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Abstract 
 

Lithium ion (Li-ion) batteries are currently the energy source of choice for 

cellphones, laptops, and other mobile electronic devices due to their balance of 

high energy density with high power density compared to other electrochemical 

energy carriers. At present there is great interest in the automotive industry to 

use Li-ion batteries as an energy carrier for electric and hybrid electric vehicles 

(EV/HEVs), however increased power density is one important, desired 

improvement. One route to improving power density is to use electrochemically 

active material with a higher specific surface area by replacing the conventional 

microparticles with nanoparticles. 

This work is focussed on some of the critical issues of investigating 

nanoparticles as active material in Li-ion batteries, namely, electrode 

preparation, nanoparticle synthesis, and electrochemical characterization. Its 

purpose is to act as a reference for future work in this area. 

One challenge to using nanoparticles as active material in Li-ion batteries 

is the electrode preparation technique. Agglomeration of nanoparticles is a 

problem and a route to reduce this has been investigated, with commercial TiO2 

nanoparticles acting as a model material. A surfactant is used during dispersion 

of the nanoparticles to improve electrochemical performance. These results can 

be used in the future to better characterize nanoparticles as active material in Li-

ion batteries. 

Flame spray pyrolysis (FSP) was used as the synthesis route for 

producing a variety of potential nano-sized materials for use in Li-ion and 

lithium batteries. In this work, FSP was developed to produce nano-sized V2O5, 
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LiV3O8, and LiMn2O4 in a one-step process. The electrochemical performances of 

vanadium oxide (V2O5) and lithium vanadium oxide (LiV3O8) powders were 

compared to the equivalent industrial micron-sized materials, and were seen to 

have a higher initial specific charge, but capacity fading was stronger than for 

microparticles, likely because the higher specific surface area led to an increase 

in side reactions between the electrode and electrolyte. 

 The electrochemical performances of lithium manganese oxide (LiMn2O4) 

nanoparticles made by FSP were investigated for various powders with average 

particle sizes ranging from 7 to 26 nm (dBET). To better understand the charge 

storage and transfer properties of LiMn2O4 powders, further electrochemical 

investigations were conducted by potentiostatic intermittent titration technique 

and by electrochemical impedance spectroscopy. 

Another original work presented in this thesis is the co-synthesis of 

LiMn2O4 and carbon black produced by a spray flame and a diffusion flame, 

respectively. The material and electrochemical properties of these powders are 

investigated, and the electrochemical performance of a hypothetical battery 

containing these powders is presented. 

This thesis details the preparation of electrodes for electrochemical 

investigations of nanoparticles for Li-ion batteries. It presents the development 

of FSP for production of V2O5, LiV3O8, LiMn2O4, and also the electrochemical 

performances of these powders. The co-synthesis of LiMn2O4 and carbon black is 

also presented. Finally, suggestions for future work are provided. 
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Zusammenfassung 
 

Lithiumionen-Batterien eignen sich durch ihre hohe Energiedichte und 

Hochstrombelastbarkeit sehr gut für die Energieversorgung von Mobiltelefonen, 

Laptops und anderen mobilen Geräten. Als neues Anwendungsgebiet kamen in 

jüngerer Vergangenheit Hybridfahrzeuge und rein elektrische Antriebssysteme 

in Autos hinzu.  

Das Hauptaugenmerk der Verbesserung von Lithiumionen-Batterien liegt 

auf der Steigerung der Energiedichte. Eine Möglichkeit zur Verbesserung der 

Leistungsdichte stellt die Anwendung von Materialien mit einer sehr hohen 

Oberfläche dar, z.B. durch Ersetzen von Mikro- durch Nanomaterialien. 

Die nachfolgend beschriebenen Untersuchungen beziehen sich 

hauptsächlich auf Nanomaterialien, eingesetzt als Aktivmaterial innerhalb von 

Lithiumionen-Batterien. Hierzu gehört die Präparation von Elektroden, die 

Synthese von Nanopartikeln und die elektrochemische Charakterisierung. 

Zielsetzung der vorliegenden Arbeit ist es, als Referenz für zukünftige Forschung 

auf dem Gebiet der Nanomaterialien für Lithiumionen-Batterien zu dienen. 

Eine erste Herausforderung während der Elektrodenpräparation ist die 

Verarbeitung der Nanomaterialien zu verwendbaren Elektroden. Agglomerate 

von Partikeln von Nanomaterialien stellten sich als Herausforderung während 

der Probenpräparation dar, wozu anhand des Modellmateriales TiO2 ein 

Lösungsweg aufgezeigt wird. Der Einsatz von Tensiden unterstützt die Bildung 

von stabilen Dispersionen und verbessert hiermit das elektrochemische 

Verhalten der Elektroden. Die Resultate dieser Untersuchungen können in der 

Zukunft bei der Verarbeitung von Nanomaterialien für elektrochemische 

Anwendungen als Hilfe dienen.  
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Flame Spray Pyrolsis (FSP) wurde als Synthesemethode gewählt, um eine 

grosse Anzahl von Nanomaterialien zu synthetisieren, die in Lithiumionen- und 

Lithiumbatterien zur Anwendung kommen könnten. In der vorliegenden Arbeit 

wird die Anwendung von FSP für die Herstellung von nano-V2O5, LiV3O8, und 

LiMn2O4 beschrieben.  

Das elektrochemische Verhalten der Oxide V2O5 und LiV3O8 wurde mit 

dem von kommerziell erhältlichen Mikromaterialien des gleichen Typs 

verglichen. Diese Nanomaterialien wiesen eine höhere Entladekapazität auf, 

während die elektrochemische Alterung stärker ausgeprägt war, verglichen mit 

kommerziellen Mikromaterialien. Die grössere spezifische Oberfläche verstärkte 

Seitenreaktionen zwischen der Elektrode und dem Elektrolyt.  

Das elektrochemische Verhalten von durch FSP hergestellten LiMn2O4 

wurde für Pulver mit Partikelgrössen von 7-26 nm (dBET) untersucht. Um das 

Ladeverhalten und den Ladungstransfer besser zu beschreiben zu können, 

wurde die Titrationsmethode PITT (Potentiostatic intermittent titration 

technique) als weitere elektrochemische Untersuchungsmethode nebst 

elektrochemischer Impedanz-Spektroskopie angewendet.  

Eine weitere erstmals in der vorliegenden Arbeit beschriebene Methode 

ist die gleichzeitige Synthese von LiMn2O4 und Russ als Anwendung der 

Flammensynthese (Sprühflamme und Diffusionsflamme). Die 

Materialeigenschaften und das elektrochemische Verhalten dieser Materialien 

wurden untersucht. Weiterhin wurde das theoretische Verhalten einer Batterie, 

die diese Materialien enthält, untersucht. 

Die vorliegende Arbeit stellt das elektrochemische Verhalten von 

Nanomaterialien für den Einsatz in Lithiumionen-Batterien vor. Sie konzentriert 
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sich auf die Synthese von V2O5, LiV3O8, und LiMn2O4. Weiterhin wurde das 

elektrochemische Verhalten dieser Pulver untersucht. Schliesslich wird die Co-

Synthese von LiMn2O4 und Russ gezeigt. Letztlich erfolgt ein Ausblick auf 

zukünftige Anwendungsmöglichkeiten.  
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Chapter 1: Introduction 

1.1 Motivation 

In the 20th century, mobility has been powered mainly by the combustion 

engine because of its high energy and power densities. At the start of the 21st 

century, combustion of hydrocarbons remains the popular energy source for 

transportation, but the rate of global warming and projected limits in oil supply 

require a sustainable alternative. Electrochemical energy conversion devices 

such as fuel cells, and electrochemical storage devices such as batteries and 

supercapacitors, represent an array of devices alternative to the combustion 

engine. Battery technology has recently found commercial use in the form of 

electric and hybrid electric vehicles (EV/HEV).  Of these battery systems, lithium-

ion (Li-ion) battery technology offers the greatest development potential for 

electric vehicles and advanced energy storage of clean electricity, but increased 

power density is desired for high power applications [1]. Higher power allows 

for shorter charging times, which is an important aspect for those considering a 

switch from a combustion-powered vehicle to an EV. Increased power density 

will decrease Li-ion battery charging time. Specific power is the product of 

voltage and specific current. It can be increased by selecting positive and 

negative materials which lead to a higher voltage and also by increasing overall 

charge/discharge rates. Replacing the conventional microparticles of the positive 

electrode material with nanoparticles significantly increases the 

electrode/electrolyte interface area which improves overall charge/discharge 

rates [2].  
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Despite the promise of higher power density, use of nanoparticles as 

active material in Li-ion batteries has not been fully engineered for the 

electrodes and the nature of electrochemical energy storage is not completely 

understood. Widespread commercial use of nanoparticles in energy devices will 

require more sophisticated electrode formulations and a better understanding of 

the nature of charge storage. Therefore, this work is motivated by a need for a 

deeper understanding of nanoparticles for use as active material for in Li-ion 

batteries. 

 

1.2 Goal of this work 

 The general goal of this work is to establish the methods and procedures 

necessary to investigate nanoparticles for use in Li-ion batteries. The first task is 

electrode formulation: how should nanoparticles in an electrode be prepared to 

investigate its electrochemical properties? To accomplish this, anatase TiO2 is 

selected as a model material as no significant side reactions are expected with 

the electrolyte within its voltage range (Li-ion insertion and extraction into and 

out of anatase TiO2 occurs around 1.6 and 2.1 V vs. Li/Li+, respectively). TiO2 

nanoparticles are useful as model material, but its use as negative material is not 

of commercial interest due to its relatively higher voltage to that of graphite. 

Once electrode formulation has been investigated, a method to produce the 

nanoparticles must be developed.  

 Flame spray pyrolysis (FSP) is selected as the synthesis method as it is a 

rapid, one-step process to produce near monodisperse, crystalline oxides and 

lithium metal oxides for use in Li-ion batteries [3,4]. In this work, the positive 

materials LiV3O8, V2O5, LiMn2O4, and carbon / LiMn2O4 mixtures were produced 
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by FSP. The investigations of electrochemical energy storage of these materials 

at various charge/discharge rates are presented. 

Charge storage in Li-ion positive electrode materials occurs mainly in the 

form of Li-ion insertion/extraction reactions and also in the double layer specific 

charge at the active material / electrolyte interface. Additional form of charge 

storage can be generally described as pseudocapacitance [5], and is of particular 

importance for charge storage in nanoparticles. This form of charge storage 

differs from Li-ion intercalation in that the charge is stored on the surface in the 

form of adsorption or within the material, near the surface rather than within the 

bulk. It has an important role when the average particle diameter is less than 

10 nm [6]. An important aspect of this work is the electrochemical investigation 

of positive electrode materials by cyclic voltammetry, rate capability 

experiments, potentiostatic intermittent titration technique, and electrochemical 

impedance spectroscopy. 

The goal of this work is to investigate the critical issues associated with 

use of nanoparticles as active material for use in Li-ion batteries, namely, 

electrode formulation, active material synthesis, and investigation of material 

and electrochemical properties. This will hopefully contribute to the progress of 

higher powered devices such as the EV/HEV and other electrochemical devices. 

 

1.3 Electrochemical energy storage and conversion devices 

The first known electrochemical device was built around 2000 years ago 

and was composed of electrodes of iron and copper suspended within a natural 

electrolyte (likely fruit juice) [7]. The first systematic investigation of 

electrochemistry was conducted by Alessandro Volta (1745-1827) who 
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investigated the electrochemistry of zinc and copper discs stacked together 

within brine, otherwise known as a “voltaic pile”. This was the first modern 

electrochemical energy storage device.  

Through the combination of supercapacitors, batteries, and fuel cells , an 

alternative to the combustion engine can be assembled which does not require 

fossil fuels nor produce greenhouse gases. An overview of these devices is often 

represented in the form of a Ragone plot, as seen in Figure 1.1.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Simplified Ragone plot of specific power and energy storage domains of 
electrochemical storage and conversion devices compared to the internal combustion 
engine and gas turbine [8]. 

 

For batteries and fuel cells, the electrical energy is generated from 

chemical energy via redox reactions at the negative and positive electrode. The 

main difference between fuel cells and batteries is that fuel cells are open 

systems which require fuel from an outside source, while the battery is a closed 

system. If the weight of the external fuel source is excluded, fuel cells generally 
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have a higher specific energy than electrochemical energy storage devices. In 

contrast, capacitors and supercapacitors have a low specific energy, but the 

highest specific power. Energy from these devices is delivered in short, powerful 

bursts. Batteries couple specific power with specific energy in a range between 

supercapacitors and fuel cells. One research direction for Li-ion battery materials 

is the development of hybrid materials whose high specific surface areas have 

high specific power properties similar to supercapacitors, but whose bulk 

provides Li-ion insertion sites for specific energy storage as in the Li-ion battery. 

This is the general opportunity presented by use of nanoparticles as active 

material in Li-ion batteries. 

 

1.4 The lithium-ion battery 

Commercial use of the lithium-ion (Li-ion) battery came about partly due 

to the work of the group of Goodenough. They showed that lithium could be 

removed electrochemically from the layered structure of LiCoO2 [9]. This 

allowed for Li-ions to be reversible intercalated (inserted) and extracted 

(deinserted) from its layered structure. Because graphite can be used instead of 

lithium metal as negative electrode, the battery does not have the safety 

concerns associated with using the highly reactive lithium metal, which can form 

dendrites at high current densities. Primary lithium batteries are still used 

commercially for high specific energy, low power applications. In contrast, Li-ion 

batteries are rechargeable and can be used in both high specific energy and high 

specific power applications due to the lack of a lithium metal negative electrode. 

The lithium and Li-ion battery are often referred to as primary (not 

rechargeable) and secondary (rechargeable) lithium batteries, respectively, 
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however the former terminology will be used in this work. Whittingham 

provides an excellent review of the history and background of lithium and Li-ion 

batteries [10]. 

Compared to other battery systems, the Li-ion battery offers the greatest 

development potential for EV/HEVs [1]. This is mainly because lithium has a low 

electronegativity (0.98 on Pauling scale) and the lowest atomic weight 

(6.94 g mol-1) of all metals. To illustrate the superior properties of the Li-ion 

battery, a comparison of battery systems for providing energy for a hypothetical 

vehicle powered by various battery systems is seen in Figure 1.2. 

Figure 1.2: Driving ranges for a hypothetical vehicle powered by various battery systems 
and a combustion engine [8]. 

 

The Li-ion battery is an engineered, electrochemical energy storage 

device composed of various materials and components. The basic setup is a 

positive and negative electrode separated within an organic electrolyte. The 

positive and negative electrodes are referred to as the cathode and anode during 

discharge, and vice versa during charge. 
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Energy is stored in or extracted from the Li-ion battery based on redox 

reactions occurring at the positive and negative electrodes while the energy is 

supplied to or delivered from an electrical device or power source, respectively. 

The charging process for a Li-ion battery with Li1-xCoO2 as the positive electrode 

material and graphite as the negative electrode material is illustrated in Figure 

1.3.  

 

Figure 1.3: Schematic representation of a Li-ion battery during charge. The left side shows 
the layered structure of the Li1-xCoO2 and the right side the graphite sheets. During 
charging, the Li-ions migrate from the positive electrode to the negative electrode, and 
vice versa during discharging [11]. 

 

The charging process of a Li-ion battery represented in Figure 1.3 is 

described by redox equations: 

         6 C + x Li + x e- � LixC6      (negative electrode) 

Li1-xCoO2 + x Li+ + x e- � LiCoO2        (positive electrode) 

Positive electrode Negative electrode 

  -   + 
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Battery Production Costs    
[1  mil. Cells/ year]

Labour
2.2%

Overhead
1.6%

Material
96.3%

Li-ion Cell Material Costs

Other
10%

Separator
7%

Electrolyte
23%

Graphite
11%

Cathode
49%

For the oxidation of Li1-xCoO2 in the above half-cell reaction, x is 

intentionally limited to 0.5 due to safety reasons, corresponding to 4.2 V vs. 

Li/Li+ [12]. Moreover, cobalt is relatively toxic, and charged LiCoO2 poses safety 

concerns [13], and can begin to react exothermically during high-power 

charge/discharges or during a short circuit. Cobalt is also expensive, a major 

challenge facing today’s high-power Li-ion batteries for large-scale use in 

EV/HEVs. The distribution of large-scale production and Li-ion cell material 

costs for high-power Li-ion batteries with LiCoO2 as positive electrode material 

is illustrated in Figure 1.4. 

  

 

 

 

 

 

 

 

Figure 1.4: Pie chart representing the high-power Li-ion battery cost distribution (%) of a) 
the production of 1 million cells per year, and b) the material costs for a cell  [14]. 

 

Given the high cost, safety problems, and relative toxicity of LiCoO2, there 

is much motivation for research into alternative positive electrode materials. 

 

1.5 Positive electrode materials 

The main positive electrode materials for the Li-ion battery can be 

categorized into three types: layer oxides, spinel oxides, and phosphates. The 

a) Battery production costs 
   (1 million cells/year) 

b) Li-ion cell material costs 
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layer oxides are best represented by LiCoO2 [9], but LiNiO2 [15] is another 

popular example. The structure of layer oxides is isostructural to α-NaFeO2 and 

is composed of periodic layers of MO6 (M being a transition metal) and LiO6 

octahedra alternately stacked, as seen in Figure 1.5. 

 

Figure 1.5:  Structure of LiCoO2 (adapted from [16]). 
 

 The commercial success of the high-energy Li-ion battery is partly due to 

the cycling stability of Li1-xCoO2 for x= 0 to 0.5 over thousands of cycles. During 

charging, the theoretical specific charge of Li1-xCoO2 is about 140 mAh/g for 

x=0.5. Further lithium is not extracted due to stability issues. The thermal 

stability of Li1-xCoO2 is also an important safety issue [17]. Cobalt is also more 

expensive than manganese and iron. These issues have limited the use of Li1-

xCoO2 in Li-ion batteries in applications like EV/HEVs and therefore are 

motivation for research and development of spinel and phosphate types. An 

example of a charging curve for Li1-xCoO2 is seen in Figure 1.6. 

Li 

O 

Co 
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Figure 1.6:  Example of a charging curve for Li1-xCoO2 during Li-ion extraction.  
 

A popular example of spinel oxides is LiMn2O4 [18,19], as seen in Figure 

1.7. Spinels have the general formula AB2X4, and the original crystal is based on 

the structure of MgAl2O4. For Li-ion extraction/insertion reactions under 

practical cycling conditions, LiMn2O4 charge plateaus at 4.01 and 4.14 V vs. 

Li/Li+, as seen in the charge profile in Figure 1.8. Another plateau exists around 

3 V vs. Li/Li+, however LiMn2O4 is not cycled in this range due to Jahn-Teller 

instability associated with the instability of Mn(III) [20,21]. 
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Figure 1.7: Structure of LiMn2O4 [11]. 
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Figure 1.8: Example of a charging curve for Li1-xMn2O4 during Li-ion extraction. 
 

 The spinel Li1-xMn2O4 has a theoretical specific charge of 148 mAh/g for x 

= 0 to 1, however, the practical specific charge of the material is about 115 to 

125  mAh/g when cycled between 3.5 and 4.3 V vs. Li/Li+, as done in Figure 1.8. 

As a positive electrode material, this is about 10 % less than LiCoO2, yet LiMn2O4 

has a clear advantage in terms of cost, higher electrochemical potential, and is 

Li 
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relatively less toxic [12]. The implementation of LiMn2O4 has been limited by its 

instability at temperatures greater than 50°C, however recent works have 

demonstrated possible routes to overcome this weakness [22-24]. A 

comprehensive review of LiMn2O4 has been written by Thackeray [25]. 

 LiFePO4 is currently the most promising phosphate as positive electrode 

element in Li-ion batteries [26,27]. It has the olivine structure seen in Figure 1.9. 

Like LiMn2O4, LiFePO4 has a lower cost and lower toxicity than LiCoO2. It has a 

theoretical specific charge of about 170 mAh/g, however its practical specific 

charge is about 130 mAh/g, as seen in the charge profile in Figure 1.10. Its main 

disadvantage is the discharge occurs at about 3.5 V vs. Li/Li+, lower than for 

LiCoO2, making it less attractive for high power applications, however this has 

the benefit of making it less reactive to electrolytes, which reduces specific 

charge fading. 

 

 

 

 

 

 

 

 

 
 
Figure 1.9: Structure of LiFePO4 (adapted from [16]). 
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Figure 1.10: Example of a charging curve for LiFePO4 during Li-ion insertion. 
 

 Lithium extraction from LiFePO4 occurs in the form of a FePO4 growing 

shell, and a shrinking LiFePO4 core. This insertion reaction is a two-phase 

reaction between FePO4 and LiFePO4. Each of these phases is highly 

stoichiometric with a very low concentration of mixed-valence states and 

therefore, has a poor electric conductivity [28]. LiFePO4 is an example of a 

material which has improved properties when the particle size is significantly 

decreased [29]. A reduction of size to the nano-scale allows LiFePO4 to be cycled 

at practical current densities. The significant decrease in length between active 

sites and electrode current conducting components (carbon and current 

collector) allows reactions to occur at rates suitable for modern electrical 

applications. 
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1.6 Use of nanoparticles as active material in Li-ion batteries 

The work of Bruce et al. describes the current advantages and 

disadvantages for Li-ion batteries effectively [28], and the following advantages 

and disadvantages is a summary of the arguments contained in their work: 

Advantages of nanomaterials: 

1. Allow for electrode reactions to occur that cannot occur for micro-sized 

materials of the same composition [30]. 

2. The rate of lithium insertion/extraction is significantly increased as the 

diffusion pathlength of the Li-ions are significantly reduced. The 

characteristic time constant for diffusion is t = L2 / D, meaning the time, t, 

for Li-ion insertion/extraction decreases with the square of the particle 

size. 

3. Enhancement of electron transport within the particle. 

4. Increase in specific surface area of the active material greatly increases 

the mass specific amount of active material in contact with the electrolyte. 

This results in a higher flux of Li-ion transport across the electrode / 

electrolyte interface and as a result, less impedance in the charge transfer 

reaction. 

5. The thermodynamics of very small particles are different than for larger 

microparticles, because the chemical potentials of Li-ions and electrons 

may be different, resulting in a change of electrode potential. 

Disadvantages: 

1. Synthesis of nanoparticles can be difficult, and dimensions and 

stoichiometries may be difficult to control 
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2. The high amount of electrode / electrolyte interface may lead to an 

increase in specific charge-decreasing side reactions, and also make it 

more difficult to maintain interparticle contact within the electrode. 

3. The overall density of nanoparticles is lower than that of microparticles of 

the same composition. This results in a lower volumetric energy density. 

 

Clearly there are many promises and challenges of using nanoparticles as 

active material in Li-ion batteries. The advantages are often linked to the 

disadvantages, as in the case of increased specific surface area, which allows for 

a higher flux of Li-ions across the charge transfer interface while increasing the 

rate of specific charge-decreasing side reaction between the electrode and the 

electrolyte. Applications such as EV/HEVs require both high energy and high 

power densities which can be supplied by nano-structured materials. The 

progress of the Li-ion battery will depend heavily on the understanding of the 

synthesis, electrode engineering, and electrochemistry of nanoparticles, and this 

will be an important feature of future research. 

 

1.7 General development of research throughout this thesis 

 As discussed in Section 1.2, the goal of this work is to establish the 

methods and procedures necessary to investigate nanoparticles for use in Li-ion 

batteries. This goal has been reflected in the general development of research 

throughout this work, as outlined in Figure 1.11. Although Figure 1.11 is 

generally chronollogical, there were instances where research tasks overlapped. 
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Figure 1.11: Example of a charging curve for LiFePO4 during Li-ion insertion. 
 

This research began with investigations into the preparation of electrodes 

with oxide nanoparticles as active material, as done with commercial TiO2 

nanoparticles in Chapter 3. The co-synthesis of LiMn2O4 nanoparticles and 

carbon black, described in Chapter 6, also provides valuable insights into the link 

between powder synthesis and electrode optimization, and is an example of the 

strong links between powder synthesis and electrode formulation. Once a 

method for electrode preparation was established, a variety of metal oxide and 

lithium metal oxide materials were produced by FSP. Electrochemical 

performances and the Li-ion insertion/extraction characteristics into/from these 

material were evaluated, and are presented in Chapters 4 to 8. Furthermore, an 

in-depth analysis of charge storage and transfer is provided for LiMn2O4 

nanoparticles, as described in Chapters 7 and 8. These research tasks represent 

some of the critical steps and issues involved in conducting research of 

nanoparticles as active material in Li-ion batteries. 

1) Electrode 
engineering - 
Chapters 3 and 6 
 

2) Powder 
synthesis - 
Chapters 4 to 7 

3) Electrochemical 
performance – 
Chapters 4 to 8 
 

4) Charge storage 
and transfer - 
Chapters 7 and 8 
 

General development of research in this thesis 
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Chapter 2 – Measurement techniques  

2.1 X-ray diffraction   

 X-ray diffraction (XRD) is widely used for the identification of bulk, 

crystalline structures. The generated electromagnetic waves of the X-rays are 

several thousand electron volts, usually originating from the interaction of high 

energy electrons with a copper target (8.05 keV, 0.154  nm) [31]. This radiation 

penetrates surfaces and interacts with the solid’s internal structure. Constructive 

interference occurs when the incident beam interacts with the crystalline plane 

at angle Θ. The detector receives a set of interference signals at different angles, 

Θ, which correspond to the lattice spacing based on Bragg’s law: 

  n λ = 2d sin Θ;   n = 1, 2, …      (2.1) 

where d is the distance between two atomic planes (lattice spacing), n is an 

integer called the order of reflectance, λ is the wavelength of the electromagnetic 

radiation, and Θ is the angle between the incident beam and normal to the 

reflecting crystalline plane. The lattice spacing, d, is characteristic and therefore 

can be used to identify crystal structure and atomic composition. For crystallite 

sizes smaller than about 1 µm, destructive interference in the scattering 

direction occurs due to lack of long range order in crystal structure. Crystallite 

size can be calculated by the Scherrer relation [32,33] for sub-micrometer 

particles or crystallites: 

 dXRD = K λ (β cos Θ)-1       (2.2) 

where dXRD is the mean crystallite size, K the shape factor, λ the wavelength, and 

β the line broadening at half of maximum intensity. This derivation is based on 

the assumption of a Gaussian shape profile.  
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2.2 Brunauer-Emmett-Teller specific surface area 

 The specific surface area (SSA) for dry powders can be determined by 

Brunauer-Emmett-Teller (BET) analysis. Brunauer, Emmett, and Teller derived a 

relation from a statistical and gas-kinetic model on the principle that increasing 

adsorbate partial pressure over a dry powder corresponds to increasing mono- 

and multi-layer adsorptive build up [34]. This measurement technique is based 

on the physical adsorption of nitrogen or helium at low, constant temperatures. 

In this work, liquid nitrogen was used, having a boiling temperature of 73 K. This 

technique measures gas uptake (adsorption) for increasing partial pressure over 

a dry powder sample and the release of gas (desorption) at decreasing partial 

pressures. The resulting measurements produce adsorption isotherms which 

relate amount adsorbed to the relative pressure, from which the SSA of the 

powder is obtained. Assuming that the particles are spherical, non-porous, 

smooth, and monodisperse, the mean primary particle size can be calculated 

[35]: 

 dBET = 6 (ρ SSA)-1       (2.3) 

where ρ is the powder’s bulk density and SSA the mass specific surface area. The 

dBET describes the volume to surface diameter and can be described as the 

average primary particle diameter, but dBET provides no information on the 

particle size distribution of the powder. 

2.3 Cyclic voltammetry  

Cyclic voltammetry is a potentiodynamic electrochemical measurement 

technique that acquires information on the electrochemical behaviour of a 

voltaic cell. It provides data on the thermodynamics of redox processes, but also 

on the kinetics of heterogeneous electron-transfer reactions. The characteristic 
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shapes of the voltammetric waves and the unique position on the potential scale 

acts as a “fingerprint” for the electrochemical properties of a redox system, and is 

therefore sometimes referred to as “electrochemical spectroscopy” [36].  

In a cyclic voltammetry experiment, the voltage of a working electrode vs. 

a reference electrode is measured in a voltaic cell. The voltage is increased 

linearly in a linear sweep vs. time for the working electrode cycled against a 

counter electrode. An example of a 0.1 mV/s linear sweep or scan rate is seen in 

Figure 2.1, where a voltaic cell is cycled between a potential of 3.5 and 4.3 V vs. 

Li/Li+.  

 

 

 

 

 

 

 

 

 

Figure 2.1: Linear sweep at 0.1 mV/s between 3.5 and 4.3 V vs. Li/Li+. 
 

The current response of the voltaic cell is measured and the resulting i vs. 

U data can be plotted as a cylic voltammogram (CV). A CV can figuratively be 

considered an electrochemical “fingerprint” of a redox reaction in that the 

current response vs. voltage data is evidence supporting the occurrence of a 

certain redox reaction, however conclusive statements about the redox reaction 

would require additional data of the working, counter, and reference electrode 
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(e.g. structural data from XRD measurements of the electrochemically active 

materials). As an example, a known sample of LiMn2O4 was prepared in a 

working electrode and arranged into a voltaic cell with lithium metal acting 

simultaneously as the counter and reference electrode. The cell was cycled 

between 3.5 and 4.3 V vs. Li/Li+ at 0.1 mV/s. The resulting CV is seen in Figure 

2.2. 

 

 

 

 

 

 

 

 

 

Figure 2.2: CV of LiMn2O4 cycled between 3.5 and 4.3 V vs. Li/Li+ at 0.1 mV/s. 

The CV in Figure 2.2 provides useful data: two pairs of redox peaks at 

approximately 4.00 and 4.15 V vs. Li/Li+ are clearly observed, indicating two 

stages of the Li-ion extraction and insertion [37,38]. This is a typical 

characteristic of the Li+ insertion/extraction process in 8a tetrahedral site of the 

LiMn2O4 spinel during the electrochemical reaction. The first oxidation peak at 

4.00 V vs. Li/Li+ is attributed to the removal from one-half Li+ of the tetrahedral 

8a sites: 

 

−+ ++⇔ eLiOMnLiOLiMn
2

1

2

1
425.042     (2.4) 
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The second oxidation peak at 4.15 V vs. Li/Li+ is the removal of Li+ from 

the remaining tetrahedral 8a sites: 

 

−+ ++⇔ eLiMnOOMnLi
2
1

2
1

2 2425.0     (2.5) 

 

The reactions in (2.4) and (2.5) are detected by CV experiments in Figure 

2.2. The peak positions are not located at the thermodynamic potential due to 

overpotentials which occur. Factors contributing to the overpotentials in this 

heterogeneous system include the electrolyte resistance, the resistance between 

the current collector and the active material, the charge transfer resistance, and 

the diffusion processes. A lower scan rate would cause the peaks to occur at 

positions closer to the thermodynamic potentials of the system, whereas a higher 

scan rate would increase the overpotentials. 

 Cyclic voltammetry is a versatile technique which is increasingly being 

used as a technique to investigate all types of potential-dependent interfacial and 

bulk processes [36], which include adsorption processes, electrocrystallization, 

double layer capacitance, faradaic charge storage, and charge transfer reactions 

on semiconductors. 

2.4 Rate capability experiments  

 Rate capability experimentation is a useful technique to assess the 

electrochemical performance of an electrode and its active material. It measures 

the amount of charge stored within an electrode under various experimental 

conditions over increasing cycle numbers. The experiments can be controlled in 

different ways. For example, a charge or discharge of the electrode can have a 

potentiostatic step, indicating that the voltage is held constant until the current 
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falls below a certain limit. In contrast, the voltage is not controlled in a 

galvanostatic step, however the current can be defined. The specific current, im, is 

often expressed as mA/g, with mass being relative to the amount of active 

material. Alternatively, the specific current can be expressed in terms of a “C-

rate”, which is the theoretical amount of charge which can be extracted from a 

given material within one hour.  

 As an example, a rate capability experiment conducted on commercial 

LiMn2O4 microparticles is seen in Figure 2.3. Here, the specific charge of LiMn2O4 

is plotted vs. the cycle number. The C-rates used during charging ranged from 0.5 

to 50 C, with 10 cycles occurring at each C-rate, with 1 C being proportional to 

148 mA/g, the theoretical amount of charge extracted from Li1-xMn2O4, for x = 

1.0. 
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Figure 2.3: Rate capability experiment of commercial LiMn2O4 microparticles.  1 C is 
equivalent to 148 mA/g. C-rates correspond to the potentiostatic step, and the 
galvanostatic step has a current limit of 60 mA/g. 
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 As can be seen in Figure 2.3, the performance of the material decreases as 

the C-rate increases. In addition, a potentiostatic step occurs following each 

galvanostatic step, with a current limited of 60 mA/g. The higher the C-rate, the 

lower the galvanostatic contribution to the overall specific charge during Li-ion 

extraction. There are a number of factors which cause this, which include particle 

size, carbon content, polymer binder content, porosity of the electrode, and much 

more factors. At 50 C, there is almost no specific charge available during the 

galvanostatic part of the charging process. A likely cause of this is the diffusion of 

Li-ions to active sites within the bulk of the LiMn2O4 microparticles. This 

example demonstrates how the electrochemical performance of a material can 

be assessed by rate capability experiments. 

2.5 Electrochemical impedance spectroscopy  

A circuit element’s ability to resist the flow of an electrical current is 

defined in terms of the ratio between voltage, U, and current, I, as in Ohm's law: 

R = U/I        (2.5) 

This relationship only applies to ideal resistors. The resistance of a real 

circuit is not independent of frequency as ideal ones are. An alternating 

current (AC) response is not in phase with the voltage signal applied on the 

system. Impedance is used in place of resistance for real circuits. 

Electrochemical impedance spectroscopy (EIS) [39-41] is usually 

measured using a small sinusoidal AC voltage signal U(t). The AC current 

response I(t) will be a sinusoid of the same frequency but at a different phase. 

The excitation AC voltage has the form: 

U(t) = U0 sin (ωt)       (2.6) 

where U0   is the signal amplitude and ω is the radial frequency described as: 
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ω = 2π f        (2.7) 

The response signal has the form: 

I(t) = I0 sin (ωt + φ)       (2.8) 

where I0 is the response signal amplitude and φ is the phase shift. 

Analogous to Ohm's Law, impedance (Z) has the formulation: 
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Given Euler's relationship: 

exp( jφ) = cos(φ) + jsin(φ)      (2.10) 

 

the impedance can be expressed as a complex function: 
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This expression of impedance has real and imaginary parts. If the real 

part is plotted on an x-axis and the negative of the imaginary part on the y-axis, 

then a Nyquist plot is produced, as seen in Figure 2.4b. Every point on this plot is 

an impedance at that given frequency. For a circuit with a resistor in parallel to a 

capacitive element (Figure 2.4b), then the Nyquist plot would appear like the one 

in Figure 2.4b, where low frequency data is seen on the right side and high 

frequency data on the left side. The angle between the vector Z and the x-axis is 

known as the phase angle. 
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Figure 2.4: (a) Simple equivalent circuit, and (b) Nyquist plot with impedance vector. 
 

The disadvantage of representing data this way is the frequency is not known, 

however, labeling important frequency points and use of Bode plots can account 

for this. 

Generally, non-linear systems create harmonics of the excitation 

frequency which interfere with detection of the response signal I(t). In EIS 

practice, this challenge is overcome by making the system pseudo-linear through 

use of a small AC voltage (1 to 10 mV). Good EIS measurements require steady 

state systems. In practice, this can be difficult as outside electrical noise, build up 

of chemicals, adsorption of impurities, temperature changes, could all interfere 

with the quality of measurement. Measurements across the frequency spectrum 

can sometimes last hours, so EIS systems are susceptible to error. 

 A simplified overview of mass transfer phenomena which occur in Li-ion 

batteries is seen below in Figure 2.5. 
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Figure 2.5: Schematic representation of Li-ion mass transfer phenomena which occur in Li-
ion battery electrodes and their respective Nyquist plots. 
 

 In Figure 2.5, the diffusion of Li-ions with interactions with the ligands of 

the organic solvent is represented. The AC signal has a frequency roughly greater 

than 105 Hz, indicating that the time scale of this reaction is approximately less 

than 10 μs. The impedance represented in the Nyquist plot is only a real 

component, indicating that this mass transfer phenomenon has no capacitive 

component and its impedance is purely resistive. For Li-ion diffusion within the 

electrolyte, the ohmic resistance can be calculated as the distance between the 

first point of the real component of the first semi-circle and the y-axis [42]. 
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is represented by a semi-circle, as charge transfer at the electrode/electrolyte 

interface is both a capacitive and resistive process [42-45]. It can occur over a 

wide range of frequencies depending on properties of the active material, 

electrolyte, and composite electrode. In this work, the mid-frequency range seen 

for charge transfer occurs between 100 and 106 Hz, corresponding to a time scale 

of 10 μs and 1 s. For the low frequency range, seen in this work to be less than 

100 Hz, the Nyquist plot is often at a 45° angle. The impedance represents the 

solid-state diffusion which occurs in the material [42-45]. At lower frequencies, 

the impedance will become purely capacitive because the Li-ions can no longer 

diffuse into the material and there is a capacitive build up of the ions 

surrounding the material [42].  
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Chapter 3 – Electrode engineering* 

3.1 Introduction to electrode engineering 

In this chapter, the preparation of nanoparticles as active materials within 

electrodes for Li-ion batteries is investigated. This provides the basis for 

electrode preparation in upcoming chapters. Certainly there are examples in 

literature where methods of optimizing electrodes for Li-ion batteries have been 

investigated, which include processing conditions, composite electrode 

morphology, and binder selection [46-48]. Pre-dispersion of carbon black prior 

to slurry preparation has been seen to reduce internal resistance and improve 

electrochemical performance of cathode materials [49,50]. Furthermore, if the 

carbon black is agglomerated and not uniformly distributed in an electrode, then 

a bi-modal distribution of local resistances is obtained [51]. Dry carbon black 

forms agglomerates of nano-sized particles, so pre-dispersion in a liquid slurry 

prior to electrode formation improves the interparticle contact between active 

materials. Ensuring interparticle contact has been identified as one of the 

challenges for use of nanoparticles as active material in Li-ion batteries [28]. 

Nanoparticles are often mixed into a slurry from a dry powder state. Van der 

Waals forces draw individual nanoparticles together to form clumped aggregates 

and are a challenge to break down so that the nanoparticles can be intermixed 

with carbon. To overcome this disadvantage, electrical contact between 

particle/particle and particle/current collector should be ensured by 

establishing an electrically conductive network of carbon. This would promote 

full functionalization of nanoparticles for Li-ion batteries. 

TiO2 has shown some promise as a negative electrode material in Li-ion 

batteries [28,52-56]. It is safe and well suited for rapid charging and discharging. 

*Adapted from: T.J. Patey, A. Hintennach, F. La Mantia, P. Novák, J. Power Sources, 189 (2009) 590-593. 
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One drawback to the energy density is that Li-ion insertion and extraction into 

and out of the material occur around 1.6 and 2.1 V vs. Li/Li+, respectively, which 

is relatively high for a negative material. While this is a disadvantage for 

commercial use in high energy devices, it is an advantage for use of TiO2 as a 

model material to investigate electrode engineering as no significant side 

reactions are expected with the electrolyte within this voltage range.  

The structure of anatase TiO2 during Li-ion insertion is characterized by a 

phase transition from a tetragonal to an orthorhombic structure [57]. Bulk 

anatase TiO2 has a theoretical specific charge of 168 Ah kg-1, for Li-ion insertion 

into the material, this corresponds to x = 0.5 for the reaction: 

TiO2 + xLi+ + xe- � LixTiO2       (1) 

In this chapter, TiO2 nanoparticles are dispersed in suspensions with 

carbon black by different mechanisms. These suspensions are mixed into slurries 

and prepared into composite electrodes. The electrochemical impedance 

spectroscopy and rate capability of these electrodes are measured and compared 

to develop insight on the role of dispersion technique on electrochemical 

performance. This is an important component to the research conducted in this 

thesis as it presents a method to better prepare electrodes for investigating the 

active material’s electrochemical properties.  

3.2 Experimental 

Dry powder of anatase TiO2 (Tronox A-K-1, Kerr-McGee Pigments) with 

diameters of about 20 nm (SEM) and a specific surface area (SSA) of 90 m2 g-1 is 

used as the active material (AM). Carbon black (CB, Super P, TIMCAL SA) with an 

SSA of 62 m2 g-1 was used as an electrically conductive additive and 10 wt.% 
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polyvinylidene fluoride binder (PVDF SOLEF 1015, Solvay) dissolved in 

N-methylpyrrolidinone (NMP, Fluka).  

Analysis by scanning electron microscopy (SEM) was performed with a Zeiss 

Gemini 1530 (Figure 3.1) and also with a Zeiss Supra VP55 (Figure 3.2) both 

operated at 1 kV.  

A CB-based model electrode composing of an AM:CB:PVDF mass ratio of 

1:8:1 is prepared solely to see if the TiO2 agglomerates are broken down 

following the conventional mixing method (Figure 3.1).  

In this thesis, agglomerates refer to particles held together by weak, 

physical van der Waals forces, while aggregates refer to particles held together 

by stronger chemical or sintering bonds. In literature these are sometimes 

referred to as soft and hard agglomerates [58], respectively. The CB is seen in 

Figure 3.2 to be composed of aggregates of primary particles physically 

connected to one another by sintered necks and these aggregates are clumped 

together into agglomerates. The TiO2 nanoparticles appear to be non-aggregated 

primary particles held together by van der Waals forces to form agglomerates, as 

seen in Figure 3.1b. In general, the forces holding agglomerates together can be 

readily broken down by high-energy agitation when they are incorporated into a 

liquid. In contrast, aggregates are held together by more stable bonds and cannot 

be fragmented appreciably with intense agitation [59]. 

For electrochemical impedance spectroscopy (EIS) and rate capability 

experiments, the electrodes contained an AM:CB:PVDF mass ratio of 8:1:1. To 

demonstrate the importance of homogeneity, three different slurries were 

prepared differently for three different electrodes. The first slurry was stirred by 

hand for 2 minutes. The other two slurries were well mixed by a turbo-stirrer 
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(PT2100, Kinematica) for 5 minutes at full power. One of these two slurries 

contained a commercial surfactant, Triton X-100 (Sigma-Aldrich), and it 

accounted for 0.7 wt.% of the electrode mass. The slurry is spread by doctor-

blade at a thickness of 250 μm onto an aluminum foil and dried under vacuum at 

110 oC overnight in order to remove the solvent and form a composite electrode. 

Electrodes with a diameter of 13 mm were punched out and dried in a 

vacuum chamber at 120 °C overnight. They were then assembled in test cells 

similar to coin cells [60] where they function as working electrodes. Lithium 

metal (Aldrich, 99.9 %) was used as both counter and reference electrode. It was 

separated from the working electrode by a 1 mm thick fiberglass separator 

soaked in 500 μL of electrolyte (1 M LiPF6 in ethylene carbonate (EC) / dimethyl 

carbonate (DMC) (1:1 by mass, Ferro GmbH). Cells were assembled in an argon-

filled glove box with less than 1 ppm of oxygen, nitrogen, and water contents. 

EIS experiments were conducted with an electrochemical workstation 

(IM6ex, Zahner-Elektrik GmbH). The cells for the EIS experiments contained two 

uncycled electrodes in a symmetrical arrangement with both TiO2-based 

electrodes coming from the same electrode batch. The electrochemical 

impedance was measured at an affixed DC potential of 0 V with an alternating 

current in the frequency range of 100 kHz to 10 mHz with a signal amplitude of 

10 mV.  

Both cyclic voltammetry and galvanostatic measurements were 

performed by a computer-controlled cell capture (CCCC) system (Astrol 

Electronics AG, Oberrohrdorf, Switzerland) in a potential window of 1.0 - 3.0 V 

vs. Li/Li+. The CV measurements were done at a potential scan rate of 0.1 mV s-1. 

For the rate capability experiments, the electrodes were cycled galvanostatically 
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in the range of 1.0 - 3.0 V vs. Li/Li+ for varying specific currents proportional to 

the mass of TiO2. In order to promote complete discharge/charge at the 

respective potential limits, a potentiostatic step was included until the specific 

current was 34 mA g-1. 

3.3 Results and discussion 

TiO2 is a known semi-conductor [61] and the anatase TiO2 powder used in 

this chapter is measured to have an electrical resistivity of about 250 kΩm under 

a 5 kg weight in a disc-shaped, plastic mold 10 mm in diameter. This value 

indicates that electrical conductivity is a limiting step for the electrochemical 

performance, which qualifies TiO2 as a suitable model material for investigating 

the importance of dispersion technique on electrochemical performance.  

To develop a qualitative overview of the ability of the conventional 

stirring method in breaking down TiO2 agglomerates, SEM images were taken of 

the carbon-based electrode with 10 wt.% TiO2 (Figure 3.1). In the image of 

Figure 3.1a, lighter-shaded agglomerates of TiO2 nanoparticles are seen 

intermixed within a matrix of darker-shaded carbon black aggregates. The TiO2 

agglomerate sizes are in the order of 1 µm. This indicates that the conventional 

stirring technique is insufficient to overcome the surface forces drawing the TiO2 

nanoparticles of 20 nm diameters together. Furthermore, a couple of TiO2 

agglomerates with sizes much greater than 1 µm were noticed, with an example 

seen in Figure 3.1b. 
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Figure 3.1: SEM of a carbon black-based (80 wt.%) model electrode with TiO2 (10 wt.%) 
and PVDF (10 wt.%). This is an example of an electrode made from a poorly mixed slurry 
stirred by a convention dispersion technique. Carbon black particles are the darker 
shaded branched aggregates and TiO2 are the lighter shaded clumped agglomerates. (a) 
Prevailing areas of the electrode; (b) a large agglomerate of TiO2. 
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Figure 3.2 shows an SEM image of a standard TiO2-based (80 wt.%) model 

electrode. Here, the TiO2 agglomerate size is harder to estimate than in Figure 

3.1, but the quality of the mixing of carbon black and TiO2 is still possible to 

evaluate. In Figure 3.2, agglomerates of TiO2 nanoparticles are mixed with 

agglomerates of carbon black aggregates. Each material is agglomerated with 

itself, and mixing of individual primary particles with the other material is not 

seen. The observations of SEM images in Figure 3.1 and Figure 3.2 can be 

summarized as follows: mixing of TiO2 and carbon black occurs, but it appears to 

occur at a scale in the order of 1 µm and not in the scale of the primary particle 

sizes of both materials (less than 100 nm). This is a strong indication that the 

conventional mixing process can be improved and a motivation for development 

and analysis of dispersion techniques. 

 

Figure 3.2: SEM of a TiO2-based (80 wt.%) model electrode with carbon black (CB, 
10 wt.%) and PVDF (10 wt.%). This is an example of an electrode made from a poorly 
mixed slurry stirred by a convention dispersion technique. 
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To improve upon the conventional mixing technique, a commercial 

surfactant (Triton X-100) was used to improve dispersion of the suspensions of 

TiO2 and carbon black. This has been seen to disperse agglomerates of TiO2 

nanoparticles with particle diameters of 0.23 μm in aqueous solutions to 

improve colloidal stability and decrease agglomerate size [62]. Three model 

electrodes were made for electrochemical evaluation, each from slurries 

dispersed with different techniques. One slurry was hand-stirred, one turbo-

stirred, and another turbo-stirred with a pre-dispersion of the TiO2/carbon black 

suspension with Triton X-100. These are the three candidate electrodes used in 

this chapter to investigate the role of the dispersion technique. Although many 

other techniques exist, these three were selected as it was suspected that their 

influence on the electrochemical performance would be significant. 

Figure 3.3 displays the Nyquist plots for the EIS experiments on the TiO2–

based electrodes. The semicircles in the medium to high frequency range are 

seen in the inset of Figure 3.3. The high frequency ends of the curves confirm no 

significant difference in the ohmic cell-electrolyte resistance, as expected. 

However, the electrode prepared with the surfactant has a lower mass specific 

impedance in the low frequency region, and therefore a higher surface area in 

contact with the electrolyte as seen in the inset of Figure 3.3.  

 

 

 

 

 

 



 

 
 36 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Nyquist plot of three electrodes. Mass is calculated for TiO2 present in the 
electrodes. 

 
The improved dispersion of TiO2 nanoparticles with the carbon black led 

to a decrease in the overall charge transfer resistance and a less distorted 

semicircle in the high frequency region, thus indicating the better contact 

between particles (lower electronic resistance of the electrode) and also higher 

surface area in contact with the electrolyte. The TiO2-based electrode made from 

the hand-stirred slurry had the highest overall resistance to charge transfer and 

also the strongest distortion in the high frequency semicircle, indicating that the 

electronic resistance of the electrode is relatively high and that there is lower 

0

2000

4000

6000

8000

0 2000 4000 6000 8000

Re Z [Ω g]

-I
m

 Z
 [
Ω

 g
]

Stirred by hand

Stirred by turbo-stirrer

Stirred by turbo-stirrer
with surfactant

0

250

500

0 250 500



 

 
 37 

surface area in contact with the electrolyte. These effects are attributed to the 

poor dispersion of the TiO2 nanoparticles and carbon black. The turbo-stirred 

electrode without surfactant has the same surface area in contact with the 

electrolyte as the hand-stirred electrode, but the lower distortion of the high 

frequency semicircle suggests better electronic contact between the particles. 

EIS data suggest that a significant improvement of the electrochemical 

performances should be observed when a surfactant is appropriately used. Some 

improvement of the electrochemical performances should be observed also by 

turbo-stirring the slurry. 

Cyclovoltammetry (Figure 3.4) of TiO2 was measured to have oxidative 

and reductive peaks at about 2.1 and 1.6 V vs. Li/Li+, respectively. Therefore 

potential limits of 1.0 and 3.0 V vs. Li/Li+, were selected to promote complete 

charge and discharge of the material in the galvanostatic rate capability 

experiments.  
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Figure 3.4: Cyclic voltammogram of TiO2 nanoparticles of 1st cycle at a scan rate of 
0.1 mV s-1. 

 

Figure 3.5 illustrates the results of the rate capability experiments of the 

three TiO2-based electrodes. This highlights the importance of the dispersion 

technique when the active material is composed of non-aggregated nanoparticles 

clumped into agglomerates. The sum of galvanostatic and potentiostatic (Li-ion 

insertion) specific charge is seen to be approximately the same for each 

electrode in the specific charge bar graph in Figure 3.5a. Consideration of the 

galvanostatic contribution illustrates the effect of electrode engineering: the 

better the dispersion technique, the higher the galvanostatic contribution at C-

rates greater than 1.  
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Figure 3.5: Specific charge during Li-ion insertion (a) and extraction (b) per unit mass of 
TiO2 in composite electrodes. Cycling was performed between 1.0 and 3.0 V for various C-
rates, where 1C = 168 mA g-1. Specific charge at each C-rate is the average of 5 cycles. 
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remains constant, confirming that the total specific charge in each electrode is 
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turbo-stirred method over the hand-stirred dispersion is also apparent at C-rates 

greater than 1. Better dispersions lead to better mixing of TiO2 nanoparticles and 

carbon black aggregates which could be due to break down of the agglomerates 

of both materials to smaller sizes. Analysis of the specific charge (Li-ion 

extraction) bar graph in Figure 3.5b is in agreement with the same observations 

of Figure 3.5a: better dispersions lead to improved electrochemical performance. 

Of interest is that the galvanostatic contribution in the specific charge during Li-

ion extraction bar graph does not decline with the C-rate as much as in the 

specific charge during Li-ion insertion bar graph. These experiments show that 

the kinetics of Li-ion extraction is more rapid than Li-ion insertion into the TiO2 

structure.  

It could be argued that the addition of a surface-active agent has a 

detrimental effect on the interfacial resistance and stability, however, this has 

not been noticed in this research. This effect is obviously not noticeable because 

the electrode contained only 0.7 wt.% of Triton X-100, the voltage during cycling 

did not increase positive to 3 V, and no significant decrease in specific charge is 

seen in the rate capability experiments illustrated in Figure 3.5. Higher wt.% or 

higher voltages or both could possibly lead to detrimental Li-Triton X-100 

interactions. 

The rate capability experimental results are in agreement with the 

electrochemical impedance spectroscopy results in Figure 3.3 where better 

dispersions led to lower mass specific impedances. Improved dispersion 

techniques of TiO2 nanoparticles 20 nm in diameter and carbon black aggregates 

leads to a lower overall charge transfer resistance and lower electronic 
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resistance of the electrode, and as a consequence, higher galvanostatic specific 

charges.  

3.4 Conclusions on the importance of homogeneity for electrodes 

with nanoparticles as active material in Li-ion batteries 

The influence of suspension dispersion technique on electrochemical 

performance of electrodes for Li-ion batteries is investigated. Anatase TiO2 with 

particle diameters of 20 nm is used as a model material and is dispersed with 

carbon black aggregates within an organic solution. Electrode structure is 

analyzed by scanning electron microscopy and the electrochemical performance 

investigated by electrochemical impedance spectroscopy and rate capability 

experiments. EIS experiments show that dispersing the TiO2/carbon black 

suspensions with a commercial surfactant prior to electrode formation reduces 

specific impedance and charge transfer resistance of the electrodes. A need for 

increasing the electrode’s homogeneity by improving the conventional mixing 

technique was identified by the SEM investigations. These investigations indicate 

that a conventional mixing technique with a turbo-stirrer disperses the TiO2 and 

carbon black agglomerates of nanoparticles within an order of 1 µm and not 

within the primary particle size order lower than 100 nm. The importance of 

improved dispersion techniques is illustrated by the electrochemical 

performances of the TiO2-based electrodes prepared from TiO2 and carbon black 

dispersed by different techniques. The electrode prepared from a suspension 

with a surfactant was seen to have a lower mass specific impedance and charge 

transfer resistance and a higher galvanostatic specific charge contribution than 

electrodes from suspensions stirred without the surfactant. These electrodes are 

seen to have higher galvanostatic contributions than for electrodes dispersed 
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without the surfactant. Improved break down of the TiO2 agglomerates occurs 

with more rigorous dispersion techniques and leads to improved 

electrochemical performance of the electrodes. The improved dispersion led to 

an electrode with a more homogeneous TiO2/carbon black distribution, leading 

to improved electrical contact between smaller TiO2 agglomerates and the 

carbon black. These results present an important parameter for the 

commercialization of nanoparticles for high power Li-ion batteries. This chapter 

does not present an optimized electrode, but demonstrates the importance of 

homogeneity if nanoparticles are to be used effectively for Li-ion batteries.  
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Chapter 4 - Vanadium oxide nanoparticles made by flame 
spray pyrolysis for lithium batteries* 

4.1 Introduction to V2O5 as active material in lithium batteries 

In contrast to TiO2, a model material presented in Chapter 3, V2O5 has 

promise as a positive electrode material in lithium batteries, due to its higher 

specific charge and electrochemical potential potential vs. Li/Li+; electrochemical 

reduction of V2O5 can occur in a large potential window between 4.0 to 1.5 V vs. 

Li/Li+, where approximately three moles of lithium per mole of V2O5 could be 

theoretically inserted, leading to a theoretical specific charge of approximately 

442 mAh g-1 [63]. In the field of rechargeable lithium batteries, besides low cost 

and abundant source, it is argued that V2O5 is an attractive positive electrode 

material because of its high energy density, and high rate cyclability towards 

lithium insertion [64].  

The reversible electrochemical lithium intercalation into V2O5 at room 

temperature was first reported by Whittingham in 1976 [65]. Depending on the 

amount of inserted lithium, several phase transitions of LixV2O5 in consecutive 

steps occur, namely α (for x < 0.01), ε (0.35 < x < 0.7), and δ (for x = 1.0) phases, 

respectively [66,67]. For x ≤ 1, the original V2O5 structure can be recovered upon 

delithiation, and the phase transitions are fully reversible [68]. However, as 

lithiation progresses (x > 1), a reconstruction occurs leading to a partially 

irreversible transformation from δ-phase to γ-phase [67]. This γ-phase can only 

be reversibly cycled in the stoichiometric range 0 < x < 2 without change to the 

γ -type structure [66,69]. Upon further lithiation (up to x = 3), the γ-phase will be 

irreversibly transformed to the ω-phase with a rock-salt type structure. The Li+ 

*Adapted from: S.H. Ng, T.J. Patey, R. Büchel, F. Krumeich, J.Z. Wang, H.K. Liu, S.E. Pratsinis, P. Novák, Phys. 
Chem. Chem. Phys., 11 (2009) 3748-3755 
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intercalation and deintercalation process can be expressed by the following 

overall equation [65,66]: 

)30(5252 <<⇔++ −+ xOVLixexLiOV x                     (4.1) 

To achieve higher specific charge and better cyclability, extensive studies 

have been done on modifying the form and the structure of V2O5 as its 

electrochemical performance as V2O5 positive electrode material depends on its 

degree of crystallinity and morphology [70-74]. These studies showed that 

crystalline V2O5 has a high specific charge but has poor cycle life behaviour since 

its crystal structure is damaged by prolonged charge/discharge cycles. 

Meanwhile, amorphous and low crystallinity V2O5 allows faster lithium-ion 

diffusion and displays superior cyclability [73,74]. Crystal deformation 

associated with lithiation may be relaxed in small crystallites with a high surface 

area that also leads to higher ionic conductivity. Therefore, nanocrystalline V2O5 

has promise as an alternative positive electrode material in lithium batteries. 

 Vanadia nanoparticles can be obtained by various physical and chemical 

techniques. Such powders have been prepared mostly by dry processes, such as 

vacuum evaporation [75,76], and sputtering [77], although wet processes such 

as electrodeposition [78] and sol-gel synthesis [79] seem to be more 

advantageous in producing nanoparticles-based thin films on large scale. 

Previously, V2O5 nanoparticles were produced by precipitation followed by 

heating in vacuum at 300 °C [74,80]. In addition, V2O5 nanoparticles were made 

by flame spray pyrolysis (FSP) as secondary composite materials with the TiO2 

and SiO2 for use in catalysis [81,82], and even FSP-made LiV3O8 nanoparticles for 

lithium battery positive electrode  materials [83]. Here, crystalline V2O5 

nanoparticles have been made by FSP to explore and evaluate their 
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electrochemical performance for use as lithium battery positive electrodes 

focusing on the cut-off potential and the rate capability. 

4.2 Experimental 

The experimental procedure for the FSP process is described in detail 

elsewhere [3]. Here the precursor solution is prepared by first dissolving 

vanadium (V) oxytripropoxide (Aldrich, 98 %) into 30 mL of diethylene glycol 

(DEG, Fluka). This solution was then stirred into 30 mL of toluene (Riedel de 

Haen) and 20 mL of tetrahydrofuran (THF, Fluka). By varying the amount of 

vanadium (V) oxytripropoxide in the precursors, the vanadium molar precursor 

concentrations ranged from 0.4 to 1.5 M. The precursor solution was injected at 

3 to 6 mL min-1 through the reactor nozzle and dispersed with 5.0 L min-1 of 

oxygen into a fine spray while maintaining a constant pressure drop of 1.5 bars 

across the nozzle tip. A premixed flame fueled by 1.3 L min-1 of methane and 

3.0 L min-1 of oxygen was maintained to ignite and support the combustion of the 

spray. A sheath gas of 5.0 L min-1 of oxygen surrounding the flame was used to 

ensure complete combustion. The powder was collected by placing a glass fiber 

filter (GF/D Whatman, 257 mm in diameter) above the flame and drawing the 

gas streams with a vacuum pump. The reactor nozzle was cooled by water to 

prevent overheating and precursor evaporation within the liquid feed lines. 

The powders were characterized by X-ray diffraction (XRD) using a 

Bruker AXS D8 Advance (40 kV, 40 mA) diffractometer and analyzed with the 

Topas 2 software. The XRD measurement was performed at a continuous scan 

between 2θ angles of 10° and 70° at a scan rate of 0.03° min-1. Analysis by field-

emission scanning electron microscopy (FE-SEM) was performed with a Zeiss 

Gemini 1530 operated at 1 kV. For the investigation by transmission electron 



 

 
 46 

microscopy (TEM), the material was deposited onto a holey carbon foil 

supported on a copper grid. TEM investigations were performed using a CM30ST 

microscope (Philips; LaB6 cathode, operated at 300 kV, point resolution ~2 Å). 

The Brunauer-Emmett-Teller specific surface area (SSA) of the FSP-produced 

nanoparticles was determined through a five-point nitrogen adsorption isotherm 

at 77 K (Tristar, Micrometrics Instruments Corp.) after degassing the powder 

samples with nitrogen at 150 °C. Assuming spherical, monodisperse primary 

particles with homogeneous density, the average particle size (dBET) is 

6/(SSA*ρ), with ρV2O5 = 3.4 g cm-3 and ρVO2 = 4.7 g cm-3. 

The positive electrode  was prepared by mixing FSP-made nanocrystalline 

V2O5 or commercially available micro-sized V2O5 particles (Sigma-Aldrich) as 

electroactive materials with 20 wt.% carbon black (Super P, TIMCAL, Belgium) 

and 10 wt.% polyvinylidene fluoride (PVDF, Sigma-Aldrich) binder in N-methyl-

2-pyrrolidinone (NMP, Merck GmbH) solvent to form a viscous slurry. 

Subsequently, the slurry was doctor-bladed at a thickness of 200 µm onto an 

aluminum foil and dried under vacuum at 110 °C overnight. Circular electrodes 

with a diameter of 13 mm were punched out and dried in a vacuum chamber at 

120 °C overnight, each with a typical active material mass loading of 2-3 mg per 

cm2. Hermetically sealed laboratory test cells  [60] were used in which the 

working and counter electrodes (metallic lithium, Aldrich, 99.9 %) were slightly 

pressed together (at 2 kg cm-2) against a glass fiber separator soaked with 500 

µL of standard battery electrolyte [1 M LiPF6 in ethylene carbonate (EC) / 

dimethyl carbonate (DMC) (1/1 by weight), provided by Ferro GmbH]. Test cells 

were assembled in an argon-filled glove box with oxygen and water content each 

less than 1 ppm. 
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Cyclic voltammetry was conducted between 1.5–4.0 V vs. Li/Li+ at a 

potential scan rate of 0.1 mV s-1. The galvanostatic measurements electrodes 

were cycled between 1.5–4.0 V vs. Li/Li+ at specific currents ranging from 100 to 

2000 mA g-1 (based on the oxide weight). In order to promote complete 

discharge/charge at the respective potential limits, a potentiostatic step was 

included until the current was 10 % of the current used in the galvanostatic step.  

4.3 Results and discussion 

Processing conditions for the FSP were varied to investigate physical 

properties of the V2O5 nanoparticles, such as degree of crystallinity, average 

particle size (dBET) and morphology, and final composition. The physical 

characteristics of 6 different V2O5 nanoparticle samples are in Table 4.1. 

Table 4.1: FSP operating conditions and the corresponding physical properties of the V2O5 
nanoparticles produced. 

Composition [e] 

(wt.%) 
dXRD [f] (nm) 

Sample 
CF 

[a] 

(M) 

QF 
[b] 

(mL min-1) 

SSA [c] 

(m2 g-1) 

dBET [d] 

(nm) 

V2O5 VO2 V2O5 VO2 

FSP-1 0.40 5 60.5 29 87.6 12.4 28 31 

FSP-2 0.75 5 46.1 39 97.5 2.5 24 34 

FSP-3 1.50 5 40.7 44 97.6 2.4 23 35 

FSP-4 1.50 3 53.3 33 93.4 6.6 28 32 

FSP-5 1.50 4 44.3 41 97.5 2.5 20 41 

FSP-6 1.50 6 31.9 56 97.8 2.2 26 39 

Aldrich N/A N/A 4.1 440 100.0 0.0 > 100 N/A 

[a] CF is the precursor vanadium concentration;  
[b] QF is the precursor feed rate;  
[c] SSA is the specific surface area measured with Brunauer-Emmett-Teller (BET) method; 
[d] dBET is the average particle size calculated from SSA measured; 
[e] The respective compositions of the V2O5 and the VO2 calculated using the TOPAS 2 software 
from the XRD spectra [84]; and 
[f] dXRD is the crystal size calculated based on the peak (001) for V2O5 and the peak (110) for VO2. 
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As can be seen from Table 4.1, the increase in feed precursor’s molar 

concentration (CF) from 0.4 to 0.75 M (at constant feed injection rate, QF) 

resulted in an increase in V2O5 content from 87.6 to 97.5 wt.%. Further increase 

of CF to 1.50 M increased the V2O5 content only marginally (0.1 wt.%). This is 

consistent with Schimmoeller et al. [85] who also observed increased V2O5 

content with increasing V-concentration in the precursor solution in their FSP-

made V2O5-TiO2 particles. For FSP-1, the particle size (dBET) is roughly equal to 

the crystal size (dXRD), indicating that the powder is composed of monocrystalline 

particles. For FSP-2 and FSP-3, dBET increases and dXRD slightly decreases for 

decreasing CF, suggesting these particles are composed of multiple crystals and 

are therefore polycrystalline. When QF was increased from 3 to 6 mL min-1 at a CF 

of 1.5 M, polycrystallinity was increased further (caused by vanishing of the 

detected VO2 phase) [85] as the SSA was reduced even more to 31.9 m2 g-1 

without significantly increasing the crystal size (dXRD ≈ 28 nm). The reduction of 

SSA from 53.3 m2 g-1 (FSP-4) to 31.9 m2 g-1 (FSP-6) corresponds to the growth of 

the particles with a dBET from 33 nm (FSP-4) to 56 nm (FSP-6). As seen from the 

difference in particle (dBET) and crystal size (dXRD) at higher QF rates, particles are 

sintered rather than coagulated. This observation is consistent with the effect of 

precursor concentration in TiO2 produced by flame synthesis [86]. These 

properties will be beneficial from the electrochemistry point of view since 

smaller crystals lead to faster solid-state diffusion kinetics. The higher specific 

surface area (m2 g-1) of the smaller crystals permits more Li-ions to be 

transferred per unit time from the electrolyte to the nanoparticles for the same 

mass of electroactive material. Meanwhile lower surface area will provide less 
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unwanted surface reactions such as dissolution of the active transition metal and 

the irreversible charge loss from surface film formation during the first charge. 

Typical XRD patterns for the 6 different V2O5 nanoparticles powder 

samples produced by FSP and for the commercially available V2O5 micro-sized 

particles are shown in Figure 4.1. Most of the peak positions for the flame spray 

pyrolyzed V2O5 nanoparticles agree well with those of the orthorhombic V2O5 

(JCPDS 41-1426; a = 11.5160 Å, b = 3.5656 Å, and c = 4.3727 Å), except for the 2 

peaks marked as “@” and “#” which correspond to the (110) and (011) peaks 

from the monoclinic VO2 (JCPDS 43-1051) impurities present, as observed also 

by Schimmoeller et al. [85]. Moreover, based on the fundamental parameter 

approach and the Rietveld method [84], dXRD ranging from 20 to 28 nm was 

estimated from peak (001) of the V2O5 phase (see Figure 4.1a-f, also listed in 

Table 4.1). Note that Table 4.1 shows that the present flame-made V2O5 

nanoparticles had high SSA (32-61 m2 g-1) which is an order of magnitude higher 

than that of the commercially available V2O5 (~ 4 m2 g-1). 
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Figure 4.1: X-ray diffraction (XRD) patterns of FSP-made V2O5 nanoparticles (a-f) and V2O5 
microparticles from Aldrich (g). The impurities phase VO2 is indicated as “@” (110) and 
“#” (011). 

 

Figure 4.2 shows typical field emission scanning electron microscope (FE-

SEM) images of the flame spray pyrolyzed V2O5 nanoparticles, which is sample 

FSP-6 in this case. In the low-magnification image (Figure 4.2a), sphere-like V2O5 

nanoparticles are seen with a fairly homogeneous particle size distribution. In 

the high-magnification image (Figure 4.2b), flame-made V2O5 nanoparticles are 

seen with diameters ranging from 30-60 nm. This is in good agreement with the 

calculations of dXRD, which is the average size of the V2O5 crystals based on the 

weight fraction of the V2O5 phase. However, as seen in the Figure 4.2b, the 
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majority of particles are approximately 30 nm in diameter, and therefore in the 

same size range of those estimated from the XRD patterns in Figure 4.1. 

 

Figure 4.2: FE-SEM images of V2O5 nanoparticles (here FSP-6) at (a) low and (b) high-
magnifications. The spherical-shaped particles are almost monodisperse with sizes 
ranging from 30-60 nm. 
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 Figure 4.3a and b show typical transmission electron microscope (TEM) 

images of the present V2O5 nanoparticles indicating that the sphere-like V2O5 

primary particles are connected to each other by sintered necks to form chain-

like aggregates, seen in related work on LiV3O8 [83]. Furthermore, from the high-

resolution TEM image in Figure 4.3c, the crystalline structures of the flame-made 

V2O5 nanoparticles is evidenced by their clearly visible lattice fringes. The 

measured distance of ca. 0.652 nm corresponds to the half of the a-axis. The 

corresponding selected area electron diffraction (SAED) pattern for the V2O5 

nanoparticles in Figure 4.3b is shown in Figure 4.3d, revealing the crystal lattice 

parameter of the V2O5 nanoparticles, in accord with the orthorhombic phase of 

V2O5 (JCPDS 41-1426). 
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Figure 4.3: TEM images of FSP-made V2O5 nanoparticles (here FSP-6): (a) and (b) are 
overview images, showing nanoparticles connected by sinter necks forming chain-like 
aggregates; (c) high-resolution TEM image highlighting the (200) lattice planes; and (d) 
the selected area electron diffraction (SAED) pattern taken from image (b). 
 

Figures 4.4a-c show the cyclic voltammograms (CVs) of electrodes made 

from the FSP-6 V2O5 nanoparticles. The CVs were taken at a 0.1 mV s-1 scan rate 

with cycling at different lower cut-off potentials. From Figure 4.4a, it can be seen 

that during the cathodic scanning in the first cycle, four distinctive peaks are 

observed at 3.35, 3.15, 2.26, and 1.87 V vs. Li/Li+, which corresponds to a 

complex multi-step lithium intercalation process [66]. As lithium ions are 

inserted into the layers of V2O5, the phase transformation occurs consecutively 

from α-V2O5 to ε-Li0.5V2O5 (3.35 V), δ-LiV2O5 (3.15 V), γ-Li2V2O5 (2.26 V), and ω-
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Li3V2O5 (1.87 V) [68,69,87]. In the following anodic scanning, two broad peaks 

were observed at around 2.67 and 3.26 V vs. Li/Li+, respectively, corresponding 

to the lithium extraction processes [73,74].  

From Figures 4.4b and c, it can be seen that the reversibility of the redox 

reactions with cycling improves when the discharge cut-off potential is limited to 

2.5 V vs. Li/Li+. This can be explained by the fact that the δ-LiV2O5 phase can be 

reversibly cycled without destroying the crystal structure of the V2O5 

nanoparticles [66]. In addition, Figure 4.4d shows the corresponding specific 

charge from the CV curves in Figures 4a to c for the first 20 cycles. It revealed 

that the charge fading increases with a larger cycling potential window. 

Therefore, it is essential to investigate the effect of the discharge cut-off 

potentials.  
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Figure 4.4: Cyclic voltammograms (CVs) of the first 20 cycles of nanostructured V2O5 
particles (here FSP-6) at different lower cut-off potentials vs. Li/Li+: (a) 1.5 V, (b) 2.0 V, 

and (c) 2.5 V, at a scan rate of 0.1 mV s-1. (d) Specific charge vs. cycle number from the CVs 
in plot (a) to (c). 

 

After prolonged galvanostatic cycling at 100 cycles, it was found that the 

FSP-6 V2O5 electrode with a discharge cut-off potential of 2.5 V vs. Li/Li+ retained 

the highest specific charge of approximately 110 mAh g-1, when cycled at a 

specific current of 100 mA g-1 (see Figure 4.5).  
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Figure 4.5: Galvanostatic cycling behaviour of the nanostructured V2O5 electrodes (here 
FSP-6) at lower cut-off potential vs. Li/Li+ of 1.5 V, 2.0 V, and 2.5 V, respectively. The 

specific current was 100 mA g-1. 

 
From the point of view of the entire battery, it is beneficial and practical 

to limit the cycling potential window of the positive electrode to 2.5 V vs. Li/Li+; 

the electrochemical performance of the 6 different V2O5 nanoparticle electrodes 

were compared accordingly. As can be seen from Figure 4.6, the initial specific 

charge of all the V2O5 electrodes, represented by the patterned columns, were 

above 140 mAh g-1, except for samples FSP-1 and FSP-4. These high initial 

specific charge values are almost that of the theoretical value (148 mAh g-1) and 

show that these nanoparticles-based electrodes are cycling well. In fact, one 
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reason for the lower initial specific charge of the samples FSP-1 and FSP-4 is the 

higher wt.% of VO2 impurities in these samples, as shown in Table 4.1. However, 

when comparing the specific charge retained after 100 cycles, represented by the 

solid columns in Figure 4.6, the sample FSP-6 was clearly superior, retaining a 

specific charge of approximately 110 mAh g-1, which was almost 80 % of its 

initial charge. This excellent cycling behaviour could be due to the lower amount 

of surface reactions (vanadium dissolutions, passivation film formation, and etc.) 

as sample FSP-6 has the lowest SSA of 32 m2 g-1. 

 

Figure 4.6: Specific surface area (SSA) and electrochemical performance of 6 different FSP-
made V2O5 electrodes, galvanostatically cycled between 2.5 and 4.0 V versus Li/Li+ at 

100 mA g-1. The patterned columns represent the specific charge for the first cycle, while 
the solid columns indicate the specific charge remained after 100 cycles. 
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Although a lower specific surface area is beneficial in reducing the side 

reactions during the electrochemical cycling, use of larger microparticles should 

not necessarily be the direction of future research. This is because nanosized 

particles have improved rate capability and, thus, practical energy density at 

higher currents. Clearly there is a trade-off between the high rate capability of 

nanoparticles and the reduced amount of detrimental side reactions between 

microparticles and the electrolyte. To investigate the effect of V2O5 particle size 

further, the electrochemical performances of the FSP-6 (nanoparticles) and the 

Aldrich (microparticles) electrodes are compared (see Figure 4.7). Cycling was 

performed between 2.5 and 4.0 V vs. Li/Li+. As can be seen from Figure 4.7a, 

when cycled at low specific current of 100 mA g-1 beyond 100 cycles, the 

nanostructured FSP-6 electrode retained a higher specific charge of 110 mAh g-1 

compared to 88 mAh g-1 for the microstructured Aldrich oxide-based electrode. 

The power performance of battery electrodes depends on the size of the 

particles, making up the electrodes, and on the electrode surface area. As can be 

seen from Figure 4.7b, the FSP-6 nanostructured electrodes have better rate 

capabilities when compared to the microstructured Aldrich oxide-based 

electrode, even up to the 20C (corresponding to 2000 mA g-1), retaining a specific 

charge above 100 mAh g-1. This is obviously due to the shorter Li+ diffusion path 

lengths in the nanoparticles when compared to the microparticles. This effect 

delays the significant influence of the concentration polarization in the solid 

state to higher discharge currents, resulting in better rate capabilities and higher 

specific charge at high discharge rates [70,74].  
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Figure 4.7: Galvanostatic cycling behaviour of V2O5 electrodes for nanoparticles (here FSP-
6) and for microparticles (Aldrich): (a) cycling at a specific current of 100 mA g-1, and (b) 
consecutive cycling at different specific currents. Electrodes were cycled between 2.5 and 
4.0 V versus Li/Li+. Here 1C-rate is set to 100 mA g-1. 
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4.4. Conclusions on the electrochemical performance of V2O5 

nanoparticles made by flame spray pyrolysis for lithium batteries 

In this chapter, the synthesis of crystalline, spherical-like V2O5 

nanoparticles by flame spray pyrolysis is presented. The process conditions  

were optimized to obtain nanoparticles with improved electrochemical 

performances. Both the XRD patterns and SEM images revealed crystalline 

particles of approximately 30-60 nm in diameter. When the precursor’s 

concentration and injection rate were increased, higher V2O5 crystal purity (up 

to 98 wt.%) and bigger particles with lower surface area (~32 m2 g-1) were 

made. In addition, it was found that the V2O5 nanostructures showed an 

improved cycling behaviour when the lower cut-off potential (for discharging) is 

increased from 1.5 to 2.5 V vs. Li/Li+. The significant charge "loss" when 

discharging to 1.5 V vs. Li/Li+ is most probably related to the structural changes 

upon cycling in the larger potential span. Flame-made V2O5 nanoparticles with 

the lowest SSA and the highest purity show excellent cyclability when cycled 

between 2.5 and 4.0 V vs. Li/Li+, retaining a specific charge of 110 mAh g-1 

beyond 100 cycles at a specific current of 100 mA g-1, and also superior specific 

charge of 100 mAh g-1 at a specific current up to 20C (or 2000 mA g-1). 
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Chapter 5 – Electrochemistry of LiV3O8 made by flame 
spray pyrolysis* 

5.1 Introduction to LiV3O8 as active material in lithium batteries 

Like V2O5, LiV3O8 is another positive electrode material with promise as 

an active material in Lithium batteries [13]. Although Li-ion batteries are 

currently used in electronic devices, there is demand for alternative positive 

electrode materials due to the high cost, relative toxicity, and safety concerns of 

LiCoO2, the positive electrode commonly used [10,88]. LiV3O8 as a positive 

electrode material in lithium batteries has the advantages of higher specific 

charge, lower cost, and better safety features [13]. An extensive amount of study 

has been conducted in topics including the material's degree of crystallinity [89-

91], the origin of specific charge fading [92], numerous synthesis methods 

[13,93-95], and the polymer binder content in the composite electrode [96,97]. 

The power density of lithium batteries can be improved by increasing the 

interfacial area between the electrolyte and the active material in the positive 

electrode. Use of oxide nanoparticles as positive electrode materials in lithium 

batteries presents numerous opportunities and challenges [2]. There is an 

opportunity to increase power density and at the same time the challenge in 

dealing with increased electrode / electrolyte side reactions.  Both phenomena 

are due to the higher specific surface area of the nanoparticles compared to their 

micron-sized counterparts.  

Flame spray pyrolysis (FSP) is a process that produces oxide 

nanoparticles at an industrial scale. It is a flexible and scalable process [3,98] 

already used to produce fine powders for use as catalysts, coatings, and dental 

fillers, to name a few. FSP has been used previously to produce electrochemically 

*Adapted from: T.J. Patey, S.H. Ng, R. Büchel, N. Tran, F. Krumeich, J. Wang, H.K. Liu, P. Novák, Electrochem. 
Solid-State Lett., 11 (2008) A47-A50. 
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active crystalline oxide nanoparticles with a spinel structure (LiMn2O4, LiFe5O8, 

and Li4Ti5O12) [4]. It is demonstrated that FSP is a potentially cost-effective 

process to producing electrochemically active nano-sized spinel materials of 

controlled composition, crystallinity, and morphology. Furthermore, FSP has also 

been used to produce LiCoO2 [99]. All these advantages make FSP an attractive 

process to producing nano-sized positive electrode materials. 

This work describes the synthesis of nano-sized LiV3O8 material by FSP 

and presents the electrochemical characterization of this powder. 

5.2 Experimental 

The experimental setup for flame spray pyrolysis (FSP) is described 

elsewhere in the literature [3]. The precursor used for the flame synthesis was 

prepared by first dissolving 9.17 g of vanadium (V) oxytripropoxide (Aldrich, 

98 %) into 18.7 mL of diethylene glycol (Fluka). This solution was then stirred 

into 19.0 mL of toluene (Riedel-de Haën) and 12.5 mL of 1.0 M lithium tert-

butoxide solution in tetrahydrofuran (Aldrich). This represents a molar ratio of 

Li to V of 1 to 3 in the precursor solution. Subsequently, this precursor was 

injected at a rate of 3 mL min-1 through the reactor nozzle and dispersed with 5 L 

min-1 of oxygen into a fine spray. A pressure of 1.5 bars was maintained across 

the nozzle tip. A premixed flame composed of 1 L min-1 of methane and 2 L min-1 

of oxygen was maintained to ignite and support the combustion of the spray. A 

sheath gas of 5 L min-1 of oxygen surrounding the flame was used to ensure 

complete combustion. The dry powder was collected by placing a glass fiber 

filter (GF/D Whatman, 257 mm in diameter) above the flame and drawing the 

gas streams with a vacuum pump. The reactor was cooled by water to prevent 

overheating of the nozzle and precursor evaporation within the liquid feed lines. 



 

 
 63 

Other precursors were prepared with the same Li to V molar ratio, but with 

varying molar concentrations of the precursor solutions in order to get an initial 

idea of the lab-scale powder production capability of FSP. 

The Brunauer-Emmett-Teller (BET) specific surface area (SSA) of the FSP-

produced powder was determined through a five point nitrogen adsorption 

isotherm at 77 K (Tristar, Micrometrics Instruments Corp.) after degassing the 

powder samples with nitrogen at 150 °C. The X-ray diffraction (XRD) 

measurements were performed using a Bruker AXS D8 Advance (40 kV, 40 mA) 

and analyzed with the Topas 2 software. The XRD measurement was performed 

at a continuous scan between 2θ angles of 10o and 70o at a 0.03o min-1 scan rate. 

Analysis by scanning electron microscopy (SEM) was performed with a Zeiss 

Gemini 1530 operated at 1 kV.  For the investigation by transmission electron 

microscopy (TEM), the material was deposited onto a holey carbon foil 

supported on a copper grid. TEM investigations were performed using a CM30ST 

microscope (Philips; LaB6 cathode, operated at 300 kV, point resolution ~2Å). 

Elemental analysis was conducted using the inductively coupled plasma optical 

emission spectrometry (ICP-OES) method. 

A mixture of the LiV3O8 powder and two types of carbon black (Super P 

and Ensaco 350, TIMCAL SA) [7:1:1 by weight] are dispersed within an organic 

solution of N-methylpyrrolidinone (NMP, Fluka). This suspension is then added 

to a solution composed of 10 wt% polyvinylidene fluoride (SOLEF PVDF 1015, 

Solvay) dissolved in NMP, forming a viscous slurry. The slurry is doctor bladed at 

a thickness of 200 μm onto an aluminum foil and dried under vacuum at 110 oC 

overnight to remove the solvent and form a composite electrode. The active 

material, LiV3O8, accounted for 70 wt% of the electrode composite. 
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Electrodes with a diameter of 13 mm were punched out and dried in a 

vacuum chamber at 120 °C overnight. They were then assembled in test cells 

similar to coin cells [60], where they function as the working electrode. Lithium 

metal (Aldrich, 99.9 %) was used as both the counter and reference electrodes. It 

was separated from the working electrode by a 1 mm thick fiberglass separator 

soaked in 500 μL of electrolyte [ethylene carbonate (EC)/dimethyl carbonate 

(DMC) (1:1 by mass), with 1 M LiPF6 (Merck LP30, Selectipur)]. Cells were 

assembled in an argon-filled glove box with less than 1 ppm of oxygen and water 

contents. 

Both the cyclic voltammetry (CV) and galvanostatic measurements were 

performed by means of a computer-controlled cell capture (CCCC) system (Astrol 

Electronics AG, Oberrohrdorf, Switzerland), by discharging (insertion of lithium-

ions) first from respective open circuit potential. CV measurements were 

conducted in the range of 1.5-4.0 V vs. Li/Li+ at a potential scan rate of 0.1 mV s-1. 

Unless otherwise noted, the electrodes were cycled galvanostatically in the range 

of 2.0-4.0 V vs. Li/Li+ at a specific current of 100 mA g-1 (based on the oxide 

weight). A potentiostatic step was included until the current was 10 % of the 

current used in the galvanostatic step. 

5.3 Results and discussion 

An initial investigation into the synthesis capabilities of FSP was 

conducted by varying the molar concentration of the precursor solutions. Six 

different powders were produced from precursors with molar concentrations 

ranging from 1.50 to 0.25 M, with variations of 0.25 M between each precursor 

solution. Little change in SSA was seen for powders flame-sprayed from 

precursor solutions with 1.50 to 0.50 M concentrations, as the BET SSA varied 
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from 33.6 to 39.5 m2 g-1. A significant increase in specific surface area was only 

seen for powders flame-sprayed from the precursor solution with 0.25 M 

concentration. Here, a BET SSA of 67.4 m2 g-1 was measured, suggesting that 

even smaller particles are possible when more dilute precursor solutions are 

used. From an industrial viewpoint, a higher concentration is more attractive due 

to the increase in powder production.  

Material and electrochemical characterizations of the powders produced 

by FSP of the 1.00 M precursor solution are presented in this work as they are 

representative of the properties of the FSP-produced LiV3O8 nanoparticles. 

Temperatures before the filter are measured between 150 and 200 °C and 

amorphous powder with some crystalline features (see Figure 5.1a) was 

collected. By moving the filter paper closer to the flame, temperatures increase 

to a range between 250 and 300 °C, and so the powder is annealed above the 

flame on the filter (see Figure 5.1b). The crystallinity of this powder can be 

further refined by subsequent annealing in an oven for 30 minutes at 350 °C (see 

Figure 5.1c). The total production time of this batch lasted about 30 minutes, 

therefore the annealing of this material was no longer than 30 minutes. The BET 

SSA of the amorphous powder was measured to be 35.9 m2 g-1. This area 

decreases with increasing heat treatment: 30.5 m2 g-1 and 27.5 m2 g-1 for the 

powder annealed on the filter and subsequently in the oven, respectively. 

X-ray diffraction (XRD) patterns of the LiV3O8 nanoparticles are shown in 

Figure 5.1. For Figure 5.1b, the diffraction peak positions for the LiV3O8 

nanoparticles (lattice constants a = 6.634 Å, b = 3.593 Å, c = 11.998 Å, and β = 

107.830°) match well with those of the known monoclinic layered-type LiV3O8 

(lattice constants a = 6.68 Å, b = 3.60 Å, c = 12.03 Å, and β = 107.83°.  JCPDS Card 
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No. 72-1193) [100].  The corresponding hkl indices are given in Figure 5.1.  

Analysis of the XRD data in Figure 5.1b and 5.1c indicates that the powder is 

crystalline, however, β-Li0.33V2O5 is detectable in Figure 5.1b as an impurity in 

the powder, as seen by the peak between 12 and 13° and also in related work 

[101]. The intensity of this peak significantly decreases upon subsequent heat 

treatment (Figure 5.1c). When the Debye-Scherrer equation (see equation (2.2)) 

was applied the (100), (020), and (003) peaks in Figure 5.1b, the crystallite size 

of the LiV3O8 nanoparticles was calculated as 23.9, 24.0, and 27.5 nm, 

respectively. The average crystal size is therefore about 25 nm.  

 

Figure 5.1: X-ray diffraction pattern of the LiV3O8 nanoparticles synthesized by FSP for: (a) 
amorphous powder, (b) crystalline powder annealed during flame synthesis and, (c) 
crystalline powder following subsequent annealing. The peak beneath the asterisk (*) 
indicates the presence of β-Li0.33V2O5.  
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The overall morphology of the LiV3O8 nanoparticles of the crystalline 

powder annealed on the filter was investigated by scanning electron microscopy 

(SEM) and transmission scanning microscopy (TEM). The average primary 

particle diameter observed in the SEM image (Figure 5.2a) is approximately 

50 nm. Moreover, the particles are agglomerated in chain-like aggregates of 

primary particles connected by sintered necks and secondary particles clumped 

together by van der Waals surface forces.  
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Figure 5.2 (a) SEM image of the LiV3O8 nanoparticles synthesized by FSP. (b) HR-TEM 
image of the LiV3O8 nanoparticles synthesized by FSP. Inset displays the corresponding 
selected area electron diffraction (SAED) pattern for image (b). The d-spacing (in Å) of the 
diffuse rings are listed and their corresponding hkl indices are indicated in brackets 
(based on JCPDS Card No. 72-1193). 
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High-resolution transmission electron microscope (HR-TEM) images of 

the LiV3O8 nanoparticles synthesized via FSP are shown in Figure 5.2b. The 

strongly crystalline structure of the flame spray pyrolyzed LiV3O8 nanoparticles 

is well defined by the highlighted lattice constant c (1.2 nm). Moreover, the 

corresponding selected area electron diffraction (SAED) pattern for the flame 

spray pyrolyzed LiV3O8 nanoparticles is shown in the inset of Figure 5.2b, 

revealing the crystal lattice parameters (hkl indices indicated in brackets) of the 

LiV3O8 nanoparticles, which is in accordance with the monoclinic phase of LiV3O8 

(JCPDS Card No. 72-1193). A Li/V ratio in the powder was calculated to be 

1.01/3.00 based on ICP-OES measurements. When considering the accuracy of 

the analytical method, this is in good agreement with the 1/3 stoichiometric 

ratio of Li/V used in the solution precursor prepared prior to the flame 

synthesis. Because of the excellent agreement between the XRD data and the 

known monoclinic layered-type LiV3O8, analysis by HR-TEM, and a calculated 

Li/V ratio of 1.01/3.00, this powder consists mainly of LiV3O8 and the material 

and electrochemical contributions of other phases are considered to be 

insignificant. 

The BET SSA of the as-synthesized crystalline powder was measured to be 

30.5 m2 g-1. This is much higher than those values (< 6 m2 g-1) for sub-micron 

particles that are produced by spray drying [102] and shows that FSP is superior 

when small particles are required at an industrial scale. In order to confirm the 

degree of porosity in our as-synthesized LiV3O8 material, a standard N2 

adsorption-desorption isotherm test was carried out on a Micromeritics Tristar 

3000 adsorption apparatus at 77 K. Figure 5.3 shows the pore size distribution 

curve calculated from the adsorption points using the Barrett-Joyner-Halenda 
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(BJH) algorithm. Only the presence of macropores is evidenced here, resulting 

from the particle interfaces. The average pore diameter calculated from the BJH 

adsorption curve was 15.3 nm, which is almost the size of a LiV3O8 particle. The 

low degree of porosity was further verified by the corresponding N2 adsorption-

desorption isotherms (see inset of Figure 5.3), where no hysteresis loop was 

observed at low relative pressures, indicating the presence of macropores only. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Pore size distribution curve of the FSP-made LiV3O8 nanoparticles, calculated 
from the adsorption points using the Barrett-Joyner-Halenda (BJH) algorithm. The inset 
shows the corresponding N2 adsorption-desorption isotherms. 
 

The electrochemistry of the LiV3O8 crystalline nanoparticles is studied 

only for the powder annealed during flame synthesis. Cyclic voltammograms of 

the LiV3O8 powder are shown in Figure 5.4 for the 2nd and 20th cycles. The 

oxidative and reductive peaks are seen to diminish rapidly from the 2nd to the 
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20th cycle due to specific charge fading. Because the shapes of these two 

voltammograms are approximately the same, no significant change in the 

crystallography is expected between these cycles. This indicates that the 

decrease in specific charge is likely due to the loss of the electrochemically active 

mass. Possible losses could be due to dissolution of LiV3O8 into the electrolyte 

[92], formation of an insulating passivation layer between the active material 

and the electrolyte [103], and / or mechanical degradation of the electrode 

composite resulting in a contact loss. A simple qualitative observation of the 

dissolution of the powder was done by placing the powder into a 1 M LiPF6, 

EC:DMC (1:1 by weight) electrolyte. After one month of storage in the liquid 

electrolyte, the initially clear solution was seen to be coloured. This confirms that 

dissolution of the powder occurs, but not necessarily at a rate that would 

significantly influence specific charge fading. Tanguy et al. associate the specific 

charge fading with the build-up of a passivation layer between the electrode and 

electrolyte, which was seen to contain organic species as indicated by X-ray 

photoelectron spectroscopy measurements [103]. This is likely occurring during 

the cycling of the electrodes presented in this work, as the active material is 

similar to the material used by Tanguy et al. in terms of average particle size. 
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Figure 5.4: Cyclic voltammograms of LiV3O8 at the 2nd and 20th cycle at 0.1 mV s-1. 
 

Upon repeated cycling, a broad peak at around 3.1 V in the 20th cycle 

appears. This indicates that an additional oxidative reaction is occurring at a 

higher potential value than initially experienced. A similar event was 

experienced by another group [103], but its occurrence also was not understood. 

Figure 5.5a shows the cycling behaviour of the LiV3O8 electrode. A cycling 

procedure was used between 2.0 V and 4.0 V vs. Li/Li+ at a specific current of 

100 mA g-1. The first discharge (Li+ insertion) was performed from the open 

circuit potential of about 3.3 V, corresponding to a specific charge during Li-ion 

insertion of 271 mAh g-1. This was then followed by charging (Li+ extraction) to a 

potential of 4.0 V, corresponding to a specific charge of 315 mAh g-1. The general 

trend thereafter is a gradual decrease in specific charge. A similar trend is seen in 

the work of Gao et al. [104]. In their work, they described the synthesis and 
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characterization of LiV3O8 microparticles (particle size around 2 µm) produced 

by spray draying. This powder also exhibits a high initial specific charge 

(>300 mAh g-1) and gradual specific charge fading. They attribute the high 

specific charge to the structure of the particles and connect the specific charge 

fading with outstanding structural changes during the lithium insertion and 

extraction process.   

 

Figure 5.5: Cycle life behaviour for an electrode with the FSP-produced LiV3O8 
nanoparticles at (a) 100 mA g-1, with cut-off potentials of 2.0 and 4.0 V, and (b) at different 
specific current densities with various cut-off potentials. The numbers indicate the 
specific current in mA g-1. 
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Engineering of the electrode could decrease the specific charge fading. It 

has been seen in other work that preparation of the electrode can play an 

important role in the cycling capability of an active material [105]. The high BET 

specific surface area of the material presented in this work (> 30 m2 g-1) likely 

leads to specific charge decreasing side reactions occurring between the active 

material and electrolyte as seen in related work [103]. 

The dependence of the specific charge on the specific current and 

potential cut-off are shown in Figure 5.5b. For all varied potential cut-off, the 

specific charge decreased as the specific current increased. However, for the 

LiV3O8 nanostructured electrode cycled between 2.0 and 4.0 V vs. Li/Li+, it 

demonstrated good rate capabilities, even up to 2500 mA g-1, retaining a specific 

charge above 100 mAh g-1. This is likely occurring because the increase in lithium 

extraction has an irreversible reaction mechanism against lithium insertion 

[106]. This is particularly apparent during high current densities where specific 

charge fading is seen to increase in comparison to the other two measurements. 

This decline leads to a lower specific charge beyond 50 cycles, where the current 

returns to its original value of 100 mA g-1. Specific charge fading is clearly 

strongest for currents greater than 1000 mA g-1 for potential cut-offs of 1.5 and 

4.0 V vs. Li/Li+. 

The influence of particle size is a likely candidate for the pronounced 

specific charge fading seen in our case. The work of Kannan and Manthiram [13] 

presents LiV3O8 particles with sizes of 4 μm produced via a solution dispersion 

method. This powder was measured to have a specific charge of 230 mAh g-1 

with no significant fading after 20 cycles when cycled at 0.5 mA cm-2 between 2.0 

and 3.5 V. The improved cycling of this material over the one presented in this 
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work likely better because the micron-sized particles experience weaker specific 

charge decreasing side reactions than the nano-sized particles do. To overcome 

this disadvantage, Chew et al. [97] coated their LiV3O8 nanoparticles (50 nm from 

XRD) produced via a low temperature solution route with polypyrrole. The result 

is almost no specific charge fading upon cycling: a reversible specific charge of 

183 mAh g-1 after 100 cycles with polypyrrole-coated material as compared to a 

decrease from over 200 mAh g-1 to 110 mAh g-1 for uncoated material. Both 

materials were cycled at 40 mA g-1 between 1.50 and 3.85 V. This result suggests 

that coating with a conductive binder can significantly inhibit specific charge 

fading for LiV3O8 nanoparticles and would likely decrease the rate of formation 

of a passivation layer at the electrode/electrolyte interface [97]. 

In this work, the charge efficiency (%) is defined as follows: 

Charge Efficiency(%)= (100− CC − CD

CC

×100)     (5.1) 

where, CC and CD are the specific charge capacities for Li-ion extraction 

and insertion, respectively. 

Figure 5.6 summarizes the 2nd, 10th, and 50th cycles for electrochemical 

lithiation / de-lithiation of the LiV3O8 electrode. The calculated specific charges 

were solely based on the active materials, LiV3O8 nanoparticles. It can be seen 

that the LiV3O8 electrode shows specific charge fading behavior upon prolonged 

cycling. However, the LiV3O8 electrode still maintained fairly high Li-ion 

insertion/de-insertion specific charge after 50 cycles, retaining a specific charge 

of 180 mAh g-1. The shapes of the charging curves were similar even after 

50 cycles. Therefore the potentials at which Li-ion insertion/de-insertion occur 
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are roughly the same and the likely reason for specific charge loss is not due to 

major changes in the oxide’s crystal structure.  

 

Figure 5.6: The 2nd, 10th, and 50th cycle charging curves of LiV3O8 electrode. Cycling took 
place between 2.0 V and 4.0 V versus Li/Li+ at 100 mA g-1. 

 

5.4 Conclusions on the electrochemical performance of LiV3O8 

nanoparticles made by flame spray pyrolysis for lithium batteries 

LiV3O8 nanoparticles with an average primary particle size of 

approximately 50 nm have been synthesized by flame spray pyrolysis. This is an 

attractive process as it can be scaled to industrial production levels. An initial 

variation of the lab-scale production capability is presented. Material and 

electrochemical characterizations were conducted for the LiV3O8 nanoparticles. 

The LiV3O8 nanoparticles produced in the dry-phase by FSP have a relatively 

high maximum specific charge (> 300 mAh g-1), however, it is seen to have 
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stronger specific charge fading (> 2 % per cycle beyond 50 cycles) when 

compared to micron-sized particles [13,107] and nanoparticles treated with 

conductive binders [97]. Possible sources of the specific charge fading of the 

electrodes containing the FSP-produced nanoparticles are the formation of a 

passivation layer at the electrode/electrolyte interface, dissolution of the active 

material into the electrolyte, and/or insufficient engineering to optimize the 

electrode composition, a process discussed partly in Chapter 3.  
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Chapter 6 - Flame co-synthesis of LiMn2O4 and carbon 
nanocomposites for high power Li-ion batteries* 

6.1 Introduction to LiMn2O4 and carbon synthesis 

In Chapters 4 and 5, the synthesis and electrochemical performances of 

V2O5 and LiV3O8 for lithium batteries were presented. In Chapter 6 and upcoming 

chapters, the synthesis and electrochemistry of LiMn2O4 for Li-ion batteries are 

presented. Unlike V2O5 and LiV3O8, lithium can be extracted from LiMn2O4 in the 

form it is made, qualifying LiMn2O4 as a positive electrode material for Li-ion 

batteries. LiMn2O4 is a leading positive electrode material alternative to LiCoO2 

due to its lower cost, slightly higher electrochemical potential vs. graphite, and 

its improved thermal stability [108-110]. High power applications such as 

electric vehicles require that Li-ion batteries have a high specific power and 

energy [111,112]. One route to increase specific power is to significantly 

increase the interfacial area between electrochemically active material and 

electrolyte, thereby increasing the charge and discharge rates [2]. This 

opportunity has led many groups to develop nano-structured and / or nano-

sized LiMn2O4 particles [4,113-115] and with promising results. 

The full specific charge of nano-sized positive and negative electrode 

materials cannot be realized if local electrical conductivity is insufficient for the 

given power demand. In other words, if an electrically conductive filler is not 

well dispersed throughout the active material, there will be parts of the active 

material which do not contribute to the specific charge when a constant, high 

current is required. Therefore, sufficient dispersion of the electrically conductive 

additive amongst the active material is necessary for effective use. Carbon black 

(CB) is used commercially as an electrically conductive additive, either as a 

* Adapted from: T.J. Patey, R. Büchel, S.H. Ng, F. Krumeich, S.E. Pratsinis, P. Novák, J. Power Sources, 189 
(2009) 149-154. 
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coating of the active material or as a powder dispersed throughout the active 

material. It is produced industrially by incomplete combustion of a gaseous or 

liquid hydrocarbon [116]. The lack of oxygen limits CO2 formation and promotes 

CO, H2 and carbon-carbon bond formation, contributing to the elemental carbon 

structure of CB [116]. 

Flame technology is used for CB production but is not a typical method for 

Li-ion positive electrode material production. Recently, flame spray pyrolysis 

(FSP) was introduced as a route to producing LiV3O8 [83] and LiMn2O4 

nanoparticles [4] for use in Li-ion batteries. Carbon-coated nanoparticles have 

been made by single flame combustion of SiCl4 and acetylene [117] or 

hexamethyledisiloxane and H2 [118] at production rates up to 700 g h-1. Carbon-

coated TiO2 with or without soot (or CB) particles were made at high or low 

acetylene concentrations [119] in vapor-fed flames. Strobel et al. [120] made 

NOx-storage reduction catalyst particles by two spray (liquid-fed) flame 

synthesis of separate Al2O3 and Pt/BaO or Pt/BaCO3 nanoparticles. Ernst et al. 

have recently used flame technology for synthesis of platinum clusters 

embedded in CB by a one-step process [121]. They have also made Pt-clusters 

supported on CB by two separately staged spray flames: the first flame produced 

the CB particles while a second one downstream produced the Pt clusters that 

were scavenged onto the surface of the earlier formed co-flowing CB particles 

[121]. 

Vapor- and liquid-fed flame technology [15,17] is combined here to 

simultaneously make LiMn2O4/carbon nanocomposites for positive electrodes in 

Li-ion batteries. Here, flame co-synthesis of LiMn2O4/carbon is presented and the 

electrochemical specific charge of these materials at various specific currents 
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(also known as C-rates) is shown. A description of the experimental method is 

given and an outlook of the benefits and challenges of this one-step synthesis of 

positive electrode material and its simultaneous carbon coating is presented. 

 

6.2 Experimental 

The precursor for synthesis of LiMn2O4 nanoparticles was prepared by 

mixing a 1:2 molar ratio of Li:Mn in an organic, combustible solution. More 

specifically, 4.5 g of Li-acetylacetonate (Aldrich) and 30.2 g of Mn(III)-

acetylacetonate (Aldrich) were dissolved into 160 mL of 2-ethylhexanoic acid 

(Riedel-de Haën) and then 160 mL of Acetonitrile (Sigma-Aldrich, 99.5 %) was 

added [4]. To ensure complete dissolution of the acetylacetonates, the solution 

was heated to 160 °C for 2 hours while connected to a cooling reflux to ensure no 

mass loss. 

The liquid precursor was sprayed at a rate of 3 mL min-1 and dispersed by 

5 L min-1 of oxygen. The spray was ignited by a support flame created by 1 l min-1 

of methane and 3 L min-1 of oxygen. A pressure of 1.5 bar was maintained across 

the nozzle tip during synthesis. The spray flame (SF) nozzle was cooled by water 

to prevent overheating and precursor evaporation within the liquid feed lines. 

The carbon black was produced by supplying acetylene gas to the diffusion flame 

(DF) [117,121] using still air as oxidant prior to ignition of the flame spray. 

Hereafter, the diffusion flame-made carbon black produced in this work is 

referred to as DF-CB. 

Four powders were produced: one with only LiMn2O4, two with varying 

LiMn2O4 and carbon content, and one with only DF-CB. The acetylene gas was 

supplied for production of these powders at 0, 0.5, 1.0, and 0.6 L min-1, 



 

 
 81 

respectively. A schematic of the experimental set-up is shown in Figure 6.1. Note 

that the distances and angle between the nozzles are provided.  

Particles were collected on a glass-fiber filter (GF/D Whatman, 257 mm in 

diameter) placed 0.5 m directly over the flame or flames using a vacuum pump 

(Busch, Seco SV 1025). The Brunauer-Emmett-Teller (BET) specific surface area 

(SSA) of these powders was determined through a five-point nitrogen adsorption 

isotherm at 77 K (Tristar, Micrometrics Instruments Corp.) after degassing the 

samples with nitrogen at 150 °C for 90 minutes. The X-ray diffraction (XRD) 

measurements were performed using a Bruker AXS D8 Advance (40 kV, 40 mA) 

and analyzed with the Topas 2 software. The XRD measurement was performed 

at a continuous scan between 2θ angles of 10o and 70o at a 0.03o min-1 scan rate. 

For the investigation by transmission electron microscopy (TEM), the material 

was deposited onto a holey carbon foil supported on a copper grid (Okenshoji 

Co., Ltd.). TEM investigations were performed using a CM30ST microscope 

(Philips; LaB6 cathode, operated at 300 kV, point resolution ~2Å). 

The carbon content in the powders was measured thermogravimetrically 

in an oxidizing environment. Powder samples were heated up at a rate of 

10 °C min-1 from room temperature up to 800 °C under 50 ml min-1 of air with 

the powder mass change measured via the Mettler Toledo TGA/SDTA851e 

thermobalance. Electrodes made from the flame-produced powders, Super P 

(commercial CB, TIMCAL SA, BET SSA = 62 m2 g-1), and polyvinylidene fluoride 

(PVDF SOLEF 1015, Solvay) had a mass ratio of 7:2:1, respectively. They were 

prepared by first dispersing the flame-produced powder with the Super P in 

N-methylpyrrolidinone (NMP, Fluka) solvent. A solution of 10 wt.% PVDF 

dissolved in NMP was then mixed into the suspension to form a viscous slurry. 
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The slurry is spread by doctor-blading at a thickness of 200 μm onto an 

aluminum foil and dried under vacuum at 110 °C overnight in order to remove 

the solvent and form a composite electrode. 

 

Figure 6.1: Schematic of the co-synthesis of carbon black (DF-CB) and LiMn2O4 
nanoparticles by a diffusion flame (DF) and a spray flame (SF), respectively. The distance 
between the nozzle tips are d = 5 cm and h = 9 cm. The angle between the nozzle axes is 
αααα = 45°. 

Electrodes with a diameter of 13 mm were punched out and dried in a 

vacuum chamber at 120 °C overnight. They were then assembled in test cells 

similar to coin cells [60] where they function as working electrodes. Lithium 

metal (Aldrich, 99.9 %) served as both counter and reference electrode. It was 

separated from the working electrode by a 1 mm thick fiberglass separator 
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soaked in 500 μL of electrolyte [1 M LiPF6 in ethylene carbonate (EC) / dimethyl 

carbonate (DMC) (1:1 by mass), Ferro GmbH]. Cells were assembled in an argon-

filled glove box with less than 1 ppm of oxygen, water, and nitrogen contents. 

Both cyclic voltammetry (CV) and galvanostatic measurements were 

performed by a computer-controlled cell capture (CCCC) system (Astrol 

Electronics AG, Oberrohrdorf, Switzerland) at 3.0-4.5 V vs. Li/Li+ at a potential 

scan rate of 0.1 mV s-1. For the rate capability experiments, the electrodes were 

cycled galvanostatically in the range of 3.5-4.3 V vs. Li/Li+ for varying specific 

currents proportional to the mass of LiMn2O4. To quantify the contribution of the 

DF-CB’s specific charge, electrodes of DF-CB and PVDF were cycled and the 

specific charge measured. The contribution of the CB’s specific charge is 

subtracted [122] from the specific charge of the LiMn2O4/carbon 

nanocomposites. In order to promote complete discharge/charge at the 

respective potential limits, a potentiostatic step was included until the specific 

current was 60 mA g-1. 

6.3 Results and discussion 

Figure 6.2 shows XRD patterns of the LiMn2O4 nanoparticles. The 

reflections are consistent with those of LiMn2O4 reported in literature [4,18]. No 

crystalline impurities are seen in these patterns. The diffuse scattering between 

roughly 2Θ = 20 - 30° that appears in the XRD patterns of powders produced 

with DF-CB (Figure 6.2c,e) is attributed to the presence of amorphous carbon 

(Figure 6.2g). Furthermore, no reflections of crystalline carbon (graphite) are 

seen, indicating that the carbon present is amorphous [117,119]. These 

amorphous patterns are no longer present after the powders were sintered at 
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800 °C in air following the thermogravimetric measurements and carbon 

oxidation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: XRD patterns of flame-produced powders before and after sintering up to 
800 °C in air from room temperature. The hkl indices of LiMn2O4 planes are indicated. The 
powders are LiMn2O4 with wt.% DF-CB of (a) 0 % as-prepared, (b) 0 % after sintering, (c) 
32 % as-prepared, (d) 32 % after sintering, (e) 56 % as-prepared, and (f) 56 % after 
sintering. The pattern of the powder with 100 % DF-CB (g) is also presented. 
 

The powders were thermogravimetrically measured to have a DF-CB 

mass composition of 0, 32, 56, and 100 wt.% and a SSA of 142, 117, 109, and 

63 m2 g-1, respectively. For the pure LiMn2O4 powder with an SSA of 142 m2 g-1, 

this corresponds to an average particle diameter dBET of about 10 nm, assuming a 

density of 4.3 g cm-3. The crystal size is calculated to be 11 nm using the Scherrer 
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equation indicating monocrystalline LiMn2O4. Figure 6.3 shows images of these 

particles that are not always single as sintered necks between them are visible. 

The decrease in SSA of the powders with carbon content might be due to 

an increase in mass of larger DF-CB particles. Although carbon is known to act as 

a particle growth inhibitor [123], there is no evidence that the presence of 

carbon has a significant effect on LiMn2O4 particle size as the XRD patterns a, c, 

and e in Figure 6.2 indicate that the LiMn2O4 crystal size is nearly constant for all 

carbon contents. The reduction in SSA with carbon content most likely indicates 

coating of the high SSA FSP-made LiMn2O4 with carbon. Carbon-coated oxide 

nanoparticles have been observed in co-synthesis of SiO2/carbon [117] and 

TiO2/carbon [119] in vapor-fed flame reactors where the carbon first coats all 

existing surfaces and then starts to form separate soot particles. It is possible 

that a similar scenario is followed in this work, the co-synthesis of 

LiMn2O4/carbon (Figure 6.1). The TEM images of Figure 6.3b,c show an 

amorphous material, possibly DF-CB, particles or film attached to LiMn2O4 

nanoparticles. 
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Figure 6.3: TEM images of FSP-made (a) LiMn2O4/carbon nanocomposites (32 wt.% DF-CB) 
depicting (b) amorphous carbon films and (c) particles attached to LiMn2O4 crystalline 
particles. 

 

(b) 

10 nm 

10 nm 

(a) 

carbon  

(c) 

10 nm 



 

 
 87 

Figure 6.4 shows cyclic voltammograms of the flame-made powders. The 

redox peaks for the electrode with pure LiMn2O4 (Figure 6.4: thin line) is in close 

agreement with Ernst et al. [4]. The peaks for the LiMn2O4/carbon 

nanocomposites are narrower than pure LiMn2O4 due to the decreased 

overpotentials. Of course, the most important overpotential is the ohmic one. 

The additional carbon provides an electrically conductive network to induce a 

more homogeneous charge transfer throughout the electrode. In contrast, the 

broader peaks of the electrode without DF-CB (although Super P is present in the 

electrode) indicate that the overall charge transfer is slower than in the other 

two electrodes. The overpotential for both the redox pairs in the 

LiMn2O4/carbon electrodes is then lower when compared to the pure LiMn2O4 

electrode. The overpotentials only slightly decrease when the DF-CB content was 

increased from 32 (Figure 6.4: thick line) to 56 wt.% (Figure 6.4: dashed line). 

This indicates that for the low scan rate of 0.1 mV s-1 nearly equilibrium behavior 

has been achieved in both electrodes. This could be attributed to the beneficial 

effect of carbon coating of the LiMn2O4 nanoparticles (Figure 6.3b,c). As the 

additional DF-CB had only a slight influence on the overall charge transfer rate, 

additional DF-CB made little or no influence at that scan rate. This could be 

because the increase in C2H2 gas concentration and carbon content did not 

increase the carbon layer thickness. Indeed, separate carbon particles were 

formed, cf. Figure 6.3a. Vapor-fed carbon layers 2-3 nm thick on TiO2 did not 

become thicker with increasing C2H2 concentration and carbon content, only 

additional soot particles were formed [119]. 
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Figure 6.4: Cyclic voltammograms of LiMn2O4 powders containing various contents of co-
produced carbon black in the 1st cycle at 0.1 mV s-1. 

 

The cycle life behavior of the flame-made powders for various C-rates 

illustrates the importance of an electrically conductive network for 

nanoparticles. These results are displayed in Figure 6.5. Here 1C-rate is 

equivalent to 148 A kg-1. To accurately compare the electrodes, the contribution 

of the specific charge of the DF-CB has been accounted for. Cycling of electrodes 

composed of DF-CB and PVDF indicates that the contribution of the DF-CB is 

roughly 2 Ah kg-1 (per unit mass flame-made CB). Despite this relatively low 

value, the DF-CB present reacts with the electrolyte in an irreversible oxidative 

reaction due to the high voltage (>4 V) [122]. This possibly contributes to 

specific charge fading due to decomposition of the electrolyte. 
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Figure 6.5: Specific charge (Li-ion insertion) for electrodes with the FSP-produced LiMn2O4 
nanoparticles and various co-produced carbon black contents  at various C-rates with cut-
off potentials of 3.5 and 4.3 V vs. Li/Li+. A 1C-rate is assumed to be 148 A kg-1 and both the 
C-rates and the specific charge values are based on the mass of LiMn2O4 in the electrode. 
Only the galvanostatic part of the respective cycle is considered here. Inset shows the 
nominal discharge capacities of the above materials, C-rates and cut-off potentials based 
on the average of 10 cycles at the given C-rate. 
 

As the C-rate increases, there is a sharp decrease in the electrochemical 

performance of the powder produced without any DF-CB present, even though 

there is 20 wt.% of Super P present in the electrode. This is especially apparent 

when C-rates are greater than or equal to 5C-rate, where the sharp decline in 

specific charge during Li-ion insertion is attributed to insufficient local electrical 

contact between the LiMn2O4 nanoparticles and the Super P. In addition, it is 

seen in the inset of the Figure 6.5 that both the electrodes with DF-CB retained 

more than 80 % of their nominal specific charge, even when cycled up to a 50C-

rate (~70 s in discharge time). This result is partly attributed to the carbon 
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coating seen on some of the LiMn2O4 nanoparticles (Figure 6.3b,c). In contrast, 

the pure LiMn2O4 electrode could only retain above 80 % of its nominal specific 

charge when cycled up to a 2C-rate (~30 min in discharge time). This 

improvement in rate capability of more than 20 times shows that improved 

electrical contact in the electrode is necessary for high power Li-ion battery 

application. This is comparable to the results seen in Chapter 3, where improved 

dispersions of TiO2 nanoparticles within electrodes led to a higher specific 

charge. Therefore, both improved active material-carbon contact and electrode 

homogeneity lead to higher specific charges at higher C-rates. 

While the results of the Li-ion insertion rate capability experiments show 

a reasonable specific charge per unit mass LiMn2O4, the large amount of carbon 

present (>30 %) makes these nanocomposites unsuitable for high energy 

applications. The carbon content, however, can be easily reduced during 

synthesis of such nanocomposites [15]. Even so, the relatively high specific 

charge during Li-ion insertion at 50C-rate (>80 Ah kg-1) of the nanocomposites 

would make the hybrid material suitable for high power applications and 

competitive to electrochemical supercapacitors. This highlights the necessity of 

optimizing an electrode’s carbon content for the power density required of the 

application. 

To support the argument that these nanocomposites used in Li-ion 

batteries would be competitive to electrochemical supercapacitors, a layout of a 

battery containing the nanocomposites is investigated. The specific energy of a 

spirally-wound, cylindrical thin-layer Li-ion cell is calculated based on typical 

battery material data and reasonable engineering assumptions [124,125]. As a 

counter electrode a standard graphite electrode is assumed here [24]. Of course, 
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in a practical device it will have to be replaced with a high rate one but such a 

replacement will certainly not decrease the energy density of the battery by an 

order of magnitude.  

A typical internal configuration of such a cell is shown in Figure 6.6. The 

thickness of this stack is about 0.3 mm, assuming the aluminum foil, copper foil, 

and each polymer separator foil have a thickness 10 µm each. The positive 

electrode is a composite of the flame-made powder (LiMn2O4 with 32 wt.% DF-

CB), Super P, and PVDF, as used in the Li-ion insertion rate capability experiment 

shown in Figure 6.5. Because the electrode is designed for high power, it is 

assumed to have a porosity of 50 % filled with the electrolyte [125]. Based on the 

results of the Li-ion insertion rate capability experiment (Figure 6.5) at 50C-rate, 

a Li-ion insertion specific charge of 41 Ah kg-1 (per unit mass electrode material 

with electrolyte-filled pores) is used for the calculations. The negative electrode 

is assumed to have a Li-ion insertion specific charge of 220 Ah kg-1 based on 

reasonable engineering assumptions [125]. The average cell voltage of a 

LiMn2O4/LiC6 couple is about 3.6 V on discharge [124]. The product of this 

voltage and the calculated specific charge of 27 Ah kg-1 is 97 Wh kg-1 and is the 

specific energy of the hypothetical cell without any containment. Assuming the 

cell’s housing would be 20 % of the total battery’s mass [125], the specific energy 

of the battery would be 78 Wh kg-1. The specific energy of today’s practical 

supercapacitors is less than 10 Wh kg-1 [126,127]. The specific energy of the 

battery with the nanocomposite is thus almost one order of magnitude higher 

than that of a supercapacitor. 
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µm mg cm-2 mAh cm-2

LiC6 (composite 220 Ah kg-1) 50 8.4 1.8

LiMn2O4 (composite 41 Ah kg-1) 216 45.5 1.8
Separators 20 2.0
Al - Sheet 10 2.7
Cu - Sheet 10 8.9

Total 306 67.5 1.8

Average density 2.2 g cm-3

Average charge capacity 60 mAh cm-3

Specific charge 27 Ah kg-3

Average voltage 3.6 V

Specific energy (without containment) 97 Wh kg-1 (50C-rate)

Specific energy 78 Wh kg -1 (50C-rate)

 

Figure 6.6: Layout of a Li-ion cell and typical data combined with specific charge (Li-ion 
insertion) data of the LiMn2O4/carbon nanocomposite (32 wt.% DF-CB). 
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The energy is deliverable at a C-rate of 50. The high current density is 

possible due to the short Li-diffusion pathways to the active sites of the LiMn2O4 

nanoparticles and due to the high and uniform local electrical conductivity of the 

carbon present. The nanocomposites balance power with energy density, are a 

possible replacement of supercapacitors, and could also fill a niche between the 

high energy density of Li-ion batteries and the high power density of 

supercapacitors. 

6.4 Conclusions on the electrochemical performance of flame-

made LiMn2O4 and carbon black nanocomposites 

A novel method for synthesis of LiMn2O4/carbon electroactive 

nanocomposites is presented. The core structure of this nanocomposite material 

is LiMn2O4 nanoparticles coated with carbon particles or films that have been 

formed by surface growth. This one-step, co-synthesis process is important 

towards carbon coating of nanoparticles for powders with less than 5 wt.% 

carbon which would be suitable for high energy Li-ion batteries. For 

nanoparticles to be used effectively in high power Li-ion batteries, a sufficient 

electrically conductive network should be present to deliver the energy needed 

at the current density required. This has also been seen in Chapter 3, where the 

specific charges of TiO2 based electrodes were improved at high C-rates by 

improving the dispersion techniques of TiO2 and carbon black prior to formation 

of the electrodes. This improved the quality of the electrically conductive 

network, as also seen with the LiMn2O4/carbon nanocomposites in this chapter. 

The LiMn2O4/carbon nanocomposites had a considerably higher specific 

galvanostatic specific charge (Li-ion insertion) at a 5C-rate or greater than the 

electrode with powder of pure LiMn2O4. The significance of these results is 
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illustrated by calculation of the specific energy of a thin-layer Li-ion battery 

containing the flame-made LiMn2O4/carbon nanocomposite as positive electrode 

and LiC6 as negative electrode (78 Wh kg-1 at 50C-rate). If the nanocomposites 

were used in a Li-ion battery, such a device could replace electrochemical 

supercapacitors in high power applications for durations longer than 

supercapacitors could sustain. 
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Chapter 7 - Electrochemistry of LiMn2O4 nanoparticles 
made by flame spray pyrolysis* 

7.1 Introduction to pure LiMn2O4 nanoparticles made by flame 

spray pyrolysis 

Li-ion technology offers the greatest development potential for electric 

vehicles and advanced energy storage of clean electricity, but increased power 

density is desired for high power applications [1]. Power density can be 

increased by selecting positive and negative materials which lead to a higher 

voltage (at a given charge/discharge rate) and also by increasing the maximum 

overall charge/discharge rates. Selecting LiMn2O4 rather than LiCoO2 as a 

positive material leads to a slightly higher electrochemical potential vs. graphite 

and is also safer and cheaper [37,108-110]. Replacing the conventional 

microparticles of the positive electrode material with nanoparticles significantly 

increases the electrode/electrolyte interface area which improves overall 

charge/discharge rates [2]. Several methods to produce LiMn2O4 nanoparticles 

have therefore been investigated [4,22,128,129]. 

One attractive route to synthesize LiMn2O4 nanoparticles is flame spray 

pyrolysis (FSP) [121]. FSP has been used to make other positive electrode 

materials for Li-ion batteries such as LiCoO2 [99] and LiV3O8 [83]. It is a rapid, 

efficient, and an industrially-scalable route to synthesize oxide nanoparticles. 

Production rate, flame temperature, flame residence time of particles can be 

adjusted to control particle growth and morphology [130]. From a process 

perspective, FSP is attractive to produce LiMn2O4 nanoparticles continuously in 

one single step [4] and can include simultaneously carbon synthesis on the 

surface of the LiMn2O4 nanoparticles to improve the electronic conductivity and, 

thus, the overall reaction rate, as discussed in Chapter 6. In Chapter 6, an initial 

*Adapted from: T.J. Patey, R. Büchel, M. Nakayama, P. Novák, Phys. Chem. Chem. Phys., 11 (2009) 3756-3761. 
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overview of the production capabilities of pure LiMn2O4 nanoparticles by FSP 

was presented (also reported in [4]), however, the electrochemical performance 

as a function of particle size was not presented. 

In the work presented in this chapter, specific combustion enthalpy is 

varied to make LiMn2O4 nanoparticles with specific surface area (SSA) ranging 

from 54 to 203 m2 g-1. The electrochemical behaviors of the LiMn2O4 

nanoparticles are investigated by cyclic voltammetry. The potential impact of 

these as-prepared LiMn2O4 nanoparticles on high power Li-ion batteries is also 

investigated through rate capability experiments. 

7.2 Experimental 

The precursor with a Li:Mn ratio of 1:2 was prepared by mixing 30.0 g of 

Mn(III)-acetylacetonate (Aldrich) and 4.5 g of Li-acetylacetonate (Aldrich) into 

200 ml of 2-ethylhexanoic acid (Riedel-de Haën) and 100 ml of Toluene 

(Aldrich). The as-prepared precursor mixture was injected by a syringe pump 

into the nozzle at a constant feed rate of 3-9 ml min-1. The precursor solution was 

dispersed by 1-7 l min-1 of oxygen to form a fine spray while a pressure drop of 

1.5 bar was maintained across the nozzle tip. For one production batch, a sheath 

gas of 10 l min-1 of oxygen was used. The variation of both precursor injection 

rate and the oxygen dispersion gas influenced the precursor droplet size, specific 

combustion enthalpy, and flame length. The spray was ignited by a support flame 

created by 1 l min-1 of methane and 2 l min-1 of oxygen. The spray flame nozzle 

was cooled by water to prevent overheating and precursor evaporation within 

the liquid feed lines. 

In this chapter, the specific combustion enthalpy (SCE, kJ ldisp-1) is defined 

as the combustion enthalpy of the liquid precursor injection rate in kJ min-1 
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divided by the O2 dispersion rate in l min-1 [130]. The SCE is the most important 

parameter influencing the particle size, however, additional parameters must be 

kept constant as for example the molar metal concentration in the precursor 

[131]. 

Particles were collected on a glass-fiber filter (GF/D Whatman, 257 mm in 

diameter) placed directly over the flame using a vacuum pump (Busch, Seco SV 

1025). Adsorbed water was removed from the powders at 150oC in flowing 

nitrogen for 90 minutes at atmospheric pressure before specific surface area 

(SSA) measurements. SSA was determined by five-point nitrogen adsorption 

isotherm at 77 K (Tristar, Micrometrics Instruments Corp.) according to the BET 

method [34]. The X-ray diffraction (XRD) measurements were performed using a 

Bruker AXS D8 Advance (40 kV, 40 mA) and analyzed with the Topas 3 software. 

The XRD measurement was performed at a continuous scan between 2θ angles 

of 10o and 70o at a scan rate of 0.03o min-1. The crystal sizes, dXRD, were 

calculated based on the fundamental parameter approach and the Rietveld 

method [84], as seen in Chapter 2, equation (2.2). 

The same precursor batch was used and flame conditions were varied to 

make a range of LiMn2O4 powders (LMO): LMO-3/7, LMO-5/5, LMO-6/4, LMO-

7/3, LMO-8/2, and LMO-9/1. For these powder names, the first number refers to 

the liquid precursor injection rate (ml min-1) and the second to the oxygen 

dispersion rate (l min-1). The powder made with an oxygen sheath gas of 

10 l min-1 during synthesis is referred to as LMO-6/4/10. All powders were 

prepared in a single step and analyzed as prepared. A commercial LiMn2O4 

powder (Sigma-Aldrich) was also studied in this work. 
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Electrodes were made from the flame-produced LiMn2O4 nanoparticles, 

Super P (commercial carbon black, TIMCAL SA, SSA = 62 m2 g-1), and 

polyvinylidene fluoride (PVDF; SOLEF 1015, Solvay) with a mass ratio of 7:2:1, 

respectively. Each batch of LiMn2O4 nanoparticles was mixed with the Super P in 

N-methylpyrrolidinone (NMP; Fluka) solvent and then subsequently with PVDF 

dissolved in NMP to form a viscous slurry. The slurries were spread at a 

thickness of 200 μm across aluminum foil and dried under vacuum at 110 °C 

overnight to remove the NMP and form a working electrode. 

Working electrodes 13 mm in diameter were dried in a vacuum chamber 

at 120 °C overnight and then assembled in cells similar to coin cells [60]. In each 

cell, a single piece of lithium metal (Aldrich, 99.9 %) was used simultaneously as 

counter and reference electrode. It was separated from the working electrode by 

a 1 mm thick fiberglass separator soaked in 500 μL of electrolyte [1 M LiPF6 in 

ethylene carbonate (EC) / dimethyl carbonate (DMC) (1:1 by mass), Ferro 

GmbH]. Cells were assembled in an argon-filled glove box with less than 1 ppm of 

oxygen, water, and nitrogen contents. 

Both cyclic voltammetry and rate capability experiments were performed 

at 25 °C by a computer-controlled cell capture (CCCC) system (Astrol Electronics 

AG, Oberrohrdorf, Switzerland) in a potential window of 3.5-4.5 V vs. Li/Li+; the 

CV at a potential scan rate of 0.1 mV s-1. For the rate capability experiments, the 

electrodes were cycled galvanostatically in the range of 3.5-4.3 V vs. Li/Li+ for 

varying specific currents proportional to the mass of LiMn2O4. In order to 

promote complete discharge/charge at the respective potential limits, a 

potentiostatic step was included until the specific current dropped to 60 mA g-1. 
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7.3 Results and discussion 

The powders LMO-3/7 to LMO-8/2 were made by FSP with increasing 

SCE from 17.1 to 159.2 kJ ldisp-1. The visible flame lengths increased from 7 to 

30 cm, respectively. In the XRD patterns of Figure 7.1, phase pure crystalline 

LiMn2O4 are seen for LMO-3/7 to LMO-7/3. LMO-8/2 (Figure 7.1e) has about 

10 wt.% Mn3O4 and demonstrates the challenges of making pure crystalline 

LiMn2O4 at higher SCEs using this experimental set-up. The 9/1-flame was the 

SCE limit using this lab-scale reactor. The flame had a visible length of about 

40 cm and a SCE of 358.2 kJ ldisp-1. LMO-9/1 is composed of 37 wt.% LiMn2O4, 

38 wt.% Mn3O4, and 25 wt.% Li2MnO3, based on analysis of the XRD pattern 

(Figure 7.1f). These impurities were formed during oxygen lean synthesis 

conditions and fast quenchng promoting the formation of metastable oxides. 

Because of the low powder yield, no SSA and electrochemical measurements of 

LMO-9/1 were taken.  
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Figure 7.1: XRD of LiMn2O4 powders: (a) LMO-3/7, (b) LMO-5/5, (c) LMO-6/4, (d) LMO-7/3, 
(e) LMO-8/2, (f) LMO-9/1, (g) LMO-6/4/10, and (h) commercial microparticles (Sigma-
Aldrich). * indicates the presence of Mn3O4. 
 

The crystallite size (dXRD) and particle size (dBET) are plotted vs. SCE in 

Figure 7.2. The particle size increases with increasing SCE, reaching a maximum 

at 25.9 nm for LMO-8/2. In our previous work, the SSA of LiMn2O4 made by FSP 

were between 65 and 200 m2 g-1 by varying the precursor feed rate, gas 

dispersion rate, and precursor molar concentration [4]. In this current work, the 

SCE is varied between 159.2 and 17.1 kJ ldisp-1 to produce LiMn2O4 powders with 

SSA between 53.9 and 203.4 m2 g-1 and dBET between 25.9 to 6.9 nm, respectively. 

The dBET values were calculated assuming a particle density of 4.3 g cm-3. For 

LMO-8/2, dBET was notably higher than dXRD (25.9  and 18.5 nm , respectively), 

suggesting this powder mixture is polycrystalline. Otherwise, the close 

agreement between dXRD and dBET indicates that single, non-aggregated, 
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crystalline, pure LiMn2O4 nanoparticles can be produced with sizes between 6.9 

and 19.4 nm by controlling SCE during flame synthesis. 

Powders LMO-3/7 to LMO-8/2 were prepared into electrodes and the 

galvanostatic charge and discharge capacities (specific charge) measured. The 

average galvanostatic charge capacities of the first 5 cycles at a 0.5 C cycling rate 

(74 mA g-1) of these electrodes are plotted in Figure 7.2 against the SCE of the 

synthesis flames. LMO-6/4 made at 55 kJ ldisp-1 had the highest specific charge of 

these results given the precursor composition and the SCE points. The impurity 

phase Mn3O4 in the powder LMO-8/2 is a contribution to its lower specific 

charge. The smallest LiMn2O4 nanoparticles produced, LMO-3/7, had the lowest 

specific charge of the materials tested. The measurements of LMO-3/7 in Figure 

7.2 were conducted at a low C-rate of 0.5 (74 mA g-1), so the cause of the lower 

specific charge is not poor electrical contact within the electrode, as this extrinsic 

property is only detrimental to galvanostatic specific charge at high C-rates 

[132]. Consideration of the physical nature of nanoparticles leads to a better 

explanation. As nanoparticle diameter decreases below 20 nm, the fraction of 

molecules at the surface sharply increases: for model nanoparticles 20, 10, and 

5 nm in diameter, the percentage of molecules at surface are 12, 25, and 50 %, 

respectively [133]. The cause for the lower specific charge is probably due to an 

increase in surface reactions corresponding with a decrease in bulk reactions. 

Lithium insertion to (i.e., the reaction with) near surface sites are known to occur 

at various redox potentials, as recently shown for LiFePO4, where the calculated 

redox potentials for different surfaces range from 2.95 to 3.84 V, compared to the 

calculated potential of 3.55 V for the bulk [134]. Therefore, the electrochemical 

potentials for lithium incorporation into surface vacancy sites are different than 
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lithium incorporation into bulk vacancy sites. As nanoparticles decrease below 

20 nm, the fraction of surface sites increases and the fraction of bulk sites 

decreases. Surface molecules may possess a smaller density of lithium vacancy 

sites, leading to a decrease in specific charge as seen with TiO2 nanoparticles 

smaller than 10 nm and also with LiCoO2 nanoparticles smaller than 15 nm 

[6,135]. Therefore, the decrease in specific charge and discharge capacities of the 

LiMn2O4 nanoparticles below dXRD of 15 nm is attributed to the decrease in the 

fraction of lithium vacancy sites in the bulk. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2: Particle diameter and specific charge as a function of specific combustion 
enthalpy. Specific charge is calculated from the average of the first 5 galvanostatic cycles. 
Above the data points the corresponding precursor injection rate (ml l-1) / oxygen 

dispersion rate (l min-1) is indicated. 
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Table 7.1: Summary of material properties and specific charge/discharge capacities of as-
prepared powders. Specific charge is calculated from the average of the first 5 
galvanostatic cycles. 

Sample              
BET SSA 
(m2 g-1)

dBET
a 

(nm)

dXRD 

(nm)
Specific Enthalpy b 

(KJ l disp
-1)

Specific Charge 
capacity c (Ah kg -1)

Specific Discharge 
capacity c (Ah kg -1)

LMO-3/7 203.4 6.9 6.8 17.1 84.9 80.4
LMO-5/5 114.5 12.2 12.9 39.8 98.8 94.6
LMO-6/4 110.7 12.6 15.0 59.7 106.3 102.4
LMO-7/3 71.8 19.4 17.2 92.9 102.7 96.1
LMO-8/2 53.9 25.9 18.5 159.2 90.2 86.4

LMO-6/4/10d 97.8 14.3 16.6 59.7 113.3 107.2

b Enthalpy of liquid in KJ min-1 divided by dispersion gas flow rate in ldisp min-1.
c Average of first 5 cycles at 0.5 C.
d A O2 sheath gas of 10 l min-1 used during production.

a BET equivalent particle diameter, dBET = 6(ρ*SSA)-1.

 
 

To investigate the above hypothesis, electrochemical behavior was 

studied using cyclic voltammograms (CVs). The CVs of the LMO-6/4 and LMO-

3/7 electrodes are illustrated in Figure 7.3a and b, respectively. The oxidative 

peaks in the 1st cycle are at 4.04 and 4.17 V and the reductive peaks at 3.95 and 

4.07 V, which are consistent with literature [4,136,137] and also the same 

position as the CV of the commercial microparticles (Figure 7.3d). These CVs are 

similar in peak position, but are different in shape: the peaks are better defined 

in Figure 7.3a (dXRD = 15.0 nm) than in Figure 7.3b (dXRD = 6.8 nm). The profile 

differences are illustrated in Figure 7.4, where % normalized specific charge 

stored in regions 3.5-3.9 V and 4.2-4.5 V increase as dXRD decreases. LMO-3/7 

(dXRD = 6.8 nm) has a higher % normalized specific charge in these potential 

ranges than the larger LMO-6/4 nanoparticles (dXRD = 15.0 nm). Lithium 

incorporation into surface vacancy sites occurs over a range of electrochemical 

potentials, as seen in LiFePO4 [134]. The number of surface vacancy sites per unit 

mass is greater for LMO-3/7 (SSA = 203.4 m2 g-1) than for LMO-6/4 

(SSA = 110.7 m2 g-1). The surface and bulk redox potentials all contribute to the 

CVs in Figure 7.3, but the contribution of surface redox potentials is most 
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apparent in the CV of the smaller LiMn2O4 nanoparticles (Figure 7.3b). The lower 

specific charge of LMO-3/7 (Table 7.1 and Figure 7.2) is likely due to a decrease 

of charge storage at the bulk redox potentials measured by the CV experiments.  

a) LMO-6/4, dBET = 12.6 nm   b) LMO-3/7, dBET = 6.9 nm 

 

 

 

 

 

 

 

c) LMO-6/4/10, dBET = 14.3 nm   d) Microparticles (Sigma-Aldrich) 

 

 

 

 

 

 

Figure 7.3: Cyclic voltammograms of LiMn2O4 powders in the 1st, 5th, and 20th cycle at 
0.1 mV s-1. 

 
In a variation of synthesis conditions, a 10 l min-1 of oxygen sheath gas 

was used during production with a 6/4-flame to make the powder LMO-6/4/10. 

The oxygen sheath gas is expected to increase the quench rate of the 

nanoparticles as has been seen in literature [138]. The 6/4/10-flame was 15 cm 

in length, the same visible length as the 6/4-flame. With SSA, dBET, and dXRD of 

97.8 m2 g-1, 14.3 nm, and 16.6 nm, respectively, LMO-6/4/10 is composed of 

single, crystalline particles about 10 % larger (dXRD) than LMO-6/4. There are no 
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detectable differences in the XRD pattern for powders produced with and 

without sheath gas (Figure 7.1c and g) and therefore the powders have similar 

bulk crystallinity. Yet, analysis of the CVs of LMO-6/4 and LMO-6/4/10 in the 1st 

cycle (Figure 7.3a and c) suggests there could be some structural difference. For 

the CV of LMO-6/4/10, there are 3 oxidative peaks at 4.07, 4.17, and 4.24 V and 3 

reductive peaks at 3.84, 3.96, and 4.08 V. The 3rd peaks seen in the CV of LMO-

6/4/10 are not seen in the 5th and 20th cycle. The electrochemical overpotentials 

in the 1st cycle indicate that there is a kinetic barrier to lithium 

extraction/insertion from/into the spinel structures in the bulk of LMO-6/4/10. 

In the 1st cycle, the surface of LMO-6/4/10 limits lithium transport to the lithium 

vacancy sites in the bulk. We suggest that the surface structures of LMO-6/4/10 

are initially less crystalline or defective or both due to quenching by the O2 

sheath gas during synthesis. In the 5th and 20th cycle, the CVs of LMO-6/4/10 and 

LMO-6/4 resemble each other, suggesting that the surface of LMO-6/4/10 has 

become thermodynamically stable. In Figure 7.4, the plot of lithium extraction 

from LMO-6/4/10 closely resembles that of LMO-6/4 in the potential regions 

negative to 3.9 V and also positive to 4.3 V. In the 3.9-4.3 V region, there is little 

distinction between the two plateaus of the plot of LMO-6/4/10 and LMO-6/4. 

This is an indication that a portion of the LMO-6/4/10 material is not fully 

crystalline [139], even though the bulk of the nanoparticles are (Figure 7.1g). 

Synthesis by FSP produces oxides in one-step because of the high temperatures 

(>2000˚C) and rapid cooling, as has been measured by Fourier transform 

infrared spectroscopy during the synthesis of Pt/TiO2 [138]. Use of the O2 sheath 

gas in the 6/4/10-flame increased the quenching rate, likely cooling the material 

more rapidly than for the 6/4-flame, creating surface structures less crystalline 
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or more defective than the bulk. Although the SCE is by definition the same for 

both the 6/4- and the 6/4/10-flame, the difference in electrochemistry of the 

resulting powders is an indication of the difference in synthesis conditions. The 

distribution of enthalpy throughout the flame likely led to the variation in size 

and crystallinity.  

 

 

 

 

 

 

 

 

 

 

Figure 7.4: Voltammetric charging (delithiation) at 0.1 mV s-1 of LiMn2O4 samples. These 
plots are based on the 1st charge of the cyclic voltammograms presented in Figure 7.3. 
Normalized specific charge is expressed as a % of the total specific charge. 

 

Rate capability experiments of selected as-made LiMn2O4 nanoparticles 

are seen in Figure 7.5. LMO-6/4/10 (dXRD = 16.6 nm) has the highest specific 

charge between 0.5 and 10 C, indicating that the non-thermodynamically stable 

surface structures are not necessarily a detrimental factor to specific charge, so 

long as there is a sufficient amount of crystalline bulk. At 20 C, LMO-6/4 (dXRD = 

15.0 nm) has the higher specific charge, likely because of the smaller size which 

leads to improved charge transfer and smaller diffusion pathlengths to active 
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sites. The powder LMO-6/4 retained a galvanostatic specific charge (Li-ion 

insertion) at 50 C over 80 mAh g-1 beyond 60 cycles. As seen in Chapter 6, in 

combination with the co-synthesis of carbon black, flame-produced LiMn2O4 

nanoparticles could be a potential replacement to supercapacitors in high power 

applications [129]. The trend of higher SSA leading to improved specific charge 

does not continue within the range of current densities tested. Although smaller 

in size, LMO-5/5 (dXRD = 12.9 nm) and LMO-3/7 (dXRD = 6.8 nm) have lower 

specific charges. This trend is also seen in the work of Okubo et al.: a range of 

LiCoO2 nanoparticles were tested and it was concluded that size reduction below 

15 nm was not favorable for most applications [135]. For the LiMn2O4 

nanoparticles tested in our work, dXRD of 15 nm seems to be an appropriate, 

approximate limit, below which electrochemical performance is less favorable. 

LiMn2O4 nanoparticles less than 15 nm are attractive for the improved diffusion 

and charge transfer properties, but the smaller fraction of lithium vacancy sites 

in the crystalline bulk decreases specific charge for electrochemical energy 

storage. 
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Figure 7.5: Galvanostatic specific charge during Li-ion extraction (a) and insertion (b) for 
electrodes with the FSP-produced LiMn2O4 nanoparticles at increasing C-rates with cut-off 
potentials of 3.5 and 4.3 V vs. Li/Li+. Here, 1 C is 148 A kg-1. C-rates and specific charges 
are based on the mass of LiMn2O4 in the electrode. Only the galvanostatic part of the 
respective cycle is considered here. 
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7.4 Conclusions on the electrochemistry of LiMn2O4 nanoparticles 

made by flame spray pyrolysis 

In this chapter, production of LiMn2O4 by FSP in a single step is 

demonstrated to be a route to control nanoparticle size by control of specific 

combustion enthalpy. FSP can be used for rational design of single LiMn2O4 

nanoparticles for high power Li-ion batteries. The electrochemical performances 

of flame-made particles between 7 and 25 nm were measured. The powder with 

optimized dXRD of 15 nm retained a galvanostatic specific charge at 50 C of over 

80 mAh g-1 beyond 60 cycles during Li-ion insertion. Furthermore, enthalpy 

distribution throughout the flame was modified by an oxygen sheath gas during 

synthesis. This modification had a direct impact on modifying the surface 

structure as measured by cyclic voltammetry. For the best rate capability 

performance, crystalline LiMn2O4 nanoparticles with dXRD greater than 15 nm are 

essential. Smaller sizes lack crystalline bulk and the advantages of improved 

charge transfer and smaller diffusion pathlengths do not improve performance 

for specific currents between 0.5 and 50 C. 
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Chapter 8 - Charge storage properties of LiMn2O4 
powders 

8.1 Introduction to charge storage and transfer properties in 

oxide nanoparticles for Li-ion batteries 

As discussed in Chapters 4 to 7, nano-sized, hybrid materials for 

electrochemical energy storage allow devices to combine high power with high 

energy density, in relation to conventional, bulk materials. For the Li-ion battery, 

significant size reduction of the positive electrode material has enabled these 

materials to have high energy density by storing charge in the bulk, while having 

a high discharge rates comparable to those of supercapacitors [140]. For 

example, a nano-scale, stoichiometric LiMn2O4 material retains 90 % of its 

specific charge at 40 C, compared to 100 % at C/5, superior high rate capability 

to the conventionally synthesized bulk LiMn2O4 material [22]. In Chapter 6, the 

co-synthesis of flame-made LiMn2O4 nanoparticles and carbon black is 

presented. This powder produced a positive electrode material which retained 

over 85 % of its initial specific charge at 50 C, and a hypothetical cell containing 

this material would have a specific energy almost an order of magnitude greater 

than that of today’s practical supercapacitor [129]. These materials could bridge 

the gap between the high specific energy of Li-ion batteries and the high specific 

power of supercapacitors, enabling the use of electrochemical devices for 

additional modern applications. 

LiMn2O4 as a positive electrode material shows promise, as seen in 

Chapters 6 and 7 and in literature [108,110,141]. Both Co and Ni are 

comparatively more expensive and more toxic than Mn, making LiMn2O4 an 

attractive material for use in a sustainable energy economy. LiMn2O4 would have 
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a higher potential in a Li-ion battery than LiCoO2, and has a potential of over 4 V 

vs. Li/Li+. 

Charge storage in Li-ion batteries takes place largely in the form of Li-ion 

insertion/extraction into/from active bulk sites. As particle size decreases, 

charge storage in the form of double layer capacitance increases in role. 

Adsorption of Li-ions at the surface and Li-ion insertion into near surface sites 

also have an increasing role for decreasing particles size, yet their measurement 

is often not quantifiable. This type of energy storage, which could be described as 

pseudocapacitance [5], is the charge-transfer process with surface atoms and is 

seen to become increasingly important for particles smaller than 10 nm [6]. First 

principle calculations predict thermodynamic equilibrium potential values 

depend on surface orientation. E.g. for LiFePO4, the orientations (100), (010), 

(101), (011), (201), have potentials of 3.84, 2.95, 3.25, 3.79, and 3.76 V vs. Li/Li+, 

whereas the bulk has a potential of 3.55 V vs. Li/Li+ [134]. Combining these two 

observations, one experimental the other theoretical, than decreasing particle 

size results in an increase in near-surface reactions and a widening of the 

potential distribution due to plane specific potentials. These phenomena would 

be particularly apparent as particle size decreases from 20 to 5 nm, as the % of 

molecules at surface for model particles would result in an increase from 12 to 

50 %, respectively [133]. This principle of increase in % molecules near surface 

is illustrated in Figure 8.1.  
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Figure 8.1: Schematic representation of bulk and near-surface regions of nanoparticles. 
 

In this chapter, the particle morphology, rate capability, and charge 

storage behaviours of LiMn2O4 nanoparticles are investigated, for materials 

produced in one step by flame spray pyrolysis (FSP) and two steps by FSP and 

sintering.  

8.2 Experimental 

Synthesis of the LiMn2O4 nanoparticles in one step by flame spray 

pyrolysis (FSP) has been described in Chapters 6 and 7. In this chapter, the 

electrochemical behaviors of 4 powders are investigated. Two powders were 

produced in one step by FSP and had a dBET of 7 and 13 nm (SSA of 203 and 

111 m2/g) and shall be referred to as NP7 and NP13, respectively. The other two 

powders were sintered from NP13, for 12 and 24 hours at 750 °C, and had dBET 

values of 77 and 121 nm (SSA of 18 and 12 m2/g), and shall be referred to as 

SNP77 and SNP121, respectively. Transmission electron microscopy (TEM) 

images of these powders were performed using a CM30ST microscope (Phillips; 

KuB6 cathode, operated at 300 kV, point resolution ~2 Å).  

Slurries of the active material (LiMn2O4), carbon black (Super P, TIMCAL 

SA), and polyvinylidene fluoride (PVDF; SOLEF 1015, Solvay) were mixed within 
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N-methylpyrrolidinone (NMP; Fluka), spread at a thickness of 200 µm onto 

aluminum foil, and dried overnight at 110 °C. Final electrode composition by 

mass was 7 : 2 : 1 for LiMn2O4 : carbon black : PVDF. Electrodes were punched 

out at a diameter of 13 mm, dried in a vacuum at 120 °C, and assembled into test 

cells without exposure to air following drying. Lithium metal was used as both 

the reference and counter electrode. Electrodes were immersed in 1 M LiPF6 in 

ethylene carbonate (EC) / dimethyl carbonate (DMC) (1 : 1 by mass, Ferro 

GmbH). 

Cyclic voltammetry and rate capability experiments were performed at 

25 °C by a computer-controlled cell capture system (Astrol Electronics AG, 

Oberrohrdorf, Switzerland) in a potential window of 3.5-4.5 V vs. Li/Li+; the CV 

at a potential scan rate of 0.1 mV s-1. For the rate capability experiments, the 

electrodes were cycled galvanostatically in the range of 3.5-4.3 V vs. Li/Li+ for 

varying specific currents proportional to the mass of LiMn2O4. To promote 

complete discharge/charge a potentiostatic step was included until the specific 

current dropped to 60 mA g-1 at the respective potential limits. 

Potentiostatic intermittent titration technique (PITT) measurements 

were conducted between 3.85 and 4.20 V vs. Li/Li+, with potential steps of 10mV 

vs. Li/Li+, and each step occurred for a duration of 90 minutes. The PITT 

measurements were taken on cells that were fully charged and discharged 

between the potentials of 3.5-4.5 V vs. Li/Li+, to reduce the amount of 

irreversible reactions which occur within the first cycle. Electrochemical 

impedance spectroscopy (EIS) measurements were taken between the AC 

frequencies of 200 kHz and 10 mHz with AC voltage amplitude of 10 mV. A third 
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electrode of lithium metal acted as a reference electrode and was submersed in 

the electrolyte. 

8.3 Results and discussion 

TEM images confirm the accuracy of the dBET calculations, as seen in 

Figure 8.2. For the FSP-made powders (Figure 8.2a and b), single, crystalline 

LiMn2O4 nanoparticles are seen, with some appearing sintered together. Based 

on XRD measurements, it has been seen in Chapter 7 that the only crystalline 

phase present in these powders is LiMn2O4. NP13, as seen in Figure 8.2b, was 

sintered for 12 and 24 hours at 750 °C to produce SNP77 and SNP121, as seen in 

Figure 8.2c and d, respectively. Both SNP77 and SNP121 appear to have a wider 

particle size distribution that NP7 and NP13. Both these sintered powders 

contain crystalline nanoparticles and sub-micron particles, where sub-micron 

particles are considered to be primary particles with diameters greater than 

100 nm and smaller than 1 µm.  
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Figure 8.2: TEM images of LiMn2O4 nanoparticles with dBET corresponding to 7 (a), 13 (b), 
77 (c), and 121 nm (d). Powders (a) and (b) were made in one step by FSP [142], and (c) 
and (d) are sintered powders sintered at 750 °C for 12 and 24 hours, respectively. 
 

 The powders seen in Figure 8.2 have dBET values from 7 to 121 nm, a 

range well over 1 order of magnitude. Investigation of these materials presents 

an opportunity to compare electrochemical properties of nano-sized and sub-

micron-sized LiMn2O4 primary particles. As a preliminary electrochemical 

investigation, rate capability experiments were conducted, as done in Chapter 7. 

The results of the rate capability experiments are seen in Figure 8.3, where 

specific charge during Li-ion insertion (often called galvanostatic charge 

capacity) and specific discharge during Li-ion extraction (often called 

galvanostatic discharge capacity) are both plotted against cycle number. 
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Figure 8.3: Specific charge of LiMn2O4 nanoparticles for (a) Li-ion insertion and (b) Li-ion 
extraction. 
 

 The general trend for all powders as the C-rate increases is similar: an 

increased rate results in a decreased specific charge and this is most apparent 

during Li-ion extraction. All powders except SNP121 have a similar specific 

charge during Li-ion extraction at 50C. The low specific charge of SNP121 can be 
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explained by the larger size of the particles: the diffusion pathlength within the 

sub-micron particles (dBET of 121 nm) is comparatively larger. For the overall 

specific charge at C-rates between 0.5 and 5C, the diffusion pathlength does not 

seem to be as important as for higher C-rates, as the sintered nanoparticles 

clearly have a higher specific charge during Li-ion extraction and insertion. This 

is likely due to the increase in bulk volume due to sintering of the powders over 

12 and 24 hours at 750 °C for SNP77 and SNP121. In similar work, it was seen 

that for LiCoO2, it was not favourable to reduce nanoparticle size lower than 

15 nm [135], as has also been seen in this work. 

 CV experiments have been conducted to develop a better understanding 

of the charge storage properties of the LiMn2O4 materials. In Figure 8.4a, 

potential is plotted against the specific charge of the materials. Here, it is seen 

that charge storage in the FSP-made nanoparticles occurs over a broader 

potential window than for the sintered nanoparticles. This is best seen in Figure 

8.4b, where the transition between plateaus is more defined for the larger 

particles within SNP77 and SNP121. An explanation for this is that there are 

significantly less surface atoms in comparison to volume atoms in SNP77 and 

SNP121, as compared to the smaller NP7 and NP13 particles. However, CV 

experiments are not the most effective way to measure specific charge vs. 

potential, as this technique has a scan rate which produces overpotentials within 

the system. One useful alternative is to conduct PITT measurements to measure 

the discrete amount of charge stored within a specific potential region, as has 

been seen in literature [143]. 
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Figure 8.4: Charge storage profile of LiMn2O4 nanoparticles based on cyclic voltammetry 
experiments for a scan rate of 0.1 mV s-1 between 3.5 and 4.3 V vs. Li/Li+. 
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(203 m2/g) would have almost twice the double layer capacity as NP13 (SSA = 

111 m2/g), and almost 17 times more double layer capacity than SNP121 

(12 m2/g). For this reason, it is important to approximate the amount of double 

layer capacity when investigating the specific charges of nano-sized materials. To 

do this, a model electrode of carbon black (90 wt. %, SSA of 63 m2 g-1) was made 

and a CV experiment conducted between 3.50 and 4.30 V vs. Li/Li+, as seen in 

Figure 8.5.  

 

 

 

 

 

 

 

 

Figure 8.5: Specific current vs. potential based on a CV measurement of a carbon black 
based electrode at a scan rate of 0.1 mV/s for the 1st, 2nd, and 10th cycles. Dotted line 
represents the value of specific current (2 mA/g) used in the calculation to quantify the 
contribution of double layer capacity on specific charge in all electrodes. 
 

The CV measurement of the carbon based electrode seen in Figure 8.5 had 

a higher specific current in the 1st cycle. This is attributed to electrolyte 

decomposition on the surface of the carbon black, and is particularly apparent at 

potentials greater than 4.00 V vs. Li/Li+, as can be seen in Figure 8.5. By the 2nd 

cycle, there is reduced electrolyte degradation, with little difference in specific 

current between the 2nd and 10th cycles. Based on the amount of charge stored in 

this experiment, the electrode’s capacitance of the electrode was calculated to 
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approximately 7 µF/cm2, which comparable to other calculations seen in 

literature [144].  

PITT measurements described in the experimental part can be used to 

plot specific charge vs. the potential, as seen in Figure 8.6. The double layer 

capacity values seen in Figure 8.6 are based on the double layer capacity 

calculated for the model carbon black based electrode, but scaled based on the 

SSA of the active material and carbon black present in each electrode. 

 

 

 

 

 

 

 

 

 

 

Figure 8.6: Specific charge (Li-ion insertion) of LiMn2O4 nanoparticles for 2nd cycle based 
on PITT measurements for powders: (a) SNP121, (b) SNP77, (c) NP13, and (d) NP7. Lower 
section (only visible for nanoparticles) represents the contribution of double layer 
capacitance. 

 

The PITT profiles for the sintered nanoparticles (Figure 8.6a and b) are 

similar in character, being largely defined by the peaks at 4.01 and 4.14 V vs. 

Li/Li+. These peaks are present in the FSP-made nanoparticles (Figure 8.6c and 

d), however they are considerably smaller. This is a strong indication that there 

is a relative reduction of charge storage within the bulk volume, as is 
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characteristic of microparticles. Furthermore, the amount of charge stored in the 

potential region between 4.05 and 4.12 V vs. Li/Li+ noticeably increases as 

particle size decreases. This relative increase in charge storage in the near 

surface region cannot be explained by the double layer capacity. This increase is 

due to the sharp increase in SSA. A higher SSA would increase the role of 

adsorption and near surface reactions, as has been discussed in similar work 

[135]. Ions in the electrolyte partially dissolve on the electrode’s surface [145], 

so a higher SSA would result in increased adsorption of ions on the electrode. 

This is a prelude to full dissolvation, then Li-ion insertion into near to surface 

sites, followed by insertion to active sites in the bulk characterized by the CV 

peaks at 4.01 and 4.14 V vs. Li/Li+, as seen in Figure 8.6. 

To compare the FSP-made nanoparticles and the sintered nanoparticles 

further, EIS measurements were conducted to measure the resistance of the 

electrodes, as seen in Figure 8.8. The resistance value presented in Figure 8.8 is 

based on estimation of the diameter of the mid to low frequency semi-circle of 

the EIS measurements (between 5.2 and 0.3 Hz in Figure 8.7). This semi-circle 

has been assigned to the charge transfer resistance between the electrode active 

material and the electrolyte [41,146-148], as illustrated in Figure 8.7. 
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Figure 8.7: EIS measurement of electrode with LiMn2O4 nanoparticles (NP7) as active 
material. 
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Figure 8.8: Resistance of LiMn2O4 electrodes based on EIS measurements. 
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good explanation for the high rate capability of these materials at C-rates greater 

than 5C, as seen in Figure 8.3. The sintered nanoparticles have higher charge 

transfer resistances than the smaller FSP-made nanoparticles. Because charge 

transfer at the electrode/electrolyte interface is often the rate limiting step [41], 

lower SSA is not favorable for good rate capability, as seen for SNP121 at 50C 

(Figure 8.3b). However, compared to commercial microparticles, the sintered 

nanoparticles have a lower charge transfer resistance. Based on the previous 

results seen in Figure 8.3, it is seen that the sintered nanoparticles, namely 

SNP77, have better charge storage properties than the smaller nanoparticles. 

This is strong evidence that LiMn2O4 nanoparticles with dBET less than 13 nm are 

not appropriate for use as active material in Li-ion batteries for conventional 

electrode preparation. SNP77 is a LiMn2O4 powder composed of both sub-

micron- and nano-sized particles. It has the charge storage properties similar to 

bulk materials, but also has a lower charge transfer resistance than 

microparticles due to its lower SSA. This is an attractive hybrid material as it 

displays both high energy density similar to microparticles, but also a high 

power density comparable to smaller nanoparticles. 

8.4 Conclusions on the charge storage and transfer properties in 

LiMn2O4 nanparticles 

In this chapter, the charge storage and charge transfer properties of 

LiMn2O4 nanoparticles made by FSP and also by subsequent sintering were 

investigated. Rate capability experiments were conducted to evaluate the 

performance of these hybrid materials. The improved performance of the 

sintered nanoparticles was attributed to its bulk crystallinity while having a 

charge transfer resistance less than that of microparticles. Charge storage 
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profiles based on PITT experiments indicates that for the FSP-made 

nanoparticles, charge is stored over a wider potential range, which is attributed 

to adsorption and near surface reactions taking place on the surface and near to 

surface LiMn2O4 material. These observations are important for selecting 

LiMn2O4 materials which combine high power and high energy density. 
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Chapter 9 – Conclusions and outlook 

9.1 – Conclusions 

This doctoral thesis presents the research work in oxide nanoparticles in 

electrodes for Li-ion batteries. It focuses on electrode preparation, nanoparticle 

synthesis, and electrochemical characterization; some of the most critical issues 

involved in investigating nanoparticles as active material in Li-ion batteries. 

 In the research of electrodes, it was seen that electrodes prepared from 

slurries dispersed with a surfactant have higher galvanostatic contributions than 

for electrodes dispersed without the surfactant. Improved breakdown of the TiO2 

agglomerates occurs with more rigorous dispersion techniques and leads to 

improved electrochemical performance of the electrodes. The improved 

dispersion led to an electrode with a more homogeneous TiO2/carbon black 

distribution, leading to improved electrical contact between smaller TiO2 

agglomerates and the carbon black. This is an important tool for future work 

focusing on the characterization of nanoparticles and for efforts to optimize use 

of nanoparticles as active material in Li-ion batteries. 

Flame spray pyrolysis (FSP) was developed as the synthesis route for 

producing a variety of potential materials for use in Li-ion and lithium batteries. 

V2O5, LiV3O8, and LiMn2O4 were all produced in a one-step process. The 

electrochemical performances of vanadium oxide (V2O5) and lithium vanadium 

oxide (LiV3O8) powders were compared to the equivalent industrial powders, 

and were seen to have a higher initial specific charge, but the capacity fading was 

stronger than for microparticles, likely due to the higher specific surface area 

leading to increased specific charge decreasing side reactions between the 

electrode and electrolyte. 
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A novel method for synthesis of LiMn2O4/carbon electroactive 

nanocomposites was developed. The core structure of this nanocomposite 

material is LiMn2O4 nanoparticles coated with carbon particles or films that have 

been formed by surface growth. This one-step, co-synthesis process is important 

towards carbon coating of nanoparticles for powders with less than 5 wt.% 

carbon which would be suitable for high power Li-ion batteries. These 

composites had a considerably higher specific charge at a 5C-rate or greater than 

the electrode with powder of pure LiMn2O4. The significance of these results is 

illustrated by calculation of the specific energy of a thin-layer Li-ion battery 

containing the flame-made LiMn2O4/carbon nanocomposite as positive electrode 

and LiC6 as negative electrode (78 Wh kg-1 at 50C-rate). If the nanocomposites 

were used in a Li-ion battery, such a device could replace supercapacitors in high 

power applications for durations longer than supercapacitors could sustain. 

Production of LiMn2O4 by FSP in a single step is demonstrated to be a 

route to control nanoparticle size by control of specific combustion enthalpy. FSP 

can be used for rational design of single LiMn2O4 nanoparticles for high power 

Li-ion batteries. The electrochemical performances of flame-made particles 

between 7 and 25 nm were measured. The powder with optimized dXRD of 15 nm 

retained a specific charge at 50 C of over 80 mAh g-1 beyond 60 cycles. For the 

best rate capability performance, crystalline LiMn2O4 nanoparticles with dXRD 

greater than 15 nm are essential. Smaller sizes lack crystalline bulk and the 

advantages of improved charge transfer and smaller diffusion pathlengths do not 

improve performance for specific currents between 0.5 and 50 C.  

The charge storage and charge transfer properties of LiMn2O4 

nanoparticles made by FSP and also by subsequent sintering were investigated. 
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Rate capability experiments were conducted to evaluate the performance of 

these hybrid materials. The improved performance of the sintered nanoparticles 

was attributed to its bulk crystallinity while having a charge transfer resistance 

less than that of microparticles. Charge storage profiles based on PITT 

experiments shows that for the FSP-made nanoparticles, charge is stored over a 

wider potential range, which is attributed to adsorption and near surface 

reactions taking place on the surface and near to surface LiMn2O4 material. These 

observations are important for selecting hybrid, LiMn2O4 materials which 

combine high power and high energy density. 

9.2 – Recommendations for future research 

 One of the challenges of electrode engineering of nanoparticles for Li-ion 

batteries could be avoided by complete coating of the nanoparticles with carbon. 

Dispersing the active material amongst carbon black would no longer be the 

main challenge, although a good dispersion amongst the binder would still be an 

important issue. Carbon-coated nanoparticles would improve the overall and 

local electrical conductivity of the electrode, and likely lead to an improved 

electrochemical performance. 

Currently, LiFePO4 is a popular material due to the relatively low cost of 

iron and the safety of the material within a Li-ion battery. FSP is not ideal for 

synthesis of LiFePO4 nanoparticles, as Fe in LiFePO4 must be Fe (II) and not Fe 

(III). The high temperatures and abundance of oxygen present in the FSP-reactor 

tend to oxidize transition metals to their highest valency. Production of LiFePO4 

nanoparticles in one step could perhaps be done by controlling the oxygen 

injected into the reactor and also by preventing oxygen in the atmosphere from 

entering the reactor area (e.g. noble gas filled glove box). 
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 First principle modeling of Li-ion insertion into LiMn2O4 nanoparticles 

could determine the potentials at which Li-ions are inserted into each surface 

orientation of the LiMn2O4 structure. This data would be useful to compare with 

the PITT data of the LiMn2O4 nanoparticles measured in this work. 
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