methyl-2-pyrrolidone (NMP) as a binder 

to form a slurry. The slurry was coated onto a copper foil, and then pressed and dried 

under vacuum at 100 
o
C for at least 4 h. The coin cells were assembled in an argon-filled 

glove box with the graphene sheets as the working electrode, metallic lithium as the 

counter and reference electrode, 1 M LiPF6 in 1:1 diethyl carbonate/ethylene carbonate 

as the electrolyte, and Celgard polypropylene separator. Charge-discharge measurements 

were carried out galvanostatically at a C/15 rate over a voltage range of 0.01-3 V vs. 

Li/Li+.  

 Despite lower reaction temperature and higher concentration for the products 

synthesized in the Masterwave vessel, graphene was still successfully synthesized, as was 

confirmed by XRD (Figure A.4). Published first charge-discharge results from graphene 
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prepared in the Synthos at 300 
o
C are shown in Figure A.5 and compared to the first 

charge-discharge results for graphene synthesized in the Masterwave at 250 
o
C. The 

capacities achieved were very similar, indicating that this synthesis method can be scaled 

up successfully.  

 

 

Figure A.4. XRD of graphene prepared in the Masterwave.  

 

Figure A.5. First charge-discharge curves of graphene prepared in the Synthos (left) 

and Masterwave (right) microwaves. 
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Furthermore, synthesis in the 80 mL Synthos vessels yielded approximately 0.1 g 

graphene per vessel, whereas synthesis in the Masterwave was successfully scaled up to ~ 

9 g graphene per vessel. The reaction took less than an hour including heating and 

cooling time. So, with a single microwave, it would be possible to synthesize ~ 200 g of 

graphene per day if continuously operated. If one owned several of these microwaves, 

correspondingly larger quantities could be prepared. Since the Masterwave was borrowed 

from Anton Paar for only a short period of time, attempts could not be made to further 

scale up the reaction, but that may also be possible. 9 g of TiO2 powder was also 

synthesized in one batch in the Masterwave, indicating these reaction yields of this 

magnitude are possible for a variety of materials. Attempts to synthesize LiFePO4 in the 

Masterwave yielded a poorly crystalline product due to the temperature limitation, so 

further advances allowing for higher temperature vessels in the Masterwave would be 

needed in order to evaluate whether MW-ST LiFePO4 synthesis could be scaled up.  
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C. REDUCTION OF METAL OXIDES BY MICROWAVE-ASSISTED SOLVOTHERMAL PROCESS 

The bulk of this dissertation is focused on developing synthesis methods to 

prepare materials from a mixture of precursors. The graphene synthesis described in 

Appendix B differs slightly because instead of dissolving precursors in a solution and 

then reacting to form a final product, it involves reducing a suspension of solid graphite 

oxide in a solvent to form graphene. Reduction of as-synthesized oxide materials by 

microwave irradiation represents a new and exciting area of opportunity that may be 

useful for obtaining a variety of lower-valant oxides from higher-valant oxides.  

There are many oxide materials that are stable with widely varying oxygen 

contents in the structure. For example, YBa2Cu3O7- can be stabilized with  between 

approximately 0 and 1 [145]. The exact oxygen content has a tremendous influence on 

the material properties, as YBa2Cu3O6.94 is a superconductor, but YBa2Cu3O6 is a semi-

conductor. The oxygen content in several perovskite-related oxides that are often  

relevant for solid oxide fuel cells (GdBaCo2O5+, NdBaCo2O5+, La4Ni3O10, and 

LaSr3Fe1.5Co1.5O10 are specifically studied here) can also be varied significantly and the 

oxygen stoichiometry can greatly influence their electronic and ionic transport and 

magnetic properties [146- 150].  

Conventionally, reduction of oxides can be achieved by heating in an inert or 

reducing environment at high temperatures for long times. To determine if reduction and 

corresponding oxygen loss could be achieved by a fast microwave-assisted reaction in 

TEG, several lanthanide based oxides were synthesized. YBa2Cu3O7- was synthesized 

similarly to previous methods [145] by first drying Y2O3 at 900 
o
C for 2 h, and then 

grinding stoichiometric amounts of Y2O3, BaCO3, and CuO with a mortar and pestle for 1 

h. The material was then heated to 900 
o
C for 20 h and cooled at a rate of 0.5 

o
C/min. It 

was ground for an additional hour and annealed at 450 
o
C for 24 h followed by a second 
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step at 350 
o
C for 48 h and was finally cooled slowly again at 0.5 

o
C/min to maximize 

oxygen content. The GdBaCo2O5+, NdBaCo2O5+, La4Ni3O10, and LaSr3Fe1.5Co1.5O10 

materials were synthesized by Young Nam Kim, as described elsewhere [151]. The 

oxides were mixed in TEG, sealed in quartz vessels as described in previous Chapters, 

and exposed to microwave irradiation at 300 
o
C for 30 min. Then the materials were 

cooled and washed with acetone.  

Figure A.6 and Figure A.7 show XRD patterns for several oxides before and after 

the MW-ST reaction. The materials presented in Figure A.6 all decomposed during the 

reaction. It should be noted though that only one solvent, one reaction temperature, and 

one reaction time are presented here for these materials. It is likely that varying the 

solvent and reaction conditions may make it possible to control the oxygen stoichiometry 

in some of these samples, but more optimization would be required. Successful attempts 

at oxide reduction are shown in Figure A.7. The Ni
3+

 in La4Ni3O10 was reduced to Ni
2+

 

with corresponding oxygen loss, demonstrating the proof-of-concept. Furthermore, 

NdBaFe2O5+d was stable under these conditions in TEG and did not decompose. 

However, there was a very obvious shifting in the peaks to lower angles. Lower angles 

imply higher unit cell volume, which is consistent with the longer bonds that would be 

associated with reduction of iron. Overall, microwave-assisted solvothermal reactions are 

promising as a rapid and low energy reduction method that warrants more detailed 

exploration.  
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Figure A.6. XRD patterns of various oxides before and after microwave reaction. 

 



  194 

 

Figure A.7. XRD patterns for various oxides before and after microwave reaction. 
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