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ABSTRACT 

Cathode materials with improved specific energy, energy density, safety and 

reduced cost are essential for developing next generation Li-ion battery technology. 

This can be made possible by exploring new chemistries of cathode materials, which 

exhibit either higher operating voltages or higher specific capacity compared to the 

materials currently available in the market. As a result, new materials’ utilizing multi- 

electron step redox reaction has gained attention. Such materials can exchange more 

than one Li-ion per formula unit and therefore, specific energy is improved. In my 

thesis, I focus on fundamental understanding of such cathode materials and establish 

a strong relationship between the physical properties of the active cathode materials 

and their electrochemical behaviour. This study leads to a proposition that nano-sizing 

is the key to further improve the specific energy of cathode materials for Li-ion 

batteries. My thesis provides a scope to further analyse and optimize materials as well 

as electrode preparation methods for nano-crystalline materials, and thus realizing a 

high-energy Li-ion cell with materials using different redox steps. 

Among the polyanion-based cathode materials, layered Li9V3(P2O7)3(PO4)2 

(LVPP) is investigated as a high voltage cathode. In comparison to the commercially 

available LiFePO4, where 1 Li-ion per formula unit is exchanged, LVPP is theoretically 

predicted to exchange 6 Li-ions from the structure utilizing V3+ to V5+ redox reactions 

at an average potential of 4.2 V, thus delivering specific capacity of 173 mA h g-1. The 

feasibility of multi-electron step reactions in phosphate-based LVPP cathode and the 

factors influencing the overall electrochemical behaviour has been explored. In 

addition, the mechanism of Li extraction/insertion during charge and discharge is 

investigated and the structural transformations are studied by means of in situ and ex 

situ X-ray diffraction. The results obtained suggest that by optimizing the material 

synthesis for crystallite size and using specific cycling conditions facilitates multi-

electron step redox reactions in LVPP. 

Among the oxide based cathode materials, LiNi0.5Mn1.5O4 (LMNO) is one of the 

most promising cathode materials because of its high operating potential at 4.7 V, and 

a theoretical specific capacity of 146 mA h g-1 . Furthermore, LMNO is completely 

cobalt-free, which makes it cost-effective compared to the commercially available 

cathode materials. Even though LMNO consists of two active redox centres such as Ni 

and Mn, only the Ni (II)  Ni (IV) redox reaction has received considerable attention. 



v 
 

However, when additionally utilizing the Mn redox reactions much improvement in the 

capacity can be obtained. The feasibility of multi-electron step reactions involving both 

Mn and Ni redox centres and the factors influencing the reversibility, overall capacity 

and kinetics have been studied. The electrochemical investigations on the Mn (IV) to 

Mn (III) redox reactions in LMNO clearly suggest that optimizing two important factors 

such as crystallite size and potential window are very important to improve both the 

specific capacity and kinetics. In the potential window of 2.4 – 4.9 V specific capacities 

from both Mn and Ni redox plateaus are exploited and a very high reversible capacity 

of 250 mA h g-1 has been demonstrated. This is put forth as the state of art for the 

cobalt free LMNO based cathodes.  
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1. INTRODUCTION 

The past decade was all about development in the field of renewable and 

sustainable energy. The two most useful forms of energy available for end-users (i.e.) 

common man are food and electricity. As enough research and knowledge has been 

devoted to explore sustainable living with respect to food, my focus shifted towards 

electricity. This useful form of electrical energy is not naturally available but is being 

generated from various forms such as coal, gasoline, gas, water, wind, nuclear, and 

sunlight. The generated electrical energy available is indispensable for various 

purposes such as transportation, industrial and living. Such demands in energy sky 

rocketed between 18th and 19th century during the industrial revolution. The energy 

demand was met with resources such as coal, lignite, oil, gasoline and natural gas. Up 

until the beginning of the 21st century, the profit and businesses dealt with generation 

of energy from the above mentioned resources. However, these natural resources were 

completely non-renewable and the environmental damage with CO2 emission was 

extensive. So, an alternative approach to have clean energy was vital.  Since then much 

attention and focus shifted towards renewable energy technologies such as solar, wind, 

hydro, geothermal and Bio-mass. But the availability of such renewable forms was and 

is very variable depending on time, quality and the geographical location. This brought 

about the necessity for energy storage where the surplus energy generated can be 

stored and used during the peak load periods to balance the demand/supply. One such 

efficient storage device is ‘electrochemical transducer’ which converts electrical energy 

and stores it as chemical energy. The stored chemical energy later can then be 

converted back to electrical energy by reversing the chemical reaction. These are 

commonly referred to as batteries. Even though there are other viable options for 

energy storage such as pumped energy storage, compressed air energy storage and 

liquid air energy storage to meet the electricity requirement of industry& living sectors, 

transportation/ portable electronic devices sector demands devices which are compact 

and rechargeable. A major advantage of electrochemical transduction methods is that 

they can operate isothermally and thus is much more efficient than the Carnot-limited 

processes.1 

The three most common battery systems currently available in the market are 

lead-acid batteries, Ni-based battery and lithium ion battery. The applications that 

currently use batteries are summarized in Figure 1. In order to fulfil the energy demand 
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in the transportation as well in electronics sectors, portable batteries become a very 

dominant part of research.  

 

 Figure 1: Applications of battery in day to day lives 

The less expensive and most used battery in the market is the lead-acid battery. This 

battery is used primarily for start-lighting-ignition (SLI) applications and in 

uninterrupted power supply (UPS) systems. Such a battery is modified and used in Plug 

in Hybrid Electric / Hybrid Electric vehicles to have useful driving ranges of 60-80 km. 

A review by Avicenna energy has put forth that in 2016, 350000 MWh of energy was 

produced through lead acid battery, which is almost 90% of the total energy from 

battery market.1,2 However, it suffers from low cycle life and energy per unit volume. 

The recent advancements on lead acid battery showing improved performance at high 

currents and cycle life have sparked renewed interest in this technology. Such batteries 

become unsuitable for portable electronic applications as the available energy per unit 

volume is still less. This opened up the market for Ni-based batteries. Especially Ni-MH 

and Ni-Cd batteries became the hot favourite in the portable devices market. 

Depending on the type of working electrodes used, a typical Ni-based battery can 

deliver a specific energy up to 100 W h kg-1. However, safety concerns and low cell 

voltage limits the application NiMH batteries in larger scale. Thus the focus shifted 

towards much sophisticated and promising Lithium ion battery technology as it 

overcomes the limitation of both the above described battery technologies thus having 

superior specific energy & energy density. Additional positive features such as low self-

discharge, faster charging current, no memory effects and better cycling stability 

diverted the market in favour of Li-ion technology.1 The first Lithium-based non-

rechargeable (primary) batteries were introduced in the year 1970 and the first 

rechargeable batteries were introduced in 1980.1 Nonetheless, both these batteries 
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raised serious concerns with respect to safety. In the wake of 1990, a novel concept was 

introduced in the rechargeable Li-ion battery circumventing the safety issue. 

Subsequently, Li-ion batteries market showed rapid growth in the last 15 years. 

Furthermore, promises from transport sector and the legendary Moore’s law 

accelerated the increase in available electronic devices, which led to the rapid 

development in Li-ion batteries. Even though the cost per kWh of lithium batteries are 

considerably higher than its counterparts, volume production and better industrial 

cooperation between the various material and cell producers is expected to make the 

prices more competitive within 2030.2 

A detailed study by U.S Energy information administration suggests that the 

world energy consumption in 2012 was around 15*1022 kWh and is expected to 

increase by 1.4% per year. This energy is shared between living, industrial and transport 

sectors in the ratio of 2:5.5:2.5. While the non-renewable resources are still expected to 

dominate the world market, the share of renewables is increasing at a brisk pace of 

2.3% per annum while the share of non-renewables is expected to grow slow.4 On 

seeing the bigger picture, renewable energy can decentralize the energy production 

and make each nation self-sustainable. With the right technology and optimistic ideas, 

almost 40~50% of a country’s energy demand could easily be from a renewable 

technology. As long as the energy from renewables keeps increasing, the demand for 

efficient energy storage will increase. This will largely influence and expand the market 

of next generation battery technology, as almost 70% of the renewable energy demand 

will be for the transportation and the portable electronics sector. Therefore, in near 

future, with precise subsidies, policies and path breaking innovation from scientists, the 

Li-ion battery technology can have an edge over lead acid batteries and dominate the 

business world in decades to come.  

As discussed above a battery converts the given electrical energy through 

chemical reactions and stores it for a period before being reversed. This reaction can 

be reversed by reversing the direction of the applied impulse, which then results in 

converting back the stored chemical energy to electrical energy. In a typical cell, this 

impulse is the current or in other words electrons. When a current is passed in/out of 

an electrochemical cell it causes a reduction/oxidation reaction to take place with 

consumption/generation of electrons.  These electrochemical reactions possess a 

different electrochemical potential at the outset of the reaction, which means that the 
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overall difference in Gibbs free energy at the electrodes may lead to spontaneous 

current flow.1 A simple sketch of Li-ion cell is given in Figure 2. 

 

Figure 2: 2D sketch of a simple Li-ion cell 

A typical Li-ion battery consists of a positive electrode, negative electrode and 

separator/electrolyte. In this battery, lithium ions are shuttled in between cathode and 

anode. In, anode oxidation process happens (releasing electrons) and the cathode is 

concerned with reduction process (accepting electrons). The electrolyte provides the 

channels for ionic migration and separator acts as electronic insulator for 

cathode/anode preventing an internal short circuit. The voltage of the cell is measured 

by the equation 

𝐶𝑒𝑙𝑙 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 = 𝑉𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝑉𝑎𝑛𝑜𝑑𝑒 

While the standard voltage of the cathode and anode is measured using the Nernst 

equation against Standard hydrogen electrode. 

ANODES: The anode is the negatively charged electrode and is expected to have a very 

low intercalation / de-intercalation potential. Lithium is the most electronegative 

element (-3.0 V) vs. standard hydrogen electrode in the periodic table and the lightest 

element with capacity of 3860 mAh g-1 and would deliver high specific energy. 

However, when directly used in a battery can give rise to issues concerning high 

reactivity with electrolyte, dendrite formation leading to poor round trip efficiency and 
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lead to short circuit of the cell.5,6 To improve the efficiency, lithium alloys were 

subsequently tried but resulted in mechanical failure due to large volume expansion 

during the alloying process. Consequently, a search for a lithium host material 

intensified. Graphite with potentials close to 0.1 V vs. Li/Li+, which can intercalate/ de-

intercalate lithium ions successfully was established as a typical anode material and are 

being used in all the commercial lithium ion cells available.5,6 Graphite is usually 

designed without any source of lithium, and the lithium is taken from cathode. The 

overall reaction during the electrochemical process proceeds step-wise and is given as 

follows. 

𝐶6  +  𝐿𝑖+ + 𝑒−
 𝐿𝑖𝐶6 

CATHODES: The cathode is the positive electrode and operate at potentials higher than 

the anodes. One of the first lithium batteries consisted cathode materials such as, 

TiS2/MoS2, and V2O5 against Lithium metal as anode. The average cell voltages were 1.9 

V and 2.8 V respectively and the obtained specific energy was low.6 In order to increase 

the energy, the sulphides were progressively replaced with various lithium metal oxides 

and until now most of the materials are being synthesized in the lithiated state. In the 

beginning of 1990, LiMO2 (M=Ni, Co, Mn) was explored as cathode materials. Owing 

to the structural instability issues concerned with LiMnO2/LiNiO2, LiCoO2 gained 

attention. Sony introduced its cell with hard carbon anode and LiCoO2 [LCO] cathode.1 

Theoretically LCO electrodes have an average cell voltage of 3.6 V and a reversible 

capacity up to 160 mA h g-1. Much improvement was done on LCO-graphite cells and 

a high cell level specific energy of 400 Wh kg-1 was obtained and thus established as a 

standard cathode for Li-ion cell. The overall reaction during the electrochemical 

process proceeds as follows. 

𝐿𝑖𝐶𝑜𝑂2𝐿𝑖1−𝑥𝐶𝑜𝑂2 −  𝑥𝐿𝑖+ −  𝑥𝑒− 

ELECTROLYTES: The electrolyte acts as ionic conductor preventing electronic 

conduction and thus the electrons flow through the external circuit connected to the 

cell. In the beginning, several polyethyleneoxide based polymer membranes and single 

solvent electrolytes were used as electrolyte. However, to make it more compatible 

with graphite// LiCoO2 cell and to obtain a higher energy density, the poorly conductive 

polymer membranes had to be replaced. Stand-alone solvents could not bring 

together all the properties necessary for lithium-ion battery such as high dielectric 

constant, fluidity for fast ionic transport, non-reactive to active/passive cell 
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components, and a wide electrochemical stability window and so multiple solvent 

approaches were considered.7 Most of the electrolyte systems available now used for 

the lithium cell concepts are based on multiple solvent mixtures and a solute. A stable 

electrolyte system was developed with a mixture of cyclic ethylene carbonate (EC) and 

linear dimethyl carbonate (DMC). Since then, Li-ion cells manufactured each year are 

almost exclusively based on the mixture of EC with one or more of these linear 

carbonates. Among the explored solute such as LiClO4, LiBF4, LiAsF6, LiPF6 and LiCF3SO3, 

lithium hexa fluoro-phosphate (LiPF6) showed excellent conductivity (optimum balance 

between ionic mobility and dissociation constant), excellent compatibility with 

anode/cathode and good electrochemical stability with the solvent as the cycling of 

lithium cells was restricted to 4.3 V.7 Therefore, a mixture of LiPF6 with EC and DMC was 

established as standard electrolyte system and is mostly used until now. The 

commercial cells designed with anode, cathode and electrolyte discussed above 

delivers a practical specific energy of <160 W h kg-1. An overview of the cost 

distribution of different components of a single cell is given in the Figure 3. The cost of 

a cell is always limited by the active cathode material. In a commercially available cell, 

to compensate the irreversible loss and to mass balance the anode /cathode, additional 

active cathode materials are added which increases the cost of the cathode in a cell.1 

 

Figure 3: Average cost distribution in making a cell 1 

Therefore, research turned towards identifying materials, which are more stable, 

cheaper, have less cobalt and is safer than LiCoO2. 
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Cathode materials can primarily be classified into two categories such as oxide 

based and polyanionic materials. Two approaches are usually followed to improve the 

specific energy in such materials. First, to find a material that has high working potential 

vs. Li and other way is to increase the specific capacity of the material. For anodes, one 

such option would be to replace graphite with a high capacity Silicon-Graphite 

composite or Silicon itself. For cathodes, several transition metal oxides such as LiMO2 

(M=Fe, Mn, Ni), LiNi0.8Co0.15Al0.05O2, Li2MnO3, LiNi0.5Mn0.5O2, LiNi0.33Mn0.33Co0.33O2, 

Li4Mn5O12 and polyanionic materials LiMPO4 (M=Fe, Mn, Co, Ni) fit these criteria.8 

However, on further research, some of the materials were found unsuitable for Li-ion 

batteries for reasons such as structural and electrochemical stability. Such materials 

that have been already explored are summarized in the Table 1 below.  

ACTIVE CATHODE 

MATERIAL 

LIMITATIONS 

LiNiO2  Li-Ni site exchange during synthesis affects  

electrochemistry and thermal instability at 

delithiated state. 

LiFeO2  Indirect synthesis methods 

 Low voltage behaviour and Not suitable for Li-ion 

battery 

LiMnO2  Severe structural changes and Li-Mn site exchange 

Li2MnO3  Oxygen loss in the first cycle and reaction with 

electrolyte 

LiNi0.5Mn0.5O2  Li-Ni site exchange leading to non-ideal structure 

Li4Mn5O12  Only Low voltage behaviour at 2.9 V and is 

unsuitable for batteries 

LiMnPO4  Less dense material and Low conductivity 

 Instability of delithiated phase 

LiNiPO4  Electrochemically inactive. 

LiM(M=Fe,Mn)SiO4  Difficulty to synthesize and has very low 

conductivity 

 Rapid structural changes on cycling 

Li3Fe2(PO4)3  Only Low voltage behaviour at 2.8 V 
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Li3V2(PO4)3  Low conductivity and capacity due to structural 

changes 

LiNiaCobMncO2 

a:b:c = 5:3:2, 6:2:2 and 

8:1:1 

 Very promising in terms of energy but suffers from 

lower thermal stability and Ni-Li site exchange 

yLi2MnO3 .(1-y) LiMO2  Oxygen release and voltage fading over cycling 

Li1+xMyN1-y-xO2  Limited Li-ion diffusion 

Table 1: Explored Active Cathode Materials 3,8,9 

To overcome the limitations of the above-mentioned materials, several 

approaches such as doping, electrolyte modification, coatings, morphology control 

and composite formation has been tried.5,6 On the oxide based cathode materials 

especially on LiCoO2 and LiNiO2, doping proved to be more effective and was found to 

improve both the electrochemical and thermal stability. When the Cobalt in LiCoO2 was 

partially replaced with Ni and Mn especially in LiNi0.33Mn0.33Co0.33O2 (NMC), enhanced 

structural, thermal stability with much better specific capacity than LiCoO2 was 

obtained. In LiNiO2, nickel is replaced partially with cobalt and aluminium / magnesium 

especially LiNi0.8Co0.15Al0.05O2 (NCA) and useable capacity of 160 -180 mA h g-1 with 

enhanced cycling stability have been demonstrated due to the light weight of 

aluminium. Further improvements in terms of packing density, morphology was carried 

out on the mentioned materials before commercialization and the available materials 

in the market are summarized in Table 2. Several automobile manufacturers now use 

these materials extensively to power electric vehicles.  As mentioned in the table 2, one 

of the most important polyanionic cathode materials available in market is LiFePO4 

(LFP). It gained attention due to its attractive flat voltage plateau, comparable capacity 

with oxides and enhanced thermal stability.6 Even though, the polyanionic materials 

are less dense and limited in energy density on comparison to the oxides, the enhanced 

safety and relatively simplified battery management systems, promoted the use of LFP 

based battery packs for large scale for stationary storage applications. 
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ACTIVE CATHODE 

MATERIAL 

OPERATING 

POTENTIAL 

V 

THEORITICAL 

SPECIFIC 

CAPACITY 

mA h g-1 

THEORITICAL 

SPECIFIC 

ENERGY  

W h kg-1 

LiNi0.8Co0.15Al0.05O2-NCA  3.8 180 700 

LiNi0.33Mn0.33Co0.33O2-NMC 3.6 160 610 

Li substituted LiMn2O4 4.1 100 410 

LiFePO4 3.45 150 518 

Table 2: Lists of cathode materials currently commercialized and their specifications 

at a material level 5-8. 

Currently, the research and development of battery materials is focused on 

obtaining a high capacity/high energy battery by using Li-rich x.Li2MnO3. (1-

x)LiNiaCobMncO2. Simultaneously, high voltage Ni-rich cathodes especially variants of  

LiNiaCobMncO2 with Ni: Mn: Co ratio of, 5:3:2, 6:2:2 and 8:1:1 are considered as high 

substitution of nickel increases the specific capacity thus resulting in higher energy.6 

Nevertheless, NMC and LFP based cells currently dominate the market. Hence, the 

cathode materials used until now have limited capacity, electrochemical stability at 

higher voltages and have higher cost due to the presence of cobalt.8 Therefore, much 

room for improvement in terms of safety, cost, and specific capacity is required to 

overcome the limitations mentioned above Hence, the cathode materials undergoing 

multi-electron processes have gained considerable attention as it facilitates the 

exchange of more than one Li-ion per transition metal, thus improving specific 

capacity. 

In search of a high-energy multi electron step utilizing oxide and polyanionic 

material, several new chemistries were identified. For instance an already explored 

cathode material that utilizes multi electron step reactions is the monoclinic vanadium 

phosphate Li3V2(PO4)3 which can theoretically deliver a capacity of 197 mA h g-1 when 

all the three Li-ions are extracted at an average potential of 4.1 V. As suggested by 

Goodenough and his co-workers, the above-described vanadium based material 

operates at a higher potential compared to their iron equivalent due to the inductive 

effect between vanadium and the phosphate groups.10,11 This results in increased 
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specific energy for monoclinic Li3V2(PO4)3 (LVP) when compared to LFP. However, 

monoclinic LVP suffers from sharp drop in electronic conductivity and structural 

instability with deep de-lithiation at high potentials. This makes the extraction of the 

third lithium unfeasible, thus limiting the specific capacity to 131 mA h g-1.12 Such 

polyanionic compounds also offer flexibility in tuning their cathodes to have different 

voltage window of operation in addition to the usually existing advantages of better 

safety, abundance of the elements, eco-friendly nature and cost factor. The working 

potential of the active compound can be adjusted by modifying the ionic nature of the 

Metal-oxygen bonding using more electronegative element such as –F, -OH,-SO4,-CO3. 

This is called “inductive effect” and was first introduced by Goodenough and his co-

workers.10-12 Moreover, the potential can be further tuned by changing the nature of 

transition metals used. The potential increases when the transition metals are switched 

between Fe ions to Ni ions in the periodic table. Most of the Ni- /Co- based polyanionic 

compounds explored in literature operate at a potential window, which is unsuitable 

for the present generation electrolyte.  

However, this limitation can be overcome by utilizing different combinations 

redox couples or one redox couple, which can effectively cycle within the stable 

potential window. In this thesis, a new cathode chemistry that belongs to the 

polyanionic class of material Lithium vanadium monodiphosphate (LVPP- 

Li9M3(M=V)(PO4)2(P2O7)3) was investigated cathode material.13,14 The phosphate based 

cathode material utilizes uses vanadium as redox couple. The second material explored 

is LiNi0.5Mn1.5O4 [LMNO] which belongs to the class of Ni substituted LiMxMn2-xO4 

(M=Fe3+, Ni2+, Cr3+, Co3+) oxide spinel and utilizes Mn and Ni redox couple.15 Additional 

advantages are that the material is relatively cheaper as it is Co-free and is easy to 

synthesize. Latest cost analysis from literature suggests that vanadium and nickel price 

are relatively stable and comparatively cheaper than the price of cobalt.15-17  

Poly-anionic cathode Li9M3(P2O7)3(PO4)2 (M= Fe, Al, Cr, Ga) was identified , and 

firstly reported in 1998 by S. Poisson et al. in his studies on A2O-M2O3-P2O5 (A= Li, Na; 

M=Fe, Al, Cr, Ga) glasses.13 LVPP has a layered structure having 2D diffusion channels. 

This polyanionic cathode framework can exchange more than one electron per 

transition metal at high potentials versus lithium. The potential application of LVPP as 

cathode for lithium-ion batteries has been recently investigated and reported.14 The 

vanadium redox couple exists in its 3+ oxidation state at completely lithiated state and 

is oxidized to 5+ oxidation state when delithiated. In LVPP hexagonal lattice, the Li-
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ions are distributed within and in between anionic layers in three different 

crystallographic sites. The anionic layers is composed of V-O octahedral with PO4, P2O7 

tetrahedral which are joined through O=O bonding. The Li (1) are located on specific 

2b positions coordinated by six O atoms, while the Li (2) are located on the 4d positions 

coordinated by four O atoms to form a tetrahedron. However, the Li (3) are on a general 

position in between the layers coordinated by a tetrahedron as given in the Figure 4.13 

 

Figure 4: Crystal structure of LVPP with red-Li(1) position , green-Li(2) position, blue-

Li(3) position (left), another orientation (right)18 

In-depth structural characterization of pure lithium monodiphosphate powder 

phases has been very well explained by Poisson et al.13 Theoretically, it was put forth 

that almost 6 Li-ions can be extracted from the structure.13,14 On cycling all the six 

lithium ions, a theoretical capacity of 173 mA h g-1 is obtained which is very similar to 

LiFePO4 (LFP) with an average voltage of 4.25 V which is 0.8 V higher than LFP.14 Since 

then, various research groups have investigated Li9M3(P2O7)3(PO4)2 (M=Fe, Ga, Cr) 

structures and their properties for various applications. Structural changes during 

lithium extraction and the effect of cationic doping have also been investigated. So far, 

synthesis techniques such as sol-gel, solid-state, molten salt-assisted and hydrothermal 

have been adopted for obtaining LVPP. However, most of the syntheses reported to 

date require either air-sensitive precursors, such as VCl3, VCl2, and V2O3, or highly 

reducing gas during calcination, such as 30% H2 in Ar.19-33 These synthesis conditions 

are difficult to handle and make the scale-up challenging due to cost and/or safety 

issues. The second cathode material investigated is LiNi0.5Mn1.5O4 that belongs to the 
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class of Ni substituted LiMxMn2-xO4 oxide spinel. Even though all the metal substituted 

LiMxMn2-xO4 spinel’s work at high potentials than the unsubstituted, Ni-substituted 

spinel attract a lot of attention because of its attractive working potential of 4.7 V and 

a theoretical specific capacity of 146 mA h g-1.34 In addition, the 3D spinel structure is 

very optimal for fast Li-ion diffusion.15,34 In the parent structure LiMn2O4, manganese 

takes up an average valence of 3.5+. Manganese exists partially as 4+ and 3+ oxidation 

states. This indicates that there are two different Mn-O octahedral with different ionic 

radii existing with bigger Mn3+-O and smaller Mn4+-O.34,36  At 3-4 V region 1 Li-ion is 

inserted / extracted by redox reaction of Mn4+ / Mn3+. When the host is LixMn2O4 (x=0.2) 

almost empty, Mn exists at 4+ oxidation state. In this potential window a theoretical 

specific capacity of 148 mA h g-1 can be obtained. However, capacity fading is caused 

by Mn-dissolution and instability of the phases formed in completely delithiated 

state.36 Nevertheless, the specific capacity can be improved to almost twice once 

additional lithium is inserted into this structure below 3 V.37 Here, residual Mn4+ in the 

parent structure is converted into Mn3+ and lithium occupies the 16c tetrahedral sites. 

With the increasing amount of lithium in the cubic spinel lattice, the structure changes 

from cubic to tetragonal spinel. With more Mn3+ in LMO, amount of tetragonal phase 

increases.37,38 This phase transition is accompanied by increase in unit cell volume due 

to increase in the ionic radii of the Mn-O bonding and decrease in the covalency of 

Mn-O bonds and its symmetry. Thus, the increase in presence of Mn3+ causes Jahn- 

Teller distortion in the tetrahedral spinel. This in turn causes particle disintegration and 

Mn dissolution and thus leading to capacity fading in this voltage region. In addition, 

in the 4 V regions too, severe capacity fading has been observed due to phase changes 

and volume changes.35, 36 

This capacity fading in the 4V voltage region can be prevented and the 

electrochemical stability can be improved by replacing partially the Mn ions by other 

cations.34,39 For example, on partially replacing Mn3.5+ (2>x>1.5) with the nickel Ni2+, 

more Mn gets converted into Mn4+ oxidation state. The optimum stoichiometry in the 

nickel substituted LiNixMn2-xO4 spinel is obtained when x=0.5 where all the manganese 

is converted to Mn4+. The completely substituted spinel displays redox activity at very 

high potentials concerned with Ni2+/ Ni4+which is due to higher bond energy of 3d-

electrons of nickel as compared with 3d-electrons of manganese.39 The electrochemical 

behaviour depends on the amount of Ni substituted. Even though Ni substitution 

affects the electronic conductivity of spinel, through disruption of polaron hopping 
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existing between Mn3+ and Mn4+, it displays better electrochemical stability during 

cycling. The reason behind better electrochemical stability is put-forth as, that when 

the oxidation state of the manganese increases or when the nickel is partially 

substituted, the Mn-O octahedran becomes smaller and thus stronger, and reduces the 

distortion in Mn-O6 octahedran.34,36,39 Therefore in this thesis, here the focus is only on 

the stoichiometric, fully Ni-substituted spinel with formula LiNi0.5Mn1.5O4 (LMNO) and 

explore the feasibility of Mn3+/Mn4+ and Ni2+/Ni4+ redox reactions.   

LMNO exists as two different polymorphs depending on the distribution of Mn 

and Ni. These polymorphs can be obtained by controlling the synthesis conditions. 

Synthesis at 900°C generally leads to LMNO with Fd-3m (disordered) structure where 

Ni2+ and Mn4+ ions randomly occupy the 16d positions. Additionally, oxygen vacant 

LMNO can be also synthesized by controlling the cool-down procedure.40-42 The 

oxygen deficient spinel also has Fd-3 m structure where the charge compensation is 

done by some Mn existing in its 3+ state. This process can be reversed by applying the 

synthesis conditions as described earlier to obtain ordered spinel P4332. Whilst, 

synthesis at a lower temperature of 700°C, leads to the ordered structure with cubic 

primitive crystal symmetry (space group P4332), where Ni2+ and Mn4+ ions occupy the 

4b and the 12d sites respectively with 3:1 ordering as shown in Figure 5.15, 40-42  

 

Figure 5: Unit cell of ordered spinel with P4332 space group in two different 

orientations18 
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This long range ordering of LMNO is often indicated by the superstructure peaks 

at different positions in the X-ray investigation and based on the intensity rations of 

Ni-O and Mn-O through FTIR investigation.40 Almost > 95% of the published literature 

focuses only on improving the high voltage behaviour of the spinel and on addressing 

issues related to high working potential where the electrolyte degradation is 

accelerated. It has been suggested that, with optimized particle size/morphology and 

electrolyte additives, side reactions could be controlled and better cycling and rate 

capability could be obtained. A very stable cycling stability against graphite at room 

temperature has been demonstrated.15 Thus, optimizing the particle size and 

morphology of LMNO has been proven to be a valid strategy to reduce the side 

reactions with electrolyte and form a stable interphase between the electrode and 

electrolyte. Different coatings such as Bi2O3, Al2O3, AlPO4, ZrO2, SiO2, MgF2, Li3PO4, and 

LiNbO3 have also been proven effective to modify the electrochemical behaviour of 

LMNO and to obtain stable cycling at high temperature.44  

In addition to the Ni redox couple, to improve the specific capacity/ specific energy, 

the Mn redox couple can be utilized as seen in unsubstituted spinel LiMn2O4. 

Theoretically, using the Mn redox plateaus, a very high capacity of 320 mAhg-1 and 

specific energy of 1033 Wh kg-1 can be achieved. It has been already demonstrated 

that, LiNi0.5Mn1.5O4 can be electrochemically lithiated/delithiated within a composition 

range LixNi0.5Mn1.5O4 0<x<2.5 in the potential window 5 to 1.5 V.45 When ordered, 

stoichiometric LNMO with P4332 space group is electrochemically overlithiated 

through constant current measurements, it delivers 70 /70 and 60 mA h g-1 in the 

plateaus at ~2.7 V /~ 2 V and below < 2 V respectively and an end stoichiometry of 

Li2.4Ni0.5Mn1.5O4 is reached. 37,38 Two different sites such as 4b and 12d octahedral sites 

are available for Lithium insertion when using the Mn redox plateau.42,43 When the 

stoichiometry reaches Li2Ni0.5Mn1.5O4, has an average Mn oxidation state is 3.3+. 

However, electron-sinks are available until where all the Mn is reduced to 3+ and thus 

additional capacity is gained below 2 V which is the site-limited composition. 42,43  

Similar to what has been seen in LMO, on cycling in the plateaus where Mn is active, 

Lee et al. suggests that the disordered Fd-3m  LMNO structure shows irreversible phase 

transitions and the P4332 structure shows better reversibility.42 This has also been 

shown by Chemelewski et al, and an additional I41/amd tetragonal phase with severe 

volume changes has been identified as the reason for this capacity fading.42,43 However, 

Mancini et al has put forth that the spherical particles /morphology with polyhedras 
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are morphologically stable without undergoing any mechanical cracking due to the 

large volume change during deep lithiation up to a capacity of 300 mAhg-1.45 On 

comparing the galvanostatic data with open circuit experimental conditions about 150 

mA h g-1 is obtained as a single plateau rather than two different plateaus. Manthiram 

et al has put forth that the ordering of cation (larger octahedral sites in ordered spinel), 

particle morphology (surface facets exposed to electrolyte) influence the two plateau 

behaviour that is seen during galvanostatic cycling. 42,43  However, a clear explanation 

on how the capacity and reversibility at this plateau can be improved is still missing.  
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2. AIM OF THE THESIS 

 Currently, high-energy batteries use two different cathode materials such as 

NCA and NMC operates with a specific capacity of 160 mAhg-1 at a potential of 3.6 V 

vs Li/Li+, thus giving out theoretical specific energy of 560 Whkg-1.6,8
 These above-

mentioned cathode materials not only have limited safety but also contain certain 

degree of cobalt, which is one of the most toxic and expensive raw material used in 

battery. The concerns regarding the raw material mining costs and future 

demand/supply ratio has shifted the focus of  industries to look for Co-free cathode 

materials that can not only reduce the overall cost but also not compromise the safety 

and energy of the battery. To overcome such bottlenecks, within the context of the 

Project ‘Li-Ecosafe’ funded by the Federal Ministry for Education and Research (BMBF- 

Germany), we explored new chemistries of cobalt-free high-energy cathode materials 

utilizing multi-electron processes. This study focuses on two different attractive 

cathode materials such as Lithium vanadium monodiphosphate (LVPP) and Lithium 

nickel manganese oxide (LMNO), which are completely Co-free, and utilizes multi-

electron step redox reactions. On comparison to commercially available materials, LVPP 

and LMNO have higher voltage and higher capacity respectively, thus improving the 

specific energy of the material.  

LVPP is relatively an unexplored cathode material which is considered suitable material 

for Li-ion battery. LVPP contains vanadium as redox centers that can exchange more 

than 6 Li-ions per formula unit. Theoretically LVPP give out a specific capacity of 173 

mAhg-1  at an average potential of 4.2 V vs Li/Li+ thus resulting in 720 Whkg-1 , much 

higher than commercially available materials such as NMC.13,14 

For LVPP, we focus on investigating and reporting the following.  

1) A cost-effective synthesis process for LVPP. 

2) Explore kinetic limitations and how to overcome it. 

3) Structural changes happening during cycling and feasibility of multi –electron 

step redox reactions.  

For comparison, literature from different layered materials and LFP is used as reference. 

LMNO has been already explored for its attractive high voltage step associated with Ni. 

Theoretically, LMNO give out a specific capacity of 146 mAhg-1  with operating 

potential  at 4.7 V vs Li/Li+ thus resulting in 686 Whkg-1 , much higher than commercially 
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available materials such as NMC. However,  LMNO contains multiple redox centers  

such as Ni (ii) and Mn (IV) that can give a specific capacity  of > 290 mA h g-1 at an 

average voltage of 3.3 V, thus improving the overall energy of the battery to 950 Wh 

kg-1.45 However, understanding of the electrochemical reaction mechanism utilizing Mn 

redox centers is limited. Therefore, we shed some light on electrochemical mechanism, 

at 3 V region of stoichiometric ordered spinel, responsible for the appearance of the 

two distinct plateaus and its kinetics. Practically, this will be a step forward to 

understand how to improve lithium insertion in spinel as the additional lithium can be 

effectively used to improve the specific capacity of LMNO and to make it better than 

commercially available NMC. As the additional capacity offers several advantages, 

improving the capacity obtained at this plateau becomes essential.  

Therefore, in ordered LMNO we investigated, 

1) Electrochemical behaviour of the low voltage region of the spinel 

2) Identify the Kinetic limitations and to improve/overcome the transport/kinetic 

limitation  

3) Feasibility of multi-electron step redox reactions. 

 

We believe this takes us a step further in understanding the nuances and the 

requirements of the next generation cathode. 
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3. EXPERIMENTAL 

3.1 MATERIAL SYNTHESIS: 

The LVPP was prepared via a solid-state synthesis procedure. In brief, 

stoichiometric amounts corresponding to 0.0028 mol of analytical grade lithium 

hydroxide (LiOH, Sigma-Aldrich, >98%), vanadium pentoxide (V2O5, Sigma-Aldrich, 

>98%) and ammonium dihydrogen phosphate (NH4H2PO4, Sigma-Aldrich, >99%) were 

mixed with polyethylene glycol (PEG-10000, Alfa-Aesar) in the amount of 120 g per 

mole of LVPP. The precursors were ball milled with ethanol (~2 ml g-1 of precursor) in 

a planetary ball mill at 400 rpm for 4 h under air. After ball milling, the mixture was 

dried in air at 80°C for 4 h. This was followed by a pre-sintering step at 300°C under Ar 

for 5 h. The obtained samples were finely ground, ball milled again at 400 rpm for 4 h 

and finally calcinated at 800°C for 10 h under Ar. To reduce the crystallite size and 

particle size, ball milling of the as synthesized LVPP at 400 rpm was carried out for 

different time intervals. A rest time of 20 minutes was given every 4 h. Carbon coating 

of samples with different crystallite size was carried out by dissolving calculated 

amount of either lactose monohydrate (C12H22O11.H2O, Merck), ascorbic acid or citric 

acid in water and adding the synthesized LVPP in the solution. After 30 min stirring, the 

sample was heated and kept at 80°C until the water evaporates. The samples were 

further dried at 100°C in oven, ground and calcinated at 700°C for 2h. 

The stoichiometric ordered spinel LiNi0.5Mn1.5O4 can be prepared by a 

continuous two-steps method. The first step is concerned with the precipitation of 

nickel and manganese precursors. This is followed by calcination step under air in the 

presence of lithium salt. The precipitation of the precursors takes place in alkaline 

environment from aqueous solutions of ammonia which contains Ni and Mn nitrates. 

The stoichiometry between Ni: Mn is maintained at 1:3. Afterwards necessary lithium is 

added through LiOH as lithium precursor and a calcination step at 700 °C for 10 h is 

carried out under air. After the temperature hold at 700°C, a passive cooling until 100°C 

is done to convert all the Mn3+ to Mn4+and reach the full oxygen stoichiometry. To 

reduce the crystallite size and particle size, ball milling of the as synthesized LVPP at 

400 rpm was carried out for 8h with a gap of 20 min every 4 hours. After the ball milling, 

a second step calcination was done at different temperatures from 700°C-550°C to 

control the crystallite growth. Additionally, to vary the crystallite size during the 

synthesis, an intermediate calcination step at 350°C, 5h was introduced to nucleate 
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LiNi0.5Mn1.5O4 crystals. A second step calcination was done at different temperatures 

from 700°C-550°C to control the crystallite growth. 

3.2 ANALYTICAL METHODS: 

3.2.1 Inductively coupled plasma-optical emission spectroscopy (ICP-OES): 

 ICP-OES is often used to determine the composition of elements using plasma 

and a spectrometer. The solution is pumped into spray chamber and is ejected onto 

argon plasma. In this plasma, the ionization of the sample takes place. The ionization 

excites the electrons and during the relaxation it emits photons. The photons 

generated by each element are different and has a spectrum associated. This spectrum 

is detected by CCD detectors and the obtained spectrum is quantitatively evaluated 

considering the intensities. In this work SPECTRO ARCOS High Resolution ICP-OES 

spectrometer (SPECTRO Analytical Instruments GmbH) was used. This consists of a 

quartz plasma torch and an array of 32 CCD detectors with an overall wavelength 

detection range between 130 and 770 nm. The samples were prepared by dissolving 

250 mg of solid material under heating in 3 ml HCl + 1 ml HNO3 acid solution and then 

diluted with 50 ml of Millipore H2O. The obtained solution was cooled-down to 20 °C 

and analysed.  

3.2.2 Elemental analysis: 

The amount of carbon in the sample is determined by burning the samples at very high 

temperatures such as 1300°C for 300s in excess of oxygen and by collecting the 

combustion products. The products formed are used for the calculation of the amount 

of carbon. The mass of the products formed varies if the carbon present in the sample 

is higher. In this work EA-4000 instrument from Analytikjena was used for determining 

the carbon content. 

3.2.3 X-ray diffraction (XRD): 

X-ray diffraction is a non-destructive technique which is extensively used for structural 

characterization of materials. This technique is necessary to understand the crystal 

structure and phase composition. The X-rays are produced by bombarding the target 

anode with electrons accelerated by 40kV (in our lab) energy. This collision causes the 

X-rays to bombard the samples. The interaction of the X-rays with the electrons causes 

absorption and scattering. The scattering from the long range ordering of the 
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investigated samples produce distinct peaks when the interference is constructive and 

is called the Bragg reflections. The schematic of the X-ray diffractometer is given in 

figure 6a and b. Monochromatic X-rays are produced by the graphite monochromaters 

and the divergence slit are helpful to focus the beam on the sample analysed. 

 

Figure 6 : Schematics of XRD and the properties evaluated as a flowchart (see 

‘Powder diffraction theory and practice’ for additional details) 46 

The angles carry information about the long range order and the intensity of the 

reflections carry information on the ordering dimensions. Crystalline materials can be 

studied extensively using this technique. X-ray diffractometer has a depth resolution of 

>60 um and a lateral resolution in the range of 1-10nm which makes the technique 

very sensitive and important for phase identification and analysis.46,47 In our studies, X-

ray diffraction was done on powders and electrodes in D5000 diffractometer 

accompanied with a copper target. The powders were analyzed using a normal sample 

holder where the sample is exposed to air during measurement time. For electrodes, 

special sample holder with an air-dome was used as the electrodes at different states 

of charge can be sensitive to air.  

3.2.4 Infrared spectroscopy: 

Attenuated total reflection-Fourier transformed Infrared spectroscopy (ATR-FTIR): 

  Infra-red spectroscopy is a non-destructive vibrational spectroscopic technique 

used for studying complex structures based on the information obtained by the 

interaction of the incoming wave with the molecules analyzed. This technique 

complements X-ray diffraction as it can be used for materials without long-range 
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ordering and also provides information about the surface of the analyzed specimen. 

Fundamental vibration of the molecules exists between 12500-10 cm-1.In Fourier 

transformed Infrared spectroscopy, the light is modulated by the interferometer and is 

converted to spectra with inverse Fourier transformation. One of the simple yet 

powerful modes of FTIR is in the attenuated total reflection mode. This mode is based 

total internal reflection of the radiation using a prism which is in good contact with the 

sample analysed. The continuous infra-red spectrum irradiates a molecule causing a 

change in the dipole moment causing it to reach an excited state.48 The remaining 

spectrum gives rise to the bands of absorption. This technique can give information 

about the structural changes, tracks order-disorder transition, new phases/species 

formation on the surface. An alpha FTIR with diamond crystal from Bruker optics was 

used in this study for measurement and all the measurements were carried out in an 

inert atmosphere.  

3.2.5 Electron Microscopy 

Scanning electron microscopy(SEM)/ Energy dispersive X-ray spectroscopy (EDX): 

SEM is often used for imaging and analysing the surface of bulk specimens. The 

electrons from a source cathode are accelerated and bombarded on the analysed 

specimen. The interaction of these electrons with the specimen results in emission of 

secondary electrons which are then collected by various detectors. Finally in the 

cathode-ray tube the acquired signals are converted into images. The basic schematic 

is found in Figure 7a. There are three different detectors such as secondary electron, 

in-lens and the backscattered detectors which capture the secondary and the back-

scattered electrons. We obtain different information from the detectors mentioned 

above. Using the secondary electron detectors, the information on the surface 

topography can be obtained. Whilst, the back scattered detectors give an elemental 

contrast depending on the atomic number which allows different elements to be 

recognized. During the interaction between the accelerated electrons and the 

specimen, X-ray is also emitted.  An energy dispersive spectrometer converts the 

emitted X-rays into useful information and so is always combined with the SEM. We 

can obtain information about the atomic rations of different elements present in the 

sample and also on the distribution of the various elements within the sample.49 
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Figure 7: Schematic of scanning electron microscopy (left) and transmission electron 

microscopy (right) -(see ‘Physical principles of electron microscopy for additional 

details) 49, 50 

In our lab, SEM micrographs and Energy dispersive X-ray (EDX) analysis were acquired 

on a Leo-Gemini 1530 VP instrument. 

Transmission electron microscopy (TEM): 

 TEM is a much more powerful and complicated technique than SEM. High 

energy electrons are passed through a very thin sample and the interactions between 

the electron and the sample gives rise to diffraction pattern. As the wavelength of the 

electrons are much lower when compared to that of the light, the resolution of the TEM 

is much higher when compared to the light microscope. This transmitted wave is 

converted into an image with the CCD camera. The schematic of TEM is given in Figure 

7b. TEM can reveal information regarding the internal structure of the analysed 

specimen such as defects, crystal structure in atomic resolution. This can be used as a 

complimenting technique to XRD and can be very useful in giving us an idea about the 

crystal structure, distribution of atoms at atomic level. However, TEM can be a very 

invasive technique which also needs special sample preparation methods. In my thesis, 

transmission electron microscopy (TEM) images were collected using Cs-corrected 

instrument FEI Titan with a beam energy 80-300kV. 
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3.3 ELECTROCHEMICAL TECHNIQUES: 

3.3.1 Galvanostatic cycling: 

In galvanostatic cycling, as the name suggests, we hold the current density 

constant and observe the change in the voltage as a function of amount of charge 

transferred. This oxidation/reduction processes can be influenced by external and 

internal factors. Internal factors include the properties of material used and external 

factors include the current, voltage window and temperature. When no additional 

external stimulus such as current, temperature, voltage is forced on the entire system 

then it is considered to be under equilibrium. However small changes (i.e.) non-faradaic 

processes take place on the interface between the working electrodes and counter 

electrodes when you bring an ionic conductive electrolyte in between. These types of 

exchanges happen until the chemical potentials of the common species in both the 

phases reach equilibrium. The measured potential is the open circuit potential and is 

often referred to as electrochemical potential as them measured potential also includes 

the work done to reach equilibrium by overcoming effects of surrounding electrical 

field. This establishes the relationship between the potential and the concentration of 

the involved species at equilibrium and is given by Nernst equation. Faradaic processes 

starts to happen once the change in free energy of the working electrode has been 

sufficiently changed by the influx/retreat of electrons. This causes changes in the 

electrode system and can be measured as change in electrochemical potential. This 

establishes a thermodynamic relationship of a system by relating the voltage to the 

change in free energy of the electrode under investigation. This galvanostatic process 

is a much simpler process as the current or charge is known which makes the estimation 

of amount of charge per unit time much simpler. The shape of the resulting curves 

gives us information about the Li insertion/extraction process. For this measurement, a 

potential limitation followed by reversal of current direction is usually given and the 

oxidation/reduction process of an active material is studied within a certain potential 

window. Based on voltage profile changes with various external and internal factors 

mentioned above, galvanostatic measurements are very helpful to study and 

understand the reversibility of the material, charge transferred in terms of capacity, and 

efficiency which in turn gives us an idea about the faradaic processes going on in a 

system under investigation.51  
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3.3.2 Cyclic voltammetry: 

The electrochemical reactions in Li-ion batteries are always quasi reversible and 

the most important aspect is to understand if the limitations of such systems are 

electron transfer or mass transfer related. Cyclic voltammetry is a preferred way to 

qualitatively evaluate the kinetics of a system over the titration techniques for its 

simplicity. It is a form of potential sweep technique which is complementary to 

galvanostatic techniques mentioned earlier where current is kept constant. Herein, the 

potential is varied continuously at a certain rate, which influences the electrons 

transferred, and the change in current is observed as a function of voltage. This 

potential sweep drives a change in concentration of electrochemical species on the 

interface of the electrode and electrolyte under investigation. Once the 

thermodynamically favourable potential is reached, redox reaction occurs on the 

interface giving rise to concentration gradient and a current.  Thus, the diffusion of 

material flux can take place from a high concentrated region to a low concentration 

region and this rate is quantified by 1st and 2nd Fick’s law.51 This increase or decrease in 

flux at the redox potentials causes the current to change. The current increases and 

ends at the point where maximum mass transfer happens. As the diffusion layer has 

grown sufficiently above the electrode, no more reaction can further take place and no 

more mass transfer is possible thus reaching the semi-infinite linear diffusion 

conditions required by the Nernst equation. Now, the current begins to drop. After the 

end cut off potential, the current is reversed and the reaction is forced to proceed in 

opposite direction. For an ideal system which has semi-infinite diffusion limited 

classical reversible process, the cathodic and anodic peak currents are equal in 

magnitude and the cathodic peak potential is 58/n mV more negative than the anodic 

peak potential. The peak current in such a system is given by the following equation.51 

𝐼𝑝 = 2.69 ∗ 10−5 ∗ 𝑛
3
2 ∗ 𝐴 ∗ 𝐷

1
2 ∗ 𝑣

1
2 ∗ 𝐶0 

 

where, ip is the peak current (A), n is the number of electrons transferred, A is the 

contact area between cathode and electrolyte (geometric area of electrode is 

considered), D is the chemical diffusion coefficient (cm2 s−1), C0 is the concentration of 

lithium ions in the active material and ν is the potential scan rate (V s−1). But for a quasi-

reversible electrochemical reaction as in lithium ion battery slight deviations from the 
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reversible systems such as, change in peak currents relationship with scan rate, the 

voltage separation between the anodic and cathodic peaks, shape of the current peak 

and peak current ratio between cathode and anode, occurs.  

Hence, these changes in peaks with respect to the changing voltage scan rate are 

evaluated to understand the kinetics of the system. For example, the shift in the 

cathodic and anodic current peaks would be an indication that the equilibrium is not 

reached rapidly and the electron transport is hindered. These changes can be identified 

and compared to understand the kinetic limitations of active material under 

investigation. The information about the lithium insertion/extraction can be 

understood and quantified also in terms of ‘apparent’ diffusion coefficient using the 

equation described above which is called Randles-Sevcik equation.51 This measured 

value is termed as ‘apparent’ as it calculated diffusion coefficient is assumed to be 

constant over the potential range of measurement which is theoretically not possible. 

Additionally, with the difficulty in measuring the precise baselines at higher current 

values and we do not measure directly the change in concentration of Lithium ions 

with small changes in potential.51 However, CV can be effectively used to compare and 

understand the change in kinetics of the same systems with different particle sizes, 

crystallite sizes etc. In our lab, we used a three electrode configuration T-cell to obtain 

CV data.  

3.3.3 Impedance spectroscopy: 

Electrochemical impedance spectroscopy is an electrochemical technique to study 

the changes in the interface of the working electrode before and after the redox 

processes.51 In a typical working electrode of a lithium ion battery, the transport 

process from the electrolyte to the bulk of the material is resistive in nature. This 

includes solution resistance, impedance of the surface layer, charge transfer impedance 

due to the Li+ ion / electron transfer, and solid state of diffusion of lithium inside the 

bulk.  During the redox reaction, these processes take place sequentially. The nature of 

the electrode is modified by the change in voltage or current which initiates the charge 

transfer process from the electrolyte to the bulk of the material and the changes are 

recorded by exciting the surface using small voltage signal. The ouput is converted by 

a frequency response analyzer to complex current response and is interpreted as 

impedance. The measurements are acquired in a range of frequency between 100 kHz 
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and 1 mHz so that all the process as mentioned above with different time constants 

are recorded. Mathematically it can be represented as shown below.51 

𝐼𝑛𝑝𝑢𝑡: 𝑉 = 𝑉𝑟𝑚𝑠 ∗ sin(𝑤𝑡) 

𝑂𝑢𝑝𝑢𝑡: 𝐼 = 𝐼 ∗ sin (𝑤𝑡 + ∅) 

𝐼𝑚𝑝𝑒𝑑𝑎𝑛𝑐𝑒 ∶ 𝑍(𝑗𝑤) =
𝑉

𝐼
= 𝑍(𝑤) ∗ 𝑒−𝑖∅(𝑤) 

The measurement is carried out in a three electrode cell configuration with a non-

polarizable reference electrode. The resultant complex impedance response is 

understood based on the combination of basic electrical elements such R-resistance, 

L-inductance and C-capacitance. Each combination of these elements gives rise to a 

certain response of a system as shown in figure 8 a and b. The figure 8b is a response 

to an R and C in parallel. The obtained impedance response can thus be modelled by 

using different combinations of R, L and C. For semi-infinite linear diffusion, the total 

electrode impedance is represented by Randles model which includes solution 

resistance, impedance of the surface layer, and faradaic impedance including the 

diffusion as given in figure 8c.51 The 45° tail in figure 8c is the diffusion related Warburg 

impedance. This is the most complex parameter of all because of is represents the solid 

state diffusion inside a bulk  which depends on several factors as particle size, phase 

formation, grain boundary effects or reaction mechanism, defects, ionic resistances etc.  

The resultant complex impedance can be represented by several different methods 

such Bode plot, Nyquist plot. Bode plot shows us the direct relationship between of 

resistance and capacitance with frequency such as 𝑍(𝑗𝑤) 𝑣𝑠 𝑤 and 𝑍′(𝑗𝑤)𝑣𝑠 𝑤. Bode 

plot gives clear information about the different processes happening at different 

frequencies or in other words separates out the processes based on time constants. 

While, the Nyquist plot directly compares 𝑍(𝑗𝑤) 𝑣𝑠 𝑍′(𝑗𝑤). The shape of the Nyquist 

plot gives more accurate picture about the electrochemical processes on the working 

electrode interface with electrolyte. The resultant spectra are modelled based on the 

combination of different elements. 
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Figure 8: a) Simple R-C circuit b) Mathematical representation for Figure 8a c) 

Nyquist plot for the RC based Randles circuit.51 

This surface sensitive technique can be used to characterize the interface which is often 

used in literature to understand the conductivity change in the interfaces and as well 

as in degradation study. Here we use to understand the electrochemical process 

happening during lithium insertion and extraction in potential window of operation 

and how the kinetics is affected by the change in material properties. The experiments 

were carried out with EL-cell with a Li counter and reference. Temperature, a very 

sensitive parameter, was controlled by temperature-controlled chamber to avoid 

fluctuation and uncertainty during measurement.  

3.4 ELECTRODE PREPARATION AND CELL CONSTRUCTION  

For the synthetized LVPP, the electrodes for electrochemical measurements were 

manufactured by mixing LVPP active material with carbon Super-P (Timcal) and PVDF 

in the ratio 80:10:10 wt. % in NMP solvent. The slurry was coated on Aluminum foil with 

doctor blade technique (wet thickness 150 μm) and dried (70°C) overnight. Electrodes 

of 12 mm diameter were cut and pressed at 8 tons for 1 min to have better contact 

between active and non-active materials and current collector. The active material 

loading of the electrodes was approximatively 3.5 mg cm-2. For LMNO, the electrodes 

for electrochemical measurements were manufactured by mixing LVPP active material 
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with carbon SuperP and PVDF in the ratio in 88: 8: 4 wt.% NMP solvent. The slurry was 

coated on Aluminum foil with doctor blade technique. During the coating procedure 

as mentioned above, the thicknesses of the wet coatings were set to 400 um and 

250um to obtain electrodes of different loadings. Electrodes of 12 mm diameter were 

cut and pressed at 5 tons for 1 min. The active material loading of the electrodes was 

approximatively 13 mg cm-2 for thicker wet coatings and 8 mg cm-2 for thinner 

coatings. After being dried (120°C) under vacuum overnight, all the electrodes were 

transferred to an Ar-filled glove box with H2O and O2 content < 0.1 ppm. 

The electrochemical measurements were performed in T-cells where metallic Li was 

used as reference and counter electrode with Whatman glass fiber (GF-A) as a 

separator. The T-cells are usually used for fundamental electrochemical studies as it 

boasts of a reference electrode and can accommodate excess electrolyte. Some of the 

electrochemical measurements especially the long term cycling tests of LMNO, coin 

cells were used. This consists of no reference electrodes and hosts a two electrode 

configuration. The coin cells used in this study are Al-coated CR2032 cells.  A modified 

form of coin cell set up was used for carrying out electrochemical impedance 

spectroscopy measurements. This is called ECC-ref from EL-CELL GmBH were the 

reference electrodes are directly in the electrical field which makes is suitable for 

carrying out electrochemical impedance spectroscopic measurements. For all the 

electrochemical measurements, battery-grade LiPF6 1 M solution in EC: DMC 1:1 w/w 

(UBE Industries) was used as electrolyte. Additional electrolyte with 0.98 M LiPF6/ 0.02 

M LiBOB in EC: DMC 1:1 were prepared under inert atmosphere in glove box and used. 

All electrochemical measurements were carried out using either a VMP2/Z 

electrochemical workstation or Basytec workstation. The experiments were carried out 

using temperature-controlled chambers. 
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4. RESULTS AND DISCUSSION-PART I: 

4.1 Li9V3(P2O7)3(PO4)2 AS HIGH ENERGY CATHODE MATERIAL 

4.1.1 Synthesis and Electrochemical behaviour of phase pure Li9V3(PO4)2(P2O7)3  

 Different methods for synthesizing Li9V3(P2O7)3(PO4)2 such as solid-state, sol-gel, 

hydrothermal and molten-salt methods have been reported in literature.19-33 However 

such syntheses were carried out under demanding conditions such as 30%/70% H2/ Ar 

or using unstable precursors such VCl3 or VCl2.19-33 This makes handling and the overall 

cost much higher and procedure of the synthesis very difficult. Therefore, an easier 

synthesis was designed to obtain a phase pure LVPP which can overcome the 

limitations mentioned above. A polyethylene glycol assisted solid-state synthesis was 

designed and the final synthesis procedure was explained in the experimental section. 

In the following paragraphs, a detailed study on the synthesis procedure is reported 

and discussed. Initial investigations focused on obtaining phase pure LVPP under Ar 

atmosphere. The three important factors that had considerable influence on the phase 

purity of LVPP were 1) the temperature, 2) amount of polyethylene glycol and 3) 

stoichiometry. As a first step, the intermediate synthesis products formed at various 

temperatures were examined by XRD. Table 3 summarizes the crystalline phases 

formed during the heat treatment upto 800°C  

TEMPERATURE PDF2 IDENTIFIER CRYSTALLINE PHASES 

300°C 00-015-0758 Li3PO4 

400°C 01-077-1045 Li4P2O7 

550°C 

01-085-2438 

01-072-7078 

01-072-7076 

00-026-1177 

LiVOPO4 

VOX 

LiXV2(PO4)3 

LiPO3 

700-780°C 

01-072-7074 

01-070-7297 

01-089-4707 

Li3V2(PO4)3 

LiVP2O7 

LFPP 

800°C 01-089-4707 LFPP 

Table 3:  Intermediate phases identified during synthesis of LVPP.52 Reproduced with 

permission from J. Electrochem. Soc., 164, A6047 (2017). Copyright 2017, The 

electrochemical society.  
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and Figure 9 shows the diffractograms of phases formed at temperatures between 

700°C and 800°C. From the table and the figure 9 it is clear that a temperature of 700°C 

-800°C is required to convert the more stable V5+in V2O5 precursor to V3+as in LVPP, 

and two other electrochemically active phases such as LiVP2O7 and Li3V2(PO4)3 .   

 

 

Figure 9: Influence of temperature on synthesis of LVPP.52 Reproduced with 

permission from J. Electrochem. Soc., 164, A6047 (2017). Copyright 2017, The 

electrochemical society.  

A temperature of 800°C is necessary to form phase pure LVPP.  The literature and the 

phase diagram of Li2O-V2O5-P2O5 also support these assumptions and thus agree with 

the obtained diffractograms.53  

Likewise, the amount of PEG-10000 added to the synthesis was also decisive in 

formation of phase pure LVPP. The content of PEG-10000 not only influenced the purity 

of the phase but also had an impact on the carbon content and the crystallite size of 

LVPP in the final product. As the synthesis temperature is 800°C and complete 

decomposition of PEG takes places at relatively low temperature of 400°C, hence giving 

only a minor contribution to the sample carbon coating.54 With increase in PEG content 

from 60 to 500 g mol-1 of LVPP, the chemical analysis on the final product after 

calcination shows that the carbon content increases from 0.1, to 0.5, 1.8 and 3.8 wt% 

respectively. XRD investigations reveal that the crystallite size of LVPP phase reduces 

from 240 nm to 150 nm with increasing PEG content when heat treated at 800°C.  As 
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shown in Figure 10a, increase or decrease of PEG content from 120 g mol-1LVPP resulted 

in impurity phases such as LiVP2O7 and Li3V2(PO4)3. However, only the sample 

containing 120 gmol-1LVPP of PEG-10000 resulted in pure phase LVPP.  Thus, we believe 

that 120 g mol-1LVPP of PEG acts as an effective dispersant agent during the ball-mill 

step, allowing homogeneous distribution of the mixture of precursors and leads to 

phase-pure LVPP. In addition to the temperature and added PEG-content, the 

stoichiometry of the precursors used had a considerable effect on the phase purity and 

is the most sensitive parameter. A slight deviation of 1.6% in either of the Li, V, P 

content can result in additional impurity phases such as Li4P2O7, LiVP2O7 and Li3V2(PO4)3 

as shown in Figure 10b. Slight excess of Li precursor results in Li rich Li4P2O7 and LVP 

while slight excess of phosphate precursor results in LiVP2O7 content. Additional 

parameters related to ball milling speed and time, synthesis conditions had minor 

influence on the purity of the phase obtained. 

Thus, from the above investigation on synthesis parameters, it was possible to 

infer that, to reduce vanadium from its initial V5+ oxidation state in V2O5 to the required 

oxidation state of 3+ a temperature of 700°C under Ar atmosphere is required. In 

addition, the stoichiometry and PEG content has to be carefully controlled to obtain a 

phase pure LVPP at 800°C. Hence for obtaining phase pure and   highly crystalline LVPP, 

more stable precursors such as V2O5 and Ar atmosphere is sufficient instead of using 

30% H2 or unstable precursors reported in literature.19-33 Additional synthesis 

techniques such as sol-gel, hydrothermal and spray drying were also simultaneously 

studied. However pure phase LVPP has been successfully synthesized by only using 

solid-state synthesis method.  
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Figure 10: Influence of a) PEG-10000 content b) Li,V,P stoichiometry on synthesis of 

phase pure LVPP at 800°C 

The LVPP-S1 synthesized at 800°C under Ar atmosphere was analysed using X-

ray diffraction. Preliminary XRD investigations on the phase pure LVPP-S1 (sample 

name: S-1) revealed high signal/noise ratio indicating that the as synthetized sample is 

highly crystalline. The Rietveld refinement and the SEM images are given in Figure 11a. 

The refinement of sample S-1 has been resolved with the trigonal space group P -3 c 

1 as in Li9Fe3(P2O7)3(PO4)2 (PDF2 #01-089-4707).13 The lattice parameters for S-1 are 

calculated to be a=9.7352(68) Å, c=13.6173(14) Å, unit cell volume of 1117.93 Å3 and 

has a crystallite size of 249 nm with good convergence factor. SEM analysis indicates 

that sample has no specific morphology but large particles in a wider particle size 

range. EDX analysis indicates the atomic ratio of V: P: O as 3.02:7.93:29.04 which is 

consistent with the stoichiometry in LVPP. The conductivity of the samples, as 

determined by four point probe measurements, is 1.01·10-8 S cm-1 which was very 

similar to what was reported in literature.20  
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Figure 11 a) Rietveld refinement and b) SEM image of LVPP-S1.52 Reproduced with 

permission from J. Electrochem. Soc., 164, A6047 (2017). Copyright 2017, The 

electrochemical society.  

In order to confirm the phase purity and the structure, HR-TEM investigation 

was carried out. The material is highly electron-beam-sensitive leading to fast 

amorphisation of the structure during exposure in TEM, which made the zone axis 

orientation and the consecutive thickness characterization by using TEM image 

simulations more difficult. Therefore, the imaging was carried out not only at 300 kV 

but also at 80 kV, where limited knock-on damage is induced by the beam energy, 

however both allowing atomic resolution. As shown in Figure 12a, the diffraction 

patterns of the LVPP particles has mostly isotropic distributed Bragg reflections, which 

confirms the polycrystalline nature of the synthetized LVPP material. Figure 12b 

(b) 
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indicates that the synthesized LVPP exhibits the expected a layered structure and Figure 

12c shows occasionally overlapped thin layers of LVPP, which are rotated towards each 

other as seen in the Moiré pattern. Unambiguous identification of the LVPP crystal 

structure can be achieved by measuring crystal plane distances at different orientations 

and comparing TEM images with corresponding simulations.  

 

Figure 12:  a) Image and diffraction pattern of a powder LVPP-S1 particles b) Typical 

layer-wise structured polycrystalline powder particle c) HRTEM image taken at 80 kV 

with inset image showing Moiré fringes d) crystal planes in atomic resolution at 300 

kV e) [0001]-oriented LVPP crystal grain with sub image of 12 unit cell which is 

partially overlapped with simulation f) projected crystal structure of LVPP in [0001] 

orientation.56 ChemElectroChem 5, 201 (2018). Copyright Wiley-VCH Verlag GmbH & 

Co. KGaA. Reproduced with permission. 

Figure 12d shows crystal planes in atomic resolution at 300 kV. The crystal plane 

distance, calculated as 0.843 nm, corresponds to the (1 0 1 0) plane of hexagonal unit 

cell, in good agreement with what has been reported in literature.20 Figure 12e shows 

the [0001]-oriented LVPP crystal grain imaged at 300 kV. The white framed sub-image 

is enlarged on the right and is partially overlapped with the corresponding simulation 

(red border). The estimated thickness of 12 unit cell = 16.3 nm resulted from the best 

fit between simulated and experimental image. Figure 12f displays the projected crystal 

structure of LVPP in [0001] orientation for better understanding. Similar results were 
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obtained from HR-TEM images acquired at 80 kV accelerating voltage confirming the 

structure of LVPP. The structural analysis made by HR-TEM agrees with the above 

reported XRD results and shows that the synthesized LVPP is phase-pure and has a 

layered structure with hexagonal unit cell. 

The electrochemical performance of sample LVPP-S1 was initially investigated 

under two different potential windows such as 2 - 4.6 V and 2 – 4.8 V, in order to obtain 

a complete de-lithiation of LVPP the structure and study the reversibility of the 

reactions. The LVPP-S1 electrodes were characterized by cyclic voltammetry (CV) and 

galvanostatic cycles. The first cycle of LVPP-S1 cycled within the different potential 

windows, are given in the Figure 13a and b. 

Figure 13: a) First cyclic voltammogram of LVPP-S1 between 2 -4.6 V (green) and 2- 

4.8 V (black) at 0.05 mV s-1b) First galvanostatic cycle at 0.1 C of sample LVPP-S1 

between 2 -4.6 V (green) and 2- 4.8 V (black).52 Reproduced  with permission from J. 

Electrochem. Soc., 164, A6047 (2017). Copyright 2017, The electrochemical society. 

Figure 13a shows the cyclic voltammograms recorded between 2 - 4.6 V and 2 

– 4.8 V for LVPP-S1. As expected, in the potential range 2 - 4.6 V two current peaks are 

observed, at 3.77 and 4.52 V during oxidation and 4.46 and 3.73 V during reduction. 

This indicates that the Li extraction/insertion occurs through two distinct processes, 

which are reversible and associated with a very low charge/discharge polarization. At 

3.77 V, the extraction of 1 Li-ion from the LVPP structure occurs, associated with a 

specific capacity of 29 mA h g-1. 
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The subsequent extraction of almost two Li per formula unit occurs at 4.52 V and is 

associated with 50 mA h g-1, very close to the theoretical values.14 During the reduction, 

almost 88% of the charge capacity was obtained. When cycling between 2 and 4.8 V, 

the oxidation step reveals the two redox processes at 3.77 and 4.52 V previously 

described, and the expected third process at about 4.65 V, which theoretically involves 

the removal of 2 Li-ions from the structure.20,55 However, the capacity associated with 

the latter electrochemical process is significantly smaller than the expected theoretical 

value.20 Moreover, the consequent reduction peaks appear much less pronounced and 

difficult to be distinguished indicating the partially irreversible nature of the involved 

electrochemical reactions. This behaviour is consistent with literature.20,55 Figure 13 b 

shows the charge/discharge curves of the 1st cycle of LVPP-based electrodes cycled at 

0.1C rate in the voltage range 2 - 4.6 V and 2- 4.8 V respectively.  

In good agreement with the CV analysis, the two voltage plateaus at 3.77 and 

4.52 V are observed. In the potential window 2 and 4.6 V, the overall capacity of 85 mA 

h g-1 is reached during the first cycle, corresponding to the extraction of approximately 

3 Li-ions from the structure. The first cycle discharge capacity is 75 mA h g-1, indicating 

that only 2.6 Li-ions can be re-inserted into the LVPP structure. The black line in Figure 

13b shows the charge/discharge curve of the 1st cycle of LVPP-based electrodes cycled 

in the voltage range 2-4.8 V. In agreement with CV analysis, the voltage profile for 

LVPP-S1 during the first charge shows a further potential slope after the plateau at 4.65 

V, with a final capacity of 90 mA h g-1. During the discharge process, the voltage 

plateaus become smoothed. Drastic change in the voltage profile after the first charge 

of LVPP suggests irreversible structural changes occurring at potential higher than 4.6 

V. Our results show that the voltage region between 4.6 and 4.8 V is characterized by 

a slope. Similar results have been also reported by Q. Kuang et al., although they 

observed four distinct charge plateaus between 3.7 and 4.8 V.55  

However, in both the investigated potential windows, a rapid capacity fading 

upon cycling is also observed as shown in Figure 14 a. Between 2 and 4.6 V, the voltage 

plateaus become shorter with cycling, although only a slight polarization is observed, 

a potential shift of approximately 20 mV to higher voltage in charge and lower voltage 

in discharge after 25 cycles. Between 2 and 4.8 V, the voltage plateaus become 

smoothed and gradually disappear during further cycles, accompanied by a strong 

capacity fading. After 25 cycles, only 1.25 Li-ions could be reversibly cycled. 
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Figure 14: a) 25th galvanostatic cycle at 0.1 C in LP1 of sample LVPP-S1 between 2 -

4.6 V (green) and 2- 4.8 V (black) b) Cycling stability of LVPP-S1 at different C-rates 

under 2- 4.6 V and 2- 4.8 V c) Capacity retention of LVPP-S1 with different ratios of  

LVPP-S1:carbon black 

Drastic change in the voltage profile after the first charge of LVPP-S1 suggests 

irreversible structural changes occurring at potential higher than 4.6 V. In order to 

understand if the lithiation / delithiation is limited by the applied current rate, the 

electrochemical behaviour at slower C-rate of 0.05 C is investigated. The obtained 

capacities vs. cycle number are plotted in Figure 14b. The specific capacity and the 

voltage profiles obtained at 0.05C and 0.1 C are very similar. This indicates that LVPP is 

not limited by charge transfer kinetics at the investigated C-rates. However, the 

phosphates based cathode materials are known to have electronic conductivity in the 

range of 10-8 - 10-10 S cm-1 significantly lower than their oxide counterparts. The lower 

electronic conductivity of phosphates is usually optimized by carbon coating.54 In order 
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to increase the conductivity of LVPP, two different approaches were chosen. A first 

approach was to increase the amount of carbon added during the electrode 

preparation and the second approach was to coat the LVPP with different carbon 

precursors such as citric acid, ascorbic acid and lactose which on calcination result in 

carbon coating of the LVPP particles. Using the first approach, LVPP-S1 active material 

and carbon additive ratios of 95:5, 77:23, 67:33 and 88:12 were used. Galvanostatic 

cycling measurements were carried out in the reversible potential window 2 -4.6 V and 

the results are summarized in Figure 14c. A minimum of 10% carbon is necessary to 

establish a good conductive contact between the particles and so, gaining capacity 

retention. Once the carbon content is more than 23%, fluctuating columbic efficiency 

and lower discharge capacity was obtained probably due to the very less active material 

available and is detrimental due to the oxidative nature of carbon at such high 

potentials.58,59 Nevertheless, addition of carbon had negligible impact on the reversible 

specific capacity (i.e.) number of Li-ions extracted and was restricted to as low as 2Li+. 

From this study it is very clear that, LVPP-S1 requires a minimum of 10% carbon to 

reach the optimum conductivity on the electrode level and improve capacity retention. 

Using the second approach, carbon coating on the synthetized LVPP particles 

was carried out using citric acid, ascorbic acid or lactose as carbon precursors. The 

amount of carbon precursor was calculated to obtain a final carbon content of 5 wt%. 

A final calcination temperature of 700°C and a time of 2 h were chosen taking into 

account the decomposition temperature and time for both LVPP and the chosen 

precursors used for carbon coating. After this coating procedure, the samples were 

analyzed using SEM, XRD and carbon content was estimated using chemical analysis. 

X-ray diffractogram of all the three investigated samples indicated no change in the 

crystallinity and crystallite size after the second calcination step. Figure 15b-d shows 

the SEM images of sample coated with various precursors such as citric acid (LVPP-S1-

C), ascorbic acid (LVPP-S1-A) and lactose (LVPP-S1-L), respectively. SEM images of 

LVPP-S1-C, LVPP-S1-A and LVPP-S1-L show no change in the morphology when 

compared to Figure 15a. The carbon content analysis of all the three samples in Figure 

15b-d were determined to be 1.3%, 2.8% and 4.4%, respectively. Thus, decomposition 

of lactose results in carbon coating that is close to 88% of the expected value. Citric 

acid and ascorbic acid leads to approximately 26% and 56% of the expected carbon 

content respectively.  
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Figure 15: SEM Images of samples carbon coated using precursors a) Uncoated b) 

Citric acid c) Ascorbic acid d) lactose 

Figure 16 shows the electrochemical results between 2 and 4.6 V for all the samples 

described above. For these experiments, 10% carbon content was chosen. As seen in 

Figure 16a, the specific discharge capacity and cycling stability of the samples with 

carbon coating was similar to the uncoated sample LVPP-S1. A maximum specific 

capacity of 75 mA h g-1 was obtained. However, LVPP-S1-C coated with citric acid shows 

higher irreversible capacity and lower columbic efficiency. On comparison, LVPP-S1-A 

and LVPP-S1-L and the uncoated sample showed lower irreversible capacities of 14 mA 

h g-1. Especially LVPP-S1-L coated with lactose showed high columbic efficiency. Rate 

capability tests were carried out and they show considerable differences between the 

uncoated and the carbon coated samples. At low C-rates, (i.e.) < 0.2 C, very similar 

discharge capacities were obtained by all the coated and the uncoated samples 

investigated. When a faster current > 0.5C is applied, the uncoated sample shows fast 

capacity fading with very strong polarization. The carbon coated samples showed 

higher specific discharge capacity.  
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Figure 16: a) Cycling stability of LVPP-S1 with different carbon coatings between 2- 

4.6 V b) Rate capability tests at different discharge currents of LVPP-S1 with different 

carbon coating between 2 – 4.6 V  

On observing the charge-discharge behaviour at different C-rates in Figure 16 a-b, 

a better reversibility, higher columbic efficiency and lower polarization is observed for 

LVPP coated with carbon from lactose decomposition. The positive effect of the lactose 

based coatings is ascribed to the homogenous coating with high yield of carbon and 

favourable electrochemical properties. Furthermore, the measured conductivity of the 

carbon coated LVPP is 3.5*10-5 Scm-1 is an order of magnitude 103 higher than the 

uncoated sample after carbon coating which agrees with the better kinetics put forth. 

Further increase in the carbon content using lactose, did not result in improvement in 

terms of cycling stability between 2 and 4.6 V as already mentioned. So, for further 
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experiments to obtain homogenous and effective carbon coatings, lactose was selected 

as precursor to obtain 5 wt% carbon coating. 

4.1.2 Impact of crystallite size on electrochemical performance of 

Li9V3(P2O7)3(PO4)2 - under two different potential windows 

The results described in the previous section suggests that a carbon coating of 5 

wt% is necessary to increase electronic conductivity and thus the electrochemical 

behaviour with less polarization at higher current rates. However, the capacity obtained 

in the first cycle is limited to the extraction of 3 Li-ions per f.u and capacity fading is 

observed. So, to circumvent this issue, nano-sizing the synthesized LVPP was attempted 

based on the extensive literature on importance of nano-sizing phosphate based 

cathodes such as LiFePO4 and the advantages in terms of improvement in ionic 

conductivities and electrochemical properties. Nano-sizing phosphate materials leads 

to enhancement in conductivity, shorter diffusion paths, higher specific capacity, 

reversibility and rate capability.58 In this work, different synthesis techniques such as 

sol-gel, spray drying and hydrothermal synthesis was attempted to obtain a carbon 

coating simultaneously with reduced crystallite size of LVPP. However sol-gel synthesis 

resulted in LVPP with other impurity phases such as Li3V2(PO4)3 and LiVP2O7 and offered 

no control over the crystallite size of LVPP. Even though hydrothermal synthesis offered 

better control over crystallite size it was very difficult to obtain phase pure LVPP. On 

the other hand, it is worth mentioning that spray-drying technique can be very effective 

in synthesizing dense spherical particles with controlled crystallite size. Using specific 

set of spray drying parameters and lactose as a coating agent, spray-drying method 

was attempted to synthesize LVPP. After the calcination step at 800°C for 10 h LVPP 

having a crystallite size of 40nm was obtained with 3% Li3V2(PO4)3 . 

 Therefore, to avoid obtaining impurities and to nano-size the synthesized LVPP, 

ball milling method was adopted. The sample S-1 synthesized with above described 

solid-state method was ball milled at different time intervals to vary the crystallite size. 

However, energy intense ball milling procedure can cause surface amorphization and 

can result in a surface filled with defects that can hamper also the electronic 

conductivity.57 Such effects can result in reduction in the electrochemical performance 

of LVPP. Therefore, to improve the crystallinity and conductivity of the ball milled LVPP, 

coating with lactose with further annealing step was carried out. The detailed 

experimental procedure has been reported in the experimental section. Figure 17 
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shows the XRD patterns of all the obtained samples after carbon coating treatment and 

final calcination step. The diffractograms of LVPP-S1 (S-1) and LVPP-S1-L (S-2) are 

given here for comparison.  No clear peaks corresponding to carbon are observed in 

the diffractograms, indicating an amorphous nature of the carbon coating. The 

diffractograms show no extra reflections due to additional crystalline phases 

suggesting that the applied treatments do not lead to phase decomposition of the 

original LVPP. The high signal/noise ratio indicates crystalline nature of the final 

products. The broadening of the peaks, especially for the diffractograms of sample S-

5 due the nano-sized crystallite dimension. All samples have been analysed by XRD 

before/after ball mill and final heat treatment in order to check the changes in the 

crystallite size and lattice parameters. The values of the lattice parameters and 

crystallite size of the final products, calculated using Pawley fit method, are listed in 

Table 4.  

 

Figure 17; X-ray diffractograms of modified LVPP-S1 with different crystallite size, 

through ball-milling and heat treatment at 700°C.52 Reproduced with permission from 

J. Electrochem. Soc., 164, A6047 (2017). Copyright 2017, The electrochemical society. 

The crystallite size of the pristine sample is reduced from 249 to 140 nm after 

ball mill for 4 h (S-3) and to 64 nm after 8 h (S-4). The LVPP crystallite size can be further 

reduced to 10 nm (S-5) by increasing the ball mill time up to 12 h (S-5). A slight 

crystallite size increase is expected to occur due to the subsequent heat treatment for 

carbon coating. However, the applied conditions in terms of calcination temperature 
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and time for the final thermal treatment lead to limited crystallite growth. Indeed, only 

the sample S-5 shows a slight crystallite size increase due to thermal treatment. A slight 

increase in lattice parameters and unit cell volume with decrease in crystallite size is 

observed. This behavior has been commonly reported for nano-sized active materials, 

such as LFP and titanates.57 For better understanding, this will be addressed and 

discussed separately further in the part iii of the results and discussion. 

Sample 

name 

Ball mill 

time  

/ h  

Carbon 

/ % wt. 
a / Å c /Å 

Volume 

/ Å3 

Crystallite 

Size /nm 

S-1 - 0.5 9.7382(68) 13.6173(14) 1117.93(05) 249 

S-2 - 4.4 9.7409(50) 13.6214(88) 1119.33(14) 249 

S-3 4 4.4 9.7450(18) 13.6255(30) 1120.61(49) 141 

S-4 8 4.4 9.7451(47) 13.6258(73) 1120.64(25) 64 

S-5 12 4.4 9.7519(22) 13.6320(57) 1122.26(06) 40 

Table 4: Lattice parameters and crystallite size of LVPP samples from XRD analysis. 

Ball mill performed at 400 rpm.52 Reproduced with permission from J. Electrochem. 

Soc., 164, A6047 (2017). Copyright 2017.  

The SEM images of the samples are reported in Figure 18. No significant 

morphological changes due to the carbon coating treatment can be observed. 

However, the samples after ball mill and carbon coating, especially S-4 and S-5 (Figure 

18b and c) shows better homogeneity and reduced particle size when compared to the 

non-ball milled samples LVPP-S1 (S-1) and LVPP-S1-L(S-2). The results reported so far 

show that the PEG-assisted solid-state method allows obtaining phase-pure LVPP with 

crystallite size of 250 nm. Further treatment via ball mill and carbon coating leads to 

LVPP samples with reduced particle size, nano-sized crystallite and carbon coating of 

4.4 % wt. The lactose coated samples had similar carbon content as seen in table 4 and 

additionally was effective in controlling the crystallite growth during the additional heat 

treatment method. 
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Figure 18: SEM images of sample a) S-3 b) S-4 c) S-5 

As already mentioned, conductive carbon coating as well as reduced crystallite 

and particle size, are known to be effective in improving electrochemical performance 

of phosphates cathode materials.59 The electrochemical behaviour of samples S-3, S-4 

and S-5 were tested in the potential windows 2 -4.6 V and 2 -4.8 V and is shown in 

figure 19 a and b. The obtained behaviour is compared with sample S-1 / S-2 to 

understand the impact of crystallite size. In the potential window 2- 4.6 V, Sample S-2, 

modified with carbon coating, and sample S-3, having both carbon coating and smaller 

crystallite size of 140 nm, show very similar behaviour in terms of capacity, voltage 

profile and cycling stability with respect to the pristine sample S-1.  

a) S-3 b) S-4 

c) S-5 
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Figure 19: Galvanostatic cycling of sample S-3, S-4 and S-5 between a) 2 – 4.6 V b) 2 

– 4.8 V.52 Reproduced in part with permission from J. Electrochem. Soc., 164, A6047 

(2017). Copyright 2017,The electrochemical society. 

On the other hand, sample S-4 and S-5 having nano-sized crystallites show 

much higher charge/discharge specific capacity and in particular, sample S-5, with 

crystallite size of 40 nm, shows very good cycling stability. For nano-crystalline sample 

S-4 and S-5, 100 and 110 mA h g-1 respectively is obtained during the first charge. 

When comparing the voltage profiles of the first charge for the different samples, the 

two voltage steps at 3.77 and 4.52 V are consistent and in good agreement with 

theoretical behavior of LVPP.14 However, both samples S-4 and S-5 show slightly 

different voltage profiles than the other samples with bigger crystallite size. With 

decreasing the crystallite size below 100 nm, the charge and discharge curves smear 

out and the higher overall capacity observed is gained in the voltage slope region 

between two plateaus. This behavior has also been frequently reported for nano-sized 

active materials.54,58,59 Furthermore, the unit cell volume and the specific capacity 

increases with decreasing the crystallite size which could be also due to the higher 

inter-layer spacing along the c-axis, which facilitates Li diffusion within LVPP crystals. 

For sample S-5, it results in the reversible extraction of almost 3.5 Li-ions per formula 

a) 
b) 
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unit during the first cycle within 4.6 V, without any further capacity fading during 

cycling. Comparable to the other samples, sample S-5 shows high columbic efficiency, 

of 96% between 2 and 4.6 V. After 25 cycles, the voltage plateaus at 3.75 and 4.51 V 

become less defined, indicating a slight aging effect, although no significant 

polarization is observed. For reaching full theoretical capacity of LVPP, corresponding 

to the extraction of 6 Li-ions, increasing the cut off potential to 4.8 V is necessary. Our 

results show that the voltage region between 4.6 and 4.8 V is characterized by a slope 

and the capacity associated with this region increases with decreasing the crystallite 

size as shown in Figure 19 b. For samples S-2 and S-3, the amount of Li extracted per 

formula unit during the first charge is 3.2 and 4, respectively, although only 2 Li-ions 

are exchanged after 25 cycles. When the crystallite size is lower than 100 nm, the 

voltage plateau at 4.65 V is clearly observed in the first charge profile (samples S-4 and 

S-5). Sample S-4 with 60 nm crystallites shows enhanced specific capacity and better 

cycling stability than S-3. In the first cycle, S-4 delivers a specific capacity of 135 and 

120 mA h g-1during charge and discharge, respectively. Sample S-5, with the smallest 

crystallites, shows the best electrochemical performance in terms of capacity. The 

extraction of almost 5 Li-ions is reached during the first charge, corresponding to 142 

mA h g-1. After 25 cycles, the reversible extraction of 4 Li per formula unit is maintained. 

These values are higher than those reported in literature for LVPP cycled between 2 

and 4.8 V.55 The superior performance of S-5 with respect to the pristine S-1 can be 

ascribed to the enhanced kinetic due to the very small crystallite size and carbon 

coating. After 25 cycles, the voltage has a sloping nature without any visible plateaus 

during charge and discharge. This may be probably due to the irreversible structural 

changes associated with deep de-lithiation of LVPP. The results so far reported show a 

significant increase of capacity with decreasing the crystallite size of LVPP. When 

comparing the differential analysis of the first cycle for samples S-1 and S-5 as shown 

in Figure 20 a, the voltage plateaus of the nano-sized material appear much sharper 

and the plateau at 4.65 V is very clear. This voltage plateau can be mainly ascribed to 

further Li extraction rather than possible side-reaction with the liquid electrolyte 

occurring at high potentials. In order to further study the impact of crystal size on the 

electrochemical behaviour of LVPP, the electrochemical performances at higher current 

rates between 2 and 4.6 V have been investigated and reported in Figure 20b.The 

electrodes were charged at 0.1 C and discharged at different rates between 0.1C and 

5C. 
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Figure 20: a) Differential capacity curve between 2 -4.8 V for Sample S-1 and S-5. b) 

Discharge capacity at different C-rates for Sample S-5.52 Reproduced in part with 

permission from J. Electrochem. Soc., 164, A6047 (2017). Copyright 2017, The 

electrochemical society. 

The results for samples S-5 is reported in Figure 20 b and is compared with Figure 16 

b where samples S-1 and S-2 have been reported. The sample S-5 shows much higher 

capacity at high currents when compared to the samples S-1 and S-2. At 

charge/discharge rates of 1C, 2C and 5C, a discharge capacity between 80 and 75 mA 

h g-1 is obtained for the nano-sized sample S-5. This is the highest capacity so far 

reported in literature for an un-doped LVPP produced using solid-state synthesis.  
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The results show that controlling the crystallite size and particle size, thus facilitating 

fast ionic conductivity, plays a major role in improving electrochemical performance of 

LVPP. In fact, limited differences are observed between S-1 and S-3, whilst S-5 with 40 

nm crystallites shows superior performance in both applied potential windows. On the 

other hand, some differences are observed by changing the working potential window. 

First, in the potential range 2 - 4.8 V, higher capacity but less cycling stability is 

observed. Next, the columbic efficiency is much higher within the cut-off potential 4.6 

V than 4.8 V. This can be due to different reasons, including structural irreversible 

changes as well as the instability of organic electrolyte systems at high potentials and 

possible reactivity with the carbon.59 In addition, the changes in the galvanostatic 

curves after the first cycle are much more pronounced between 2 and 4.8 V and 

independent from the crystallite size. All of the samples under investigation show 

gradual disappearance of voltage plateaus during cycling in this potential window. This 

suggests that, besides kinetic limitations that are partially overcome by reducing 

crystallite size and carbon coating, structural stability issues occur when cycling at high 

potentials which will be addressed in the next subdivision.  

4.1.3 Electrochemical behaviour of nano-crystalline Li9V3(P2O7)3(PO4)2 and 

structural changes under two different potential windows  

In order to gain insight into the kinetics of the Li-ion extraction/insertion process in 

the layered Li9V3(P2O7)3(PO4)2 structure, cyclic voltammograms at different scan rates 

were recorded in the present study. CV represents a very useful electrochemical 

technique which is often used for determining the reversibility of electrochemical 

processes. It is also possible to use CV to calculate the average diffusion coefficient of 

Li by applying the Randles-Sevcik equation as given below.51   

𝐼𝑝 = 2.69 ∗ 10−5 ∗ 𝑛
3
2 ∗ 𝐴 ∗ 𝐷

1
2 ∗ 𝑣

1
2 ∗ 𝐶0 

In a quasi-reversible system such as in Li-ion battery, when a voltage step is applied to 

the cathode material such as LVPP, the energy level of electrode under investigation is 

modified. This change in energy acts as the driving force to initiate the electrochemical 

reaction. Once the reaction is initiated, activity of the Li-ions adjacent to the working 

electrode changes. Based on the applied direction of the potential step, the reduction 

and oxidation process takes place. This causes a change in the concentration of ions at 

the electrode surface and non-faradaic reactions takes place until the redox potential 
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is reached. When the potential reaches the oxidation / reduction potential of the 

electrode, the electrochemical process begins and the current increases. The increase 

in current happens until, surface concentration of ions reaches its maximum/minimum 

(i.e.) mass transfer of Li is maximum at its peak. As soon as maximum mass transfer 

limit is reached, the current to drop down as the diffusion layer has grown sufficiently 

and limits the diffusion of Li. Once the end cut off is reached, the direction of scan is 

reversed and the opposite reactions takes place. The peak observed during oxidation 

and reduction carries important information about the diffusion of Li and electron 

transfer capabilities of the electrode under investigation. Thus, the electrode kinetics 

can be studied by varying the scan rate or the voltage applied which will significantly 

modify the concentration of Li at the electrode/electrolyte interface. Faster the scan 

rate, shorter the diffusion layer and greater the current. Such responses of the system 

under investigation changes and is observed to understand the differences put forth 

by different materials.51 In an attempt to study the kinetics of LVPP-based cathodes 

and the influence of crystallite size, CV analysis has been performed at different scan 

rates, namely 0.05, 0.1, 0.2 and 0.5 mV s-1. In Figure 21 a and b, we report the cyclic 

voltammograms of electrodes made with S-2 and S-5, respectively. For both samples, 

we can clearly identify two main electrochemical processes within the investigated 

potential range. At a scan rate of 0.05 mV s-1, the first electrochemical process 

corresponding to the current peak A occurs at 3.76 V and 3.74 V during oxidation and 

reduction, respectively. A second current peak, B, occurs at higher voltages, namely at 

4.52 V and 4.45 V during oxidation and reduction, respectively. As expected, with 

increasing the scan rate the anodic peak potential shifts to higher voltage 
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Figure 21: Cyclic Voltammograms at different scan rates a) S-2 b) S-5. 56 

ChemElectroChem 5, 201 (2018). Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 

Reproduced with permission. 

 

and the cathodic peak potential shifts to lower voltages. At the same time, the current 

peaks become broader with increasing the scan rate. This is due to the increased 

polarization at higher sweep rates because of kinetic limitations associated with the Li-

ion diffusion through the active material. In the applied potential window, the 

voltammograms of S-5 electrodes show higher current peaks than those of S-2, 

indicating faster kinetics of the Li extraction/insertion processes. For both low- and 

high voltage processes, the analysis of the voltammograms shows that the voltage 

separation between anodic and cathodic current peak, i.e. ΔE = Epa-Epc, is much smaller 

in the case of nano-sized crystals, (S-5). At 0.05 mV s-1 scan rate, the ΔE of peaks A and 

B is respectively 20 mV and 40 mV smaller for S-5 than for S-2 (see values in Figure 21). 
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Figures 22a and b show the plot of the measured redox peak currents (ip) vs. the square 

root of the scan rate (ν1/2) for S-5 and S-2 electrodes for process A and B, respectively. 

The plots have a linear behaviour, which is expected for the diffusion- 

 

Figure 22: Plot of peak current density vs. scan rate of a) peak A at potentials below 4 

V and b) peak B at potentials above 4 V of S-5 (blue) and S-2 (red). ChemElectroChem 

5, 201 (2018). Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 

permission. 

limited Li insertion/extraction processes. Moreover, the slope is strongly dependent on 

the crystallite size. The slope of the plots, which corresponds to the diffusion coefficient, 

is always higher for S-5 than S-2 suggesting that the electrochemical process is faster 

in nano-crystalline sample. The calculated values of the diffusion coefficient are listed 

in Table 5. The values obtained for sample S-5 is an order of magnitude higher than 

that of S-2 sample, indicating easier Li-ion diffusion for nano crystalline LVPP.  

Sample name Oxidation / cm2 s-1 Reduction / cm2 s-1 

S-5 Dapp
Li+ 2.94*10-9 1.37*10-9 1.14*10-9 3.82*10-9 

S-2 Dapp
Li+ 2.52*10-9 6.61*10-11 2.20*10-9 1.02*10-9 

Current peak A B B A 

Table 5: Calculated apparent diffusion coefficient Dapp
Li+ during oxidation/reduction 

of LVPP between 2 and 4.6 V.56 ChemElectroChem 5, 201 (2018). Copyright Wiley-

VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 
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The obtained values lie in the range of similar calculations previously reported for 

various phosphate materials such as LFP and LVP.60 It is known that higher amount of 

Li-ions can be extracted from LVPP by increasing the upper cut off potential to 4.8 V. 

As described earlier, a further voltage plateau occurs during the first charge at 4.65 V 

contributing to the overall capacity. However, this high voltage plateau disappears after 

the first cycle.  

To further investigate the cycling behavior of nano-sized LVPP, Figures 23a and 23b 

show the galvanostatic charge/discharge curves of selected cycles at 0.1 C for sample 

S-5 cycled for 50 cycles in the potential ranges 2–4.6 V and 2–4.8 V, respectively. 

 

Figure 23: Galvanostatic curves of S-5-based electrodes at 0.1 C in the potential 

range a) 2  4.6 V and b) 2 4.8 V.56 ChemElectroChem 5, 201 (2018). Copyright Wiley-

VCH Verlag GmbH & Co. KGaA. Reproduced with permission. 

 

When the upper cut off potential is limited to 4.6 V, a stable specific capacity of 100 

mA h g-1 is obtained. S-5-based electrodes show negligible capacity fading and 

reversible Li insertion/extraction over 50 cycles. Slight potential drop is observed for 

the electrochemical process at high potentials during cycling. In Figure 23 b, almost 5 

Li-ions per formula unit are extracted during the first charge to 4.8 V, corresponding to 

a specific capacity of 144 mA h g-1. High polarization and changes in the voltage 

profiles are observed upon cycling. After the first electrochemical charge, the voltage 

profile is not retained and a rapid capacity fade is observed in agreement with 

previously reported results. This electrochemical behavior can be ascribed to different 
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reasons, including irreversible structural changes induced by deep de-lithiation. 

Therefore, further investigation of LVPP cathodes from structural point of view were 

performed in order to correlate the mechanism responsible of capacity fading and 

voltage drop with structural changes occurring at high potentials. 

In-depth structural characterization of pure Li-monodiphosphate of different 

transition metals powder phases has been explained by Poisson et al. However, to the 

best of our knowledge, there is only one report available in literature focusing on 

structural changes of LVPP during de-lithiation /lithiation between 2 and 4.6 V. The 

study reported the co-existence of two different phases during de-lithiation without 

structural collapse. However, investigations of structural changes and capacity fading 

mechanism at potentials above 4.6 V have been not reported so far, to the best of our 

knowledge. In the present study, the structure evolution during cycling was evaluated 

by applying in situ   and ex situ XRD techniques. Due to the low intensity of the Bragg 

reflections, the fitting of the peaks and estimation of lattice parameters was very 

difficult for the nano-sized sample S-5. In the potential window 2 – 4.8 V, the voltage 

profile changes and capacity fading demonstrated in S-5 are also observed for S-2. 

Therefore, the in situ XRD investigation was performed on the micro-sized sample S-2 

within both potential ranges 2-4.6 V and 2-4.8 V, and the results are reported in Figure 

24, 25 a-b.  
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Figure 24: a) In situ   XRD investigation between 2 and 4.6 V of S-2 at 0.025 C. b) 

Lattice parameter variation on cycling between 2 and 4.6 V.56 ChemElectroChem 5, 

201 (2018). Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 

permission. 

The galvanostatic cycles show that overall 2.7 Li-ions are extracted from S-2 

within 4.6 V (Figure 24 b). The evolution of lattice parameters and unit cell volume in 

the investigated potential window are plotted in Figure 24 b. The values obtained for 

the pristine electrode are fully consistent with those previously reported for LVPP 

powders having similar crystallite size. The first electrochemical de-lithiation step 

occurs at 3.75 V, which corresponds to the first voltage plateau in the galvanostatic 

curve. At this potential, the lattice parameters a and c increase and the hexagonal unit 

cell expands until the extraction of one Li-ion per formula unit is complete. Above the 

3.75 V voltage plateau, there is a potential slope up to 4.51 V during which both a and 

c parameters remain almost constant. During this transition, additional 0.3 Li-ions are 

extracted from the structure according to the galvanostatic curves. Below the potential 

plateau at 4.51 V, the partially de-lithiated phase, named P1, has the same space group 

P-3 c 1 of original LVPP. During the second voltage plateau at 4.51 V, further 1.4 Li-

ions are extracted, with increasing of the lattice parameter c and decreasing of the 

b) a) 
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lattice parameter a, as shown in Figure 24b. Furthermore, the in situ   XRD analysis 

reveals a peak splitting at (h k l) = (0 0 2) at 4.54 V, as observed in Figures 24 a. This 

suggests that a phase transition to a second phase (P2) having the same space group 

of LVPP is possible and is in agreement with what was reported from Ceder et al by 

DFT calculations.14 The refinement for the new phase P2 was performed using two-

phase model and the calculated lattice parameters are found to be a=9.682(45) nm 

and c=13.951(12) nm. The lattice parameters of phase P2 shows smaller a value and 

bigger c value than the pristine phase P1. At the end of the charge at 4.6 V, the unit 

cell volume of P1 expands of 0.6%, whilst for P2 decreases of 0.5%. During subsequent 

reduction, above 4.15 V, P2 is re-converted into P1. At lower potentials, the lattice 

parameters a of phase P1 increases constantly until the voltage reaches 3.75 V. It 

remains constant during the voltage plateau and decreases again during the potential 

slope between 3.75 and 2 V. At the same time, the lattice parameter c of phase P1 

decreases constantly during the discharge and remains constant on the voltage 

plateau. At the end of the discharge to 2 V, the unit cell volume decreases to the 

original value. On subsequent cycling, the phase transition between phase P1 and P2 

is reversible as highlighted in Figure 24a.  

The galvanostatic cycles between 2 and 4.8 V show that overall 3.4 Li-ions are 

extracted from S-2 within 4.8 V (Figure 25 a and b). The evolution of lattice parameters 

and unit cell volume in the investigated potential window are plotted in Figure 25 b. 

Figure 25a shows the results obtained by applying an upper potential cut-off of 4.8 V. 

The capacity gain obtained by charging above 4.6 V corresponds to the extraction of 

additional 0.7 Li-ions, besides possible side-reactions with the electrolyte at high-

potentials that can also affect the galvanostatic profiles. Also in this case, as shown in 

Figure 25 a, peak splitting at (h k l) = (0 0 2) at 4.54 V is observed from in situ XRD 

analysis and suggests a phase transition from P1 to P2. In the 4.6 to 4.8 V regions, a 

complete phase transformation from P1 to P2 takes place. In this region, the phase P2 

shows an increase in the unit cell volume, with increase of the lattice parameter a and 

decrease of the lattice parameter c. During discharge, there is no evidence of two-

phases and thus suggests that there is no of re-conversion of phase P2 into phase P1 

during following discharge step and a much broader 0 0 2 peak is observed upon 

further cycling. The unit cell volume of the phase decreases with the trend of lattice 

parameters a and c being the same as described for Figure 24 b. These results suggest 

that the  
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Figure 25: a) In situ XRD investigation between 2 and 4.8 V of S-2 at 0.025 C. b) 

Lattice parameter variation on cycling between 2 and 4.8 V.56 ChemElectroChem 5, 

201 (2018). Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with 

permission. 

phase transitions occurring above 4.6 V up to 4.8 V are mainly irreversible. After 

complete discharge down to 2 V, the unit cell volume and lattice parameters of LVPP 

are slightly larger than the original values. 

As the information about structural changes of nano-sized LVPP were limited by 

in situ measurements, due to the low intensity of the Bragg reflection, ex situ XRD 

analysis was further carried out on S-5-based electrodes at different state of charge. 

The diffractograms recorded within the potential windows 2-4.6 V and 2-4.8 V are 

shown in Figure 26a and b, respectively. The XRD measurements were taken on the 

pristine electrodes, on electrodes charged at 4.48 V, 4.60 V, 4.70 and 4.80 V. As already 

observed for S-2, the charge process is initially accompanied by an increase in the unit 

cell volume with increase of the lattice parameter c and decrease of the lattice 

parameter a, as shown in Figure 26 c. After charging at 4.48 V, the structure shows a 

single phase (P1) with space group P-3 c 1. As mentioned earlier, the electrochemical 

extraction of 4 Li-ions within 4.6 V and 5 Li-ions within 4.8 V was possible. As shown in 

b) a) 
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inset of Figure 26 a, the diffractogram of S-5 charged to 4.6 V displays peak splitting 

similar to what already observed during in situ analysis of S-2, indicating a phase 

transformation into a new phase having the same space group 
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Figure 26:  Ex situ XRD investigation a) between 2 and 4.6 V and b) between 2 and 

4.8 V of electrodes based on S-5. c) Change in lattice parameters during charge in S-5 

between 2 and 4.8 V.56 ChemElectroChem 5, 201 (2018). Copyright Wiley-VCH Verlag 

GmbH & Co. KGaA. Reproduced with permission. 

 

than the pristine LVPP. This is accompanied by an increase in the unit cell volume of 

phase P1, with increase of the lattice parameter a and decrease of the lattice parameter 

c as shown in Figure 26. This corroborates with the removal of Li-ions from the Li (3) 

site, which is in between the layers as mentioned earlier for the pristine LVPP. The lattice 

parameters of phase P2 were found to have smaller a parameter (9.661 nm) and larger 

c parameter (14.082 nm) with respect to P1. On subsequent discharge from 4.6 to 2 V, 

the phase transformation is reversed, with decreasing of the unit cell volume and 

restoring of the lattice parameters a and c to their initial value. The total volume change 

of phase P1 from the pristine LVPP structure to the partially de-lithiated structure up 

to 4.6 V is +0.7%. Figure 26 b shows the XRD patterns obtained when charging to 4.8 

V. During charging from 4.6 to 4.8 V, the unit cell volume of the phase P1 further 

increases with decrease of c and increase of a lattice parameter, as indicated in Figure 

26. In addition, the calculated lattice parameters of phase P2 are found to be slightly 

increased, with a=9.670 nm and c=14.112 nm. The total volume increase of phase P1 

during charge to 4.8 V is 1.25% which is close to the value predicted by DFT 

calculation.14 During subsequent lithiation to 2 V, a broadening of 0 0 2 Bragg peak 

occurs with slight change in the intensity of the peaks and bigger unit cell volume than 

that of the pristine LVPP before cycling. 

(c) 
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Sample description 
x in 

Li
x
V

3
(P

2
O

7
)

3
(PO

4
)
2

* a / Å c /Å 
Volume / 

Å
3
 

Pristine 9 9.744(21) 13.625(43) 1120.49(61) 

Discharged to 2 V 

(from 4.6 V) 
9 9.748(23) 13.625(40) 1120.76(05) 

Discharged to 2 V 

(from 4.8 V) 
9 9.758(32) 13.613(54) 1122.85(66) 

Discharged to 2 V 

(from 4.6 V) after 50 

cycles 

 9.798(10) 13.613(22) 1131.90(05) 

Discharged to 2 V 

(from 4.8 V) after 50 

cycles 

 9.842(01) 13.549(15) 1136.62(33) 

 

Table 6: Lattice parameters of phase P1 during de-lithiation/lithiation of S-5 from ex 

situ XRD.56 ChemElectroChem 5, 201 (2018). Copyright Wiley-VCH Verlag GmbH & 

Co. KGaA. Reproduced with permission. 

 

In good agreement with in situ   XRD results, the ex situ XRD investigation on nano-

sized LVPP electrodes reveals that: 

i) During the first electrochemical Li extraction in the potential window 

2-4.6 V phase transition occurs with limited changes in the crystal 

structure. During discharge, the original phase is restored when 

limiting the upper cut-off to 4.6 V whilst irreversible phase 

transformations are detected when charging up to 4.8 V. 

ii) During deep de-lithiation at potentials higher than 4.6 V, strong 

changes of lattice parameter c are observed. The decreasing of the 

lattice parameter c during deep de-lithiation at potentials higher than 

4.6 V, indicates that some changes in the interlayer distance occurs, 

which can possibly cause structure collapse. Moreover, when cycling 

in the wider potential window of 4.8 V, irreversible phase 

transformation occurs.  
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To further study the structural modifications upon cycling, electrodes made of S-5 were 

continuously charged/discharged for 50 cycles, within both potential windows, 

discharged to 2 V and analysed by ex situ XRD. The obtained diffractograms are 

reported Figure 27a. The patterns of the pristine electrode are also reported for sake 

of comparison. The diffractogram of the electrode cycled in the potential window 2 - 

4.6 V shows a slightly larger unit cell volume when compared to the pristine electrode. 

After cycling in the potential window 2-4.8 V, instead, the XRD analysis reveals 

broadening and loss of intensity of the peaks, and much larger unit cell when compared 

to the pristine state. This further confirms that the irreversible phase transformations 

and the reducing of the interlayer distance taking place at high potentials induce strong 

crystallographic changes affecting the long-term cyclability, capacity retention and 

columbic efficiency. Additional analysis of these electrodes was carried out by FTIR and 

the results are shown in Figure 27b. The absorbance spectra of the fresh S-5-based 

electrodes shows clearly the bands corresponding to the P-O-P bridges between 750 

and 900 cm-1, PO3 bonds at 595, 1055 and 1133 cm-1, PO4 bonds at 426, 555, 1105 and 

1162 cm-1 in good agreement with literature reported data.26 When comparing the 

spectra of the electrode cycled in the potential window 2-4.6 V with the pristine 

electrode, we observe that the peaks corresponding to the phosphate groups are 

retained on cycling. The strength of absorbance spectra are reduced which can also be 

due to the presence of electrolyte degradation products on top of the electrodes. 

However, the spectrum of the electrode cycled between 2 and 4.8 V shows no clear 

peaks corresponding to phosphate groups with evident broadening/merging of the 

absorbance bands. This feature clearly indicates strong structural changes induced by 

cycling up to 4.8 V. Similar behaviour has been reported for NMC-based layered 

materials, which was responsible for voltage and capacity fading.63,64 
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Figure 27: a) Ex situ XRD patterns and b) FTIR spectra of pristine and cycled S-5-

based electrodes.56 ChemElectroChem 5, 201 (2018). Copyright Wiley-VCH Verlag 

GmbH & Co. KGaA. Reproduced with permission. 

 

4.1.4 Electrochemical Impedance spectroscopy investigation under different 

potential windows 

Side-reactions between the electrolyte and carbon and/or with the nano-crystalline 

cathode materials cannot be excluded, especially at such high operating potentials. 

Herein we apply Electrochemical Impedance Spectroscopy (EIS) to investigate the 

nature of surface changes which can be caused by such side-reactions. Especially at 

such high operating potentials, these reactions can occur due to the instability of the 

used electrolyte system and cannot be excluded as a concurrent reason for the 
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observed electrochemical behaviour. Goodenough et al. have reported about the 

spontaneous formation of a layer especially on the carbon surface for LVP-based 

cathodes.59 On S-5 based electrodes, EIS measurements were carried out at different 

states of charge. The electrodes were galvanostatically cycled and the spectra were 

obtained after a potential hold of 1 h. This experiment was performed by applying two 

different working potential windows, 2 - 4.6 V and 2 - 4.8 V. Figure 28 shows the 

galvanostatic profiles and the voltage values at which the impedance spectra were 

recorded. Figure 30 shows the obtained Nyquist plots acquired between 10 mHz and 

100 kHz at the beginning of charge, after charge and after the first discharge. The 

obtained spectra were modelled using the equivalent circuits as given in inset of Figure 

29.  

 

Figure 28: :Galvanostatic curve with points indicating potentials at which Nyquist 

plots were acquired between a) 2 and 4.6 V b) 2 and 4.8 V 

As shown in Figure 29 all of the obtained dispersions present three main features:  

1) a small semicircle in the high-frequency region, between 15.67 and 100 kHz, which 

can be related to the formation of a surface film, 2) a second semicircle partially 

overlapped with the previous one, visible in the high to mid-frequency region, between 

35.67 Hz and 35.67 kHz, ascribed to the charge-transfer resistance. 3) In the low-

frequency region, the spectra are characterized by a Warburg line associated with the 

solid-state diffusion of Li-ions. In the following discussion, we will refer to the resistance 

of the electrolyte, which is the x-intercept as R1; to the resistance of the passivation 

layer as R2, to the resistance of the charge-transfer process as R3. These elements are 

specified in the equivalent circuit used for data fitting reported in Figure 30. These two 
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main features of the Nyquist plots are more visible in the inset of Figure 29. In the low-

frequency region, a Warburg line associated with the solid-state diffusion of Li-ions is 

observed. The spectra were fitted based on the equivalent circuit given in Figure 30.65 

 

Figure 29: Nyquist plots acquired during charge in the potential window a) 2 and 4.6 

V b) 2 and 4.8 V.56 ChemElectroChem 5, 201 (2018). Copyright Wiley-VCH Verlag 

GmbH & Co. KGaA. Reproduced with permission. 

 

Figure 30: Equivalent circuits used for fitting Nyquist plots. 

a) b) 
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The resistance associated with the surface film, R2 is approximately 0.7 Ω mg-1 for all 

fresh and cycled electrodes independently from the applied upper cut-off. On the other 

hand, the resistance associated with the charge-transfer, R3, slightly increases after one 

cycle and the increase depends on the applied upper cut-off. Indeed, R3 increases from 

5.5 to 6.9 Ω mg-1  after cycling between 2 and 4.6 V and from 5.5 to 8.5 Ω mg-1 after 

cycling between 2 and 4.8 V. This indicates that the conductivity of LVPP changes 

during cycling and that extraction of high amounts of Li, (i.e.) charging up to 4.8 V, 

leads to an increase of the resistance associated with the charge-transfer process. On 

the basis of these results, we suggest that the side reactions at the electrode/electrolyte 

interface do not significantly affect the overall electrochemical behavior during the first 

cycle. The charge-transfer process is instead affected by the amount of Li extracted and 

that the electronic and ionic properties of the structure are not retained after cycling 

at high potentials. This may be likely due to the structural changes above described. 

Therefore, the changes of the electrochemical curves after charging at 4.8 V can mainly 

be ascribed to the electrolyte due to the electrolyte decomposition at high potentials. 

Hence, the surface reactions responsible for the growth of the passivation film on the 

electrode surface play a minor role in the electrochemical behaviour of LVPP-based 

electrodes, at least not during the first charge. On the other hand, the resistance 

associated with the charge-transfer, R3, slightly increases after one cycle and the final 

value depends on applied upper cut-off. Indeed, R3, increases from 5.5 to 6.9 Ω mg-1  

after cycling between 2 and 4.6 V and from 5.5 to 8.5 Ω mg-1 after cycling between 2 

and 4.8 V. This suggests that the charge-transfer process is affected by the amount of 

Li extracted and that the electronic and ionic properties of the structure are not 

retained after cycling at high potentials. Applying a charge cut-off of 4.6 V limits the 

specific capacity but also allows minimizing the changes on the structure. Moreover, 

EIS results suggest that the side-reactions at the electrode / electrolyte interface do 

not significantly affects the overall electrochemical behavior during the first cycle. 

Therefore, the changes of the electrochemical curves after charging at 4.8 V can mainly 

be ascribed to the structural modifications above described rather than to the 

formation of a surface film.  

In addition, the EIS investigations were carried out during cycling of the cell. The 

cell was held at completely discharged state for one hour before the spectra was 

acquired. The results are consolidated in Figure 31 and the fitting was carried out by 

using the equivalent circuit in Figure 30b. 
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Figure 31: Nyquist plots acquired after complete discharge to 2 V during cycling in 

the potential window a) 2 – 4.6 V  b) 2 – 4.8 V   

As seen earlier, the electrolyte resistance R1 and the film resistance R2 remains 

almost the same during cycling at 0.7 and 0.9 Ω mg-1 respectively. The charge transfer 

resistance R3 undergoes changes depending on the upper cut off potentials chosen. 

During cycling between 2 and 4.6 V, there is negligible change in R3 with increase in 

cycle number and thus remains constant at 7 Ω mg-1. Whilst, cycling in the wider 

potential window of 2 and 4.8 V, there is strong change in the charge transfer resistance 

R3 from 4 Ω mg-1 to 15 Ω mg-1 on cycling. These results suggest that the nature of 

interface and properties of the LVPP change when cycling continuously in the potential 

window of 2 and 4.8 V. This effect minimized when the cut off potential is limited to 

4.6 V.  Hence, the charge-transfer process is severely affected by the cut off potential 

chosen (i.e.) amount of Li extracted and LVPP’s properties as Li-host are affected by the 

shrinking interlayer distance and strong changes in the electrode / electrolyte interface.  

Thus, effective utilization of multi electron step is only possible by operating 

between 2 and 4.6 V. Controlling the crystallite size of LVPP to 40 nm, a highly reversible 

specific capacity of 100 mA h g-1 and better rate capability compared to literature (i.e.) 

80 mA h g -1 at 2 C was achieved. 
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5. RESULTS AND DISCUSSION-PART II: 

5.1 IMPROVING SPECIFIC ENERGY OF LiNi0.5Mn1.5O4: 

5.1.1 Electrochemical behaviour of ordered LiNi0.5Mn1.5O4 

The aim of this work is to determine the electrochemical lithiation/delithiation 

mechanism of LiNi0.5Mn1.5O4 spinel (LMNO) at potentials below 3 V and thus improve 

the capacity of LMNO by utilizing both Mn and Ni redox reactions. A summary of the 

state of the art reported in literature on Li1+xNi0.5Mn1.5O4 is briefly explained below. It is 

known that, similar to LiMn2O4, LMNO can be electrochemically lithiated/delithiated 

within a composition range LixNi0.5Mn1.5O4 0<x<2.5 in the potential window 4.9 to 1.5 

V.37,38,66  Theoretically, a total specific capacity 320 mA h g-1 in the region between 4.9 

-1.5 V and 200 mA h g-1 in the region between 4.5 -1.5 V can be obtained:66 When 

additional Li is inserted into LMNO, from a structural point of view, phase transitions 

from cubic to tetragonal (I41/amd) are generally reported for both P4332 (ordered) and 

Fd-3m (disordered) LNMO during electrochemical discharge to 2 V.42,43 However, the 

reversibility of the formed phases at low-potentials is different for the two structures. 

Lee et al. suggests that the Fd-3m structure shows irreversible phase transitions and 

the P4332 structure shows better reversibility, leading to better cyclability and 

stability.39 By an ex-situ XRD analysis, they suggested that the smaller octahedral sites 

for Li insertion and the formation of an additional tetragonal phase (T2) are the reasons 

for the shorter 2.7 V plateau and faster capacity fading in the Fd-3m structure with 

respect to the structure having P4332 space group.42,43 Chemelewski et al. reported by 

that the LMNO morphology, along with cation ordering, influences the electrochemical 

properties at low potentials. In particular, they suggested the crystallographic planes 

in contact with the electrolyte have a dominant effect on the electrochemical 

properties.43 However, complete understanding of the electrochemical mechanism 

responsible for the appearance of the two distinct plateaus has been not provided so 

far. Mancini et al have reported that a capacity of 200 m Ah g-1 can be reached by 

cycling LMNO between 2.4 and 4.9 V, obtaining very good cycling stability and cycling 

of lower cut off than 2.4 V is not stable.66 The superior electrochemical performance is 

ascribed to the specific morphology that provides suitable properties such as 

buffer/low-impact during the volumetric changes during cycling and low side-reactions 

with the electrolyte at potentials higher than 4.5 V. The corresponding energy density 

of the cathode vs. graphite in full Li-ion cell was calculated showing that potential cut-

off limitations > 2.4 V does not significantly increase the energy density.66 Therefore, a 
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strategy to further improve the energy density is to increase the specific capacity by 

maintaining the same operating potential window between 2.4 and 4.9 V. 

Galvanostatic Li insertion into the LMNO spinel shows that the electrochemical 

lithiation process occurs in two distinct voltage plateaus at 2.7 and 2.1 V. In 

contradiction to what has been observed during galvanostatic charge, the two plateaus 

are absent during the open circuit voltage titration of Li indicating that the lithiation 

process is kinetically hindered.37,38 In order to maximize the capacity at low voltage (i.e.) 

within 2.4 V, it is of primary importance to understand the electrochemical mechanism 

which defines the relative length of the two observed voltage plateaus. It has been 

proven that the lithiation of LMNO occurs via a two-phase transformation from cubic 

to tetragonal crystal structure.38 As the two different phases possess different Li 

amounts and different symmetry, we can expect that they show different diffusion 

coefficients for Li-ions and therefore different kinetics for Li insertion/extraction. Thus, 

we carried out the investigation on the relative kinetics of the two-phases (cubic and 

tetragonal) formed under galvanostatic conditions by changing working parameters 

such as temperature and charge/discharge rates. In this case, the system is studied 

under non-equilibrium conditions and therefore the effect of kinetics limitations is 

revealed. Moreover, we have studied the effect of varying the crystallite size to a nano-

scale level on the electrochemical curves and on the performance of the stoichiometric 

spinel.  

For this study, a LMNO sample with highly-ordered, stoichiometric structure and 

tailored morphology was used as reference material. Figure 32a and b shows the XRD 

patterns and SEM micrographs of the synthesized LMNO powder (LMNO-S1). The 

LMNO-S1 sample exhibits phase-pure, highly-ordered cubic spinel structure without 

impurities as revealed by the XRD analysis. The diffraction patterns have been indexed 

in the cubic P4332 symmetry and present superstructure reflections at 2θ angles of 

15.3°, 39.7°, 45.7° and 57.5° are typical of a highly ordered stoichiometric LiNi0.5Mn1.5O4. 

The arrow in Figure 31a shows the most intense superstructure reflection. The lattice 

parameter obtained by Rietveld refinement is 8.169 Å and the crystallite size was 

calculated to be approximatively 100 nm. Figure 32b presents spherical morphology 

and polycrystalline architecture where the primary crystallites are randomly oriented 

within the particles. Such tailored morphology allows reaching very high tap-density of 

2.3 g cm-3 which is beneficial for obtaining close packing of the active material in the 

electrodes. Moreover, highly dense spherical particles can be easily processed during 
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electrode fabrication procedure with further advantages such as low side-reactions 

with the electrolyte and low-impact of the volumetric changes.15,44 

        

                         

Figure 32:  a) X-ray diffractogram of the LMNO-S1 sample. b) SEM images of the 

LMNO-S1 with inset of different magnification. 

Electrodes based on the above described LMNO sample were cycled at 20°C 

between 1.8 and 4.5 V at increasing current densities from 5 to 75 mA g-1 in LiPF6 1 M 

EC: DMC. A lower cut off potential of 1.8 V was chosen to observe the changes in both 

the Mn redox plateaus at 2.7 and 2.1 V with increasing current density. The upper cut 

off potential of 4.5 V was chosen in relation what has been suggested in literature that 

complete conversion of the Mn3+ takes place at 4.1 V.38 Moreover, as the 

decomposition of the used electrolyte system, which typically occurs at potentials 
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above 4.5 V, is expected not to strongly affect the results.68,69 The electrodes were firstly 

cycled 3 times at the slowest rate of 5 mA g-1 and then 2 times at each of the other 

current densities. Figure 33 shows the first three cycles at the slowest current density 

of 5 mA g-1.  

 

Figure 33: Electrochemical curves of LMNO-based electrodes recorded between 1.8 

and 4.5 V at a charge/discharge rate of 5 mA g-1. 

Although the overall capacity remains almost constant, a slight different shape in the 

lithiation/delithiation curves is observed from the first to the subsequent cycles. Indeed, 

the first reduction curve shows shorter 2.7 V plateau and longer 2.1 V plateau with 

respect to the second curve. Moreover, a small plateau at approximatively 3.8 V appears 

in all the cycles in the oxidation electrochemical curves. No further significant changes 

during cycling are observed after the second cycle. This may indicate that structural re-

arrangements which occur during the first lithiation at low potentials, lead to a slight 

activation of the structure than in the initial state gives rise to a longer 2.7 V plateau. 

Additionally, the formation of higher amounts of Mn3+ results in pronounced oxidation 

plateau at 3.8 V. Additional experiments with higher upper cut off potentials results in 

similar electrochemical behaviour which indicates that LMNO when overlithiated until 

1.8 V undergoes slight activation in the  subsequent cycles. Figure 34 a shows the 

second lithiaion/delithiation cycle recorded at 5, 15, 30, 50 and 75 mA g-1 current 

densities. As expected due to polarization effects, the overall capacity decreases with 

increasing the charge/discharge rate. At the slowest current density, the lithiation 
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process corresponds to 160 mA h g-1, and progressively reduces to 140, 128, 120 and 

108 mA h g-1 at 15, 30, 50 and 75 mA g-1, respectively. The obtained specific capacity 

of 160 mA h g-1 at the slowest current density is higher than the expected theoretical 

specific capacity. As described earlier LMNO can be lithiated until 1.5 V and because of 

the chosen lower cut off potential of 1.8 V, additional capacity is gained below the 2.1 

V plateau thus giving higher capacity than expected. During lithiation, the length of the 

2.7 V voltage plateau decreases with increasing the current density, whilst the 2.1 V 

plateau seems to be less affected by the used current rate. Similarly, the length of the 

2.7 V plateau during delithiation also shows a decrease in length with increasing the 

current rate. No significant changes are observed instead in the 3.8 V regions. 
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Figure 34: a) Electrochemical curves of LMNO-S1 based electrodes recorded between 

1.8 and 4.5 V at increasing charge/discharge rate from 5 to 75 mA g-1. b) Differential 

capacity profiles. 

In order to further analyze the galvanostatic curves and estimate the distribution of the 

capacity between the two main electrochemical processes, the differential analysis was 

carried out and the dQ/dV plots are reported in Figure 34 b. With increasing the current 

density, a clear shift of the 2.7 V process to lower voltage values during Mn reduction 

and to higher voltage values during Mn oxidation is observed, indicating that the Li 

insertion/extraction undergoes polarization effects. Moreover, the intensity of the 

Current density / mA g-1 5 15 30 50 75 

Discharge specific capacity at 2.75 V 

/ mA h g-1 

104 80 76 67 57 

Discharge specific capacity at 2.10 V 

/ mA h g-1 

29 27 23 23 23 

Charge specific capacity at 2.80 V 

/ mA h g-1 

127 112 99 88 78 

Table 7: Specific capacity values at 2.75 and 2.10 V (discharge) and at 2.80 V 

(charge) calculated from differential analysis of galvanostatic results at different 

current densities 
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corresponding dQ/dV peak linearly decreases with increasing current density. Less 

influence of the current density on the processes in the potential region below 2.4 V is 

observed clearly in differential analysis. For the lithiation process, the area under the 

two main dQ/dV peaks at 2.7 and 2.1 V was calculated and the obtained capacity values 

are listed in Table 6. The results clearly show that the capacity associated with the 2.7 

V plateau linearly decreases with increasing the current density, whilst the capacity 

recorded in the lower voltage region remains almost constant independently from the 

applied current rate. During delithiation, the overall capacity calculated during the 

process at 2.85 V linearly decreases with increasing the current density. The small 

contribution to the charge capacity obtained at higher voltage is instead not affected 

by the current density, as the dQ/dV peaks at 3.8 V remain the same independently 

from the current density applied. This indicates that the decrease of the overall capacity 

during the 2.7 V voltage plateau above described is mainly due to decreased amount 

of Li inserted. The phase transformation from cubic to tetragonal phases that takes 

place during lithiation can be one possible reason and the tetragonal phase is a known 

semiconductor which can kinetically hinder the first electrochemical process taking 

place at 2.7 V plateau.38 

The phase transformation kinetics can also be affected by the temperature as 

temperature plays a role in increasing the conductivity of the semiconductors. In order 

to study the influence of the working temperature on individual voltage plateaus of the 

galvanostatic curves, LMNO-S1 based electrodes were lithiated to 1.8 V and delithiated 

to 4.5 V at various temperatures ranging between 0 and 30°C at 5 mA g-1 current 

density. 
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Figure 35: a) Electrochemical curves of LMNO-S1 based electrodes recorded between 

1.8 and 4.5 V at different temperatures b) Corresponding differential capacity profiles 

Figure 35a shows the first lithiation/delithiation curves recorded at T= 0°C, 10°C, 20°C 

and 30°C. Figure 35b shows the differential analysis of the corresponding galvanostatic 

curves and indicates the voltage values of the different dQ/dV peaks. The specific 

capacity corresponding to the individual plateaus at 2.7 and 2.1 V during discharge and 

at 2.8 V during charge was calculated from the peak area of dQ/dV profiles and is listed 

in Table 7. The shape of the discharge curves (Figure 35a) on both the 2.75 V and 2.10 

V voltage plateaus is strongly affected by the applied temperature. As expected, the 

overall capacity is approximatively 140 mA h g-1. The capacity distribution between the 
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2.75 and 2.10 V plateaus is in the ratio 3:1 (91 vs. 30 mA h g-1). At 30°C the overall 

capacity increases to 150 mA h g-1 and the ration between the 2.75 and 2.10 V capacity 

increases to 5:1 (101 vs. 21 mA h g-1). Although the overall capacity recorded at both 

10 and 0°C is approximatively 127 mA h g-1,the ratio between the 2.75 and 2.10 V 

plateaus decreases to 1.25:1 and 0.64:1, respectively.  

Temperature / °C 0 10 20 30 

Discharge specific capacity at 2.75 V 

/ mA h g-1 

41 55 91 101 

Discharge specific capacity at 2.10 V 

/ mA h g-1 

64 44 30 21 

Charge specific capacity at 2.80 V 

/ mA h g-1 

81 98 91 94 

Table 8: Specific capacity values at 2.75 and 2.10 V (discharge) and at 2.80 V (charge) 

calculated from differential analysis of galvanostatic results at different temperatures. 

The results clearly show that with increasing the temperature the length of the 2.75 V 

plateau increases and the length of the 2.10 V plateau decreases. In the charge curves, 

the plateau at 2.80 V decreases with increasing the temperature, whilst the voltage 

feature at 3.90 V decreases. 

Different considerations can be drawn based on the kinetic limitations put forth 

during Li insertion into LMNO at various C-rates and temperature. During lithiation at 

different current densities, the two electrochemical processes at 2.75 and 2.10 V have 

different kinetics, as the relative length of the voltage plateaus show a different 

response to the change of temperature and current density. With the increase in C-rate 

electrochemical lithiation capacity at 2.7 V and delithiation capacity at 2.85 V decreases, 

and hence the overall capacity associated with both the processes mentioned above 

linearly decreases. In addition, the capacity recorded during charge at 2.10 V and at 

discharge at 3.8 V during delithiation remains almost constant independently from the 

applied current rate. Conversely, with increase in temperature, the specific capacity 
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during lithiation obtained on the plateau at 2.7 V significantly increases with plateau at 

2.1 V significantly decreases. However, the overall lithiation capacity remains the same. 

At lower temperature of 0°C, the plateau at 2.10 was longer and therefore the plateau 

at 3.8 V becomes more pronounced. These effects suggest that the two processes at 

2.75 V during lithiation / 2.80 V during delithiation and 2.1 V during lithiation / 3.8 V 

during delithiation are associated and refer to the same electrochemical process. On 

the other hand, for a given capacity, e.g. 125 mA h g-1 reached at 0 and at 10°C, the 

amount of Mn reduced to Mn3+ in the structure is the same. However, the main 

reduction occurs at lower voltage, indicating that higher energy is needed to convert 

Mn4+ to Mn3+. At the same time negligible voltage hysteresis is observed when cycling 

under different C-rates and temperature especially at the electrochemical process 

associated with 2.75 V / 2.80 V indicating that the LMNO is capable of accepting 

electrons and the limited capacity is probably due to diffusion limitations for Li inside 

LMNO. However, the electrochemical process at 2.1 V shows hysteresis indicating that 

the electron transfer process is hindered.  

On considering these findings and the literature, it can be assumed that the cubic 

to tetragonal transformation taking place during the lithiation process hinders the 

phase transformation kinetics.37-39 This lithiation additionally is strongly affected by the 

temperature and the redistribution of capacity between 2.70 V and 2.10 V plateau takes 

place. Hence there is a possibility that the stability of the tetragonal phase strongly 

varies with temperature during lithiation and thus activation energy for phase 

transformation becomes higher with lower temperature. Nevertheless, the capacity at 

the 2.70 V plateau is still limited to 100 mA h g -1 when operated at either higher 

temperature or slower C-rate. One method to overcome the limitation is to control the 

particle and crystallite size of LMNO. Such methods have been adopted for various 

materials such as LiFePO4 or LiMn2O4 to improve its specific capacity and kinetics.54,58 

Thus, in the next section we discuss about the influence of particle and crystallite size 

on the electrochemical lithiation and delithiation of processes associated with Mn4+ to 

Mn3+ of LMNO. 

5.1.2 Impact of crystallite size on electrochemical performance of LiNi0.5Mn1.5O4 

under different potential windows 

With the aim of investigating the influence of crystal size of LMNO on its 

galvanostatic behaviour, samples with different crystal size but similar particle size have 
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been tested. The LMNO samples with different crystallite size were obtained by ball 

milling the pristine LMNO discussed in the previous section. Further calcination at 

different temperatures was applied to control the growth of the crystals. Figure 36a 

shows the XRD analysis of the obtained LMNO powders. Temperatures higher than 

700°C was not considered as it may result in oxygen defective spinel with F d -3 m 

crystallographic space group and also introduce impurity phases of Li1+xNi1-xO2.42,43 All 

samples after calcination show the same space group of the pristine LMNO (P4332). As 

expected, a clear broadening of the peaks with reducing crystallite size is observed in 

the XRD patterns. The reflections of the superstructure typical of a highly ordered 

LiNi0.5Mn1.5O4 structure, already described for the pristine LMNO, are clearly visible only 

for the sample calcined at 700°C. This may be also due to the decreased crystallite size 

which reduces the intensity of the Bragg reflections. 

 

Figure 36: a) XRD patterns of LMNO samples after ball-mill and calcination at 550°C 

(LMNO-S4), 650°C (LMNO-S3) and 700°C (LMNO-S2). b) The superstructure 

reflections are also indicated FTIR spectra of the above-mentioned samples recorded 

in ATR mode 

In order to confirm that the cation ordering is retained after ball milling and calcination, 

ATR-IR was performed on the powders. The spectra recorded between 400 and 1000 

cm-1 are reported in Figure 36b. As marked in the figure, the three most important 

absorption bands are at 555 cm−1, 589 cm-1 and 624 cm-1. The band at 589 cm-1 is 

ascribed to Ni2+-O stretching and the bands at 555 cm-1 and 624 cm-1 belong to Mn–

O stretching.40 The intensity ratio between the band at 589 cm−1 and that at 624 cm-1 

is used qualitatively to assess the degree of ordering in spinel.40 For all the samples 

under investigations, the absorption intensity ratio between the peaks of Ni-O at 589 
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cm-1 and the peak of Mn-O at 624 cm-1 shown in Figure36b is higher than 1, which is 

typically reported in literature for ordered LMNO spinel with space group P4332.40 Only 

slight decrease of such intensity ratio is observed for samples LMNO-S3 and LMNO-

S4, indicating that the ordering is not significantly affected. Therefore, ATR-IR results 

confirm that all samples after ball milling and re-calcination maintain the original 

ordered structure with P4332 space group. Sample names, calcinations conditions and 

Refinement analysis results from XRD measurements are reported in Table 8. For sake 

of comparison, the values obtained for the pristine LMNO are also listed.  

Sample 
name 

Calcination 
temperature 
after ball-mill 

/ °C 

Lattice 
Parameter 

a / Å 

Unit cell 
volume  Å3] 

Crystal 
Size / 
nm 

Rwp/Rp 
% 
 

LMNO-S1 - 8.169±0.001 545.26±0.26 98±2 17/12 

LMNO-S2 700 8.166±0.001 544.53±0.09 50±0.7 14/10 

LMNO-S3 650 8.169±0.002 545.20±0.33 31±0.4 11/10 

LMNO-S4 550 8.169±0.004 545.19±0.69 15±0.2 10/10 

Table 9: Sample name, calcination temperature and Rietveld refinement results for 

pristine and modified LMNO samples. 

The morphology of the samples LMNO-S2, LMNO-S3 and LMNO-S4 was 

observed using SEM and the images are shown in Figure 37 a, b and c, respectively. 

The ball milling procedure applied to reduce the crystallite size leads to complete loss 

of the original morphology reported in previous section. Indeed, the primary spherical 

particles as well as the secondary polyhedral particles are broken down to randomly 

shaped particles. The three samples after modification show similar particle 

morphology and size from SEM analysis. In order to focus on the effect of crystal size 

on the electrochemical behaviour of LMNO at low-potentials, we have selected for 

electrochemical evaluation only the samples with similar morphology, namely LMNO-

S4, LMNO-S3 and LMNO-S2. This allows direct comparison of different crystallite size 

without influence of the sample morphology, which has been suggested to have a big 

impact on the electrochemical performance.43 
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Figure 37: SEM Micrographs of LMNO samples after ball-mill and calcination at 

700°C (LMNO-S2) (a), 650°C (LMNO-S3) (b) and 550°C (LMNO-S4) (c). 

Figure 38 shows the first galvanostatic discharge/charge profile, between 1.8 - 4.5 V at 

20°C, of the three samples under investigation at 5 mA g-1. In general, the overall 

specific capacity increases with decreasing the crystallite size. The capacity distribution 

between the different low-voltage regions depends on the crystallite size of LMNO. 

During lithiation, the capacity on the 2.70 V plateau increases with decreasing the 

crystallite size. From the analysis of the differential capacity (Figure 38b), the specific 

capacity on the 2.75 V voltage region is 100 mA h g-1 for the sample LMNO-S2 with 50 

nm crystallite size and 130 mA h g-1 for the sample LMNO-S4 with 15 nm crystallite 

size. Moreover, the shape of the galvanostatic curves below the 2.75 V voltage plateau 

changes with changing the crystallize size. The 2.10 V voltage plateau disappears in the 

discharge curve of the sample with the smallest crystallite, LMNO-S4, and a sloped 

voltage profile is observed. Additional advantages such as lower polarization and an 

overall shift of this process to higher voltages are observed during charge and 

discharge for the sample LMNO-S4 with respect to the other samples. 
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Figure 38: Electrochemical curves (first cycle) of electrodes made with sample LMNO-

S2, LMNO-S3 and LMNO-S4 recorded between 1.8 and 4.5 V at a current density of a) 

5 mA g-1 b) Corresponding differential capacity profiles. 

With 15 nm crystallite size, the overall capacity is obtained at 2.75 V and no 

second plateau at 2.10 V is observed which may indicate a change in the lithiation 

mechanism for LMNO. This is also observed in Figure 38b, where the differential plot 

of sample LMNO-S4 shows a flat line in the 2.70-1.80 V region. It has been discussed 

in literature that increase in solubility limits with decreasing crystallite dimension can 

be one of the reasons for change in lithiation mechanism of LiFePO4 /FePO4.67 Similar 

observations are seen here for lithiation mechanism of LMNO-S4 and increasing 

solubility limits can be one of the reasons for the changes in electrochemical behaviour. 
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The irreversible capacity (charge-discharge) for LMNO-S4 with 15 nm crystallite size is 

much higher (41 mA h g-1) than for the other two samples which can be due to the 

effect of higher surface area of the nano-crystalline LMNO. 

Consequently, the electrochemical curves of the second cycle were plotted in 

Figure 39a. We can observe that, especially for the sample LMNO-S4 with the smallest 

crystallite size, the overall capacity increases with respect to the first cycle, and the 

Coulombic efficiency improves. Whilst, the capacity gained on the 2.7 V plateau 

remains similar to the first cycle. No further changes were observed during the 

subsequent cycles. From the second cycle, sample LMNO-S4 reaches a stable capacity 

of 190 mA h g-1 in the potential window 1.8-4.5 V which is very close to the theoretical 

specific capacity. The overall Li insertion increases, from 1.04 to 1.30 Li per f.u after the 

first cycle between 4.50 and 1.80 V, by reducing the crystallite size from 50 to 15 nm. 

With reducing the crystallite size, the electrochemical curves show more pronounced 

change in the shape from the first to the subsequent galvanostatic cycles. The 

difference between the first and the second discharge profile for sample LMNO-S4 is 

mainly in the sloped region above the 2.75 V plateaus, which increases after the first 

cycle giving rise to an increase of capacity. This behaviour is visible also for samples 

LMNO-S3 and LMNO-S2 but much less pronounced. This may indicate that some 

change of the lithiation mechanism is possible for small crystallite dimensions besides 

the Faradic process occurring on the 2.75 V plateaus, which remains constant during 

cycling (same length, same potential). 
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Figure 39: Electrochemical curves (second cycle) of electrodes made with 

sampleLMNO-S2, LMNO-S3 and LMNO-S4 recorded between 1.8 and 4.5 V at a 

current density of a) 5 mA g-1 b) Corresponding differential capacity profiles . 

The potential region below 2.75 V is characterized by the 2.10 V plateau for sample 

LMNO-S2. This feature becomes less pronounced for sample LMNO-S3 and disappears 

for sample LMNO-S4, as already mentioned. Accordingly, the 3.90 V during charge is 

more pronounced for sample LMNO-S2. 

 Consequently, the effect of charge/discharge rate on LMNO samples with 

different crystallite size is investigated and is shown in Figure 40a and b show the 

second discharge/charge cycle recorded at 5, 15, 30, 50 and 75 mA g-1 current densities 

for LMNO-S2 and LMNO-S4, respectively.  
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Figure 40: Electrochemical curves of electrodes made with sample a) LMNO-S2 and 

b) LMNO-S4 recorded between 1.8 and 4.5 V at increasing charge/discharge rate 

from 5 to 75 mA g-1. 

For both samples, as in the case of the pristine LMNO-S1, the integrated capacity within 

2.4 V decreases with increasing the current density, whilst the capacity obtained below 

2.4 V plateau remains constant for LMNO-S1. At each current density applied, the 

sample LMNO-S4 shows approximately 25 - 30 mA h g-1 higher discharge capacity 

within 2.4 V than LMNO-S2. In agreement with above described electrochemical 

behaviour, the plateau at 2.10 V is not visible in the discharge curves for sample LMNO-

S4, whilst it is present in all of the curves for LMNO-S2. Even though sample LMNO-S4 

displays improved kinetics than LMNO-S2, the sample shows increased polarization 

and slight increase of the charge voltage plateau at 3.90 V with increasing current 

density. This may be due to several reasons such as grain boundary resistivity, which 

will be discussed in the part 3 of the thesis.58, 67  

The results reported so far can be summarized as following: reducing the 

crystallite size leads to longer 2.75 V plateau (at slow rates at least), slight shift to higher 

voltage (reduction/oxidation: 2.75 V / 2.82 V for pristine LMNO and 2.77 V / 2.89 V for 

LMNO-S4) and disappearance of the 2.10 V plateau and general increase of the specific 

capacity. The galvanostatic curves above and below the voltage plateau at 2.75 V, 

where non-Faradic reactions occur, show a sloped profile when the crystallite size is 

reduced to 15 nm. As a consequence, within the same potential window, it is possible 
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to insert a higher amount of Li even at higher rates by reducing the dimensions of 

crystallites which can be due to shorter diffusion pathway.  

We further studied the electrochemical behaviour of nano-crystalline LMNO-S4 

by using different potential cut-offs, in order to check the stability upon cycling of the 

lithiation/de-lithiation processes related to the redox activity of the Mn3+/Mn4+ couple. 

The obtained results are compared with similar experiments carried out on LMNO-S1. 

Figure 41 shows the evolution of charge/discharge capacity for the first 30 cycles of 

the pristine LMNO-S1 sample and LMNO-S4 sample recorded by using the charge cut-

off of 4.50 V and discharge cut-off of 1.50, 1.80 and 2.40 V at 30 mA g-1 and 20°C. The 

LMNO-S1, with dense spherical morphology and 100 nm crystallite size, delivers 127 

mA h g-1 discharge capacity when lithiated down to 1.50 V. The capacity decreases to 

112 mA h g-1 after 30 cycles, and this capacity fading is accompanied by shorter length 

of both plateaus at 2.75 and 2.10 V. The coulombic efficiency (calculated from cycle 3) 

is 98.8%. By limiting the discharge cut-off to 1.80 V, the capacity associated with the 

2.75 V plateau remains almost constant but the capacity below 2.40 V decreases with 

cycling. The overall capacity decreases from 112 to 90 mA h g-1 after 30 cycles. The 

coloumbic efficiency is 95.8%. When cycling between 4.50 and 2.40 V, a stable capacity 

of 60 mA h g-1 is obtained and not significant changes in the galvanostatic curves is 

observed.  
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Figure 41: Cycling stability in different potentials windows of a) LMNO-S1 and b) 

LMNO-S4. Electrochemical curves (1st, 2nd and 30th ) of electrodes made with sample 

pristine (c, e, g) and LMNO-S4 (d, f, h) recorded between 2.4- 4.5 V (g, h), 1.8-4.5 V (e, 

f), 1.5-4.5 V (c, d) at a current density of 30 mA g-1. 

Moreover, as the 2.10 V plateau is not involved, the charge curves do not show any 

appreciable oxidation process above the plateau at 2.80 V, indicating that all Mn3+ 

formed during lithiation is re-oxidized on the plateau at 3.80 V. The columbic efficiency 

is 98.8%. In comparison to LMNO-S1, LMNO-S4 sample delivers higher capacity in all 

the investigated potential windows. Additionally we observe, i) within 4.50 and 1.50 V, 

the initial capacity of 200 decreases to 162 mA h g-1 after 30 cycles, and the main 
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capacity fading occurs on the plateau at 2.75 V, whilst the region below 2.40 V does 

not significantly change; ii) similar behaviour is observed in the potential range 1.80 -

4.50 V, where the initial capacity of 160 mA h g-1 decreases to 130 mA h g-1 after 30 

cycles, mainly due to the reduced capacity on the 2.75 V plateau; iii) much more stable 

capacity of 134 mA h g-1 is obtained between 2.40 and 4.50 V, with minor capacity 

fading after 30 cycles; iv) lower coulombic efficiency than for the pristine LMNO is 

obtained, namely 97.2%, 94.7 % and 96.7 % after 30 cycles by using the cut off of 1.5, 

1.8 and 2.4 V, respectively. The changes in the columbic efficiency at different lower 

cut-offs can be ascribed to the electrochemical stability of the tetragonal phase 

depending on the content of Li. Nevertheless, the voltage fade that is seen in pristine 

sample is not observed in sample LMNO-S4. This indicates that the resistance for Li 

insertion and phase formation is reduced with decrease in crystallite size facilitating 

increased Li insertion in the 2.75 V plateau.  

As considerable improvement in terms of specific capacity was obtained with 

LMNO of 15 nm crystallites in the reversible potential cut off of 2.4 V, further studies 

were carried out utilizing both the Mn and Ni redox active centres Figure 42 shows the 

evolution of charge/discharge capacity for the first 30 cycles of the pristine LMNO-S1 

sample and LMNO-S4 sample recorded in the full potential range 2.4-4.9 V with the 

similar experimental conditions as mentioned above. In this potential region both the 

low-voltage plateau at 2.75 V, due to the Mn3+/Mn4+ redox couple, and the high-

voltage plateau at 4.75 V, due to the Ni2+/Ni4+ redox couple, are involved. Although a 

much higher initial capacity of 250 mA h g-1 is obtained for LMNO-S4 with respect to 

200 mA h g-1 for LMNO-S1, much less cycling stability is also observed. The pristine 

LMNO-S1 shows a stable capacity of 200 mA h g-1, and the analysis of the 

electrochemical curves in Figures 42 c shows no significant aging effects neither in the 

high-voltage nor in the low-voltage region. On the other hand, the sample LMNO-S4 

with 15 nm crystallites as in Figure 42 d shows drastic polarization and length reduction 

on the high-voltage plateau. This can be explained by considering the completely 

different morphology of the samples, which leads to different impact of the electrolyte 

and active material interactions at high potentials. The morphology of the LMNO-S1 is 

tailored to reduce side reactions with the liquid electrolyte in the potential region 

above 4.5 V.66 The small crystallites are densely packed to reduce the surface of contact 

between active material and electrolyte. On the other hand, the very small crystallites 

of the LMNO-S4 sample are instead distributed on a much higher surface which leads 
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to high contact area between the active material and the electrolyte. Electrochemically 

induced decomposition of the electrolyte is known to be more detrimental for active 

materials with high surface area, as the decomposition and side reactions may occur 

faster.68 So to mitigate this effect, 0.02 M LiBOB/ 0.98 M LiPF6 in EC: DMC (1:1) was used 

as electrolyte for testing the LMNO material in the potential window of 2.4 - 4.9 V.70-79 

 

Figure 42: Cycling stability in potentials window 2.4 – 4.9 V of a) LMNO-S1 and b) 

LMNO-S4. Electrochemical curves (1st, 2nd and 30th) of electrodes made with LMNO-

S1 c) without LiBOB additive, d) with LiBOBadditive  and  LMNO-S4 e)-without LiBOB 

additive, f) with LiBOB additive recorded between 2.4- 4.9 V current density of           

30 mA g-1 
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This electrolyte has been proved effective in increasing the cycling stability of LMNO 

spinel when using just the Ni redox plateaus at high potentials of 4.71 V. For sample 

LMNO-S4 a much higher initial capacity of 275 mA h g-1 and much better cycling 

stability is obtained when compared to Figure 42 d were standard electrolyte without 

LiBOB additive was used. It has been reported for LMNO and other high voltage 

materials that LiBOB forms a robust interface between electrode and electrolyte thus 

protecting the surface from further side reactions.70-79 In addition, these results confirm 

that the severe ageing effect observed especially in the high voltage plateaus are 

mainly due to side reactions due to electrolyte and optimization of electrolyte with 

additives such as LiBOB can be very effective in protecting nano-crystalline LMNO-S4 

against electrolyte attack at high voltages and thus important strategy to improve 

electrochemical stability.  

Thus with 15 nm crystallites, LMNO can effectively utilize both Mn and Ni redox 

plateaus and can cycle 1.7 Li-ions giving out a specific capacity of 240 mA h g-1 while 

LMNO-S1 delivers only a stable specific capacity of 200 mA h g-1. 

5.1.3 Electrochemical behaviour of optimized nano-crystalline LiNi0.5Mn1.5O4 

under different potential windows: 

In the previous section it has been demonstrated that the spinel with optimized 

spherical morphology, 100 nm crystallites as in sample LMNO-S1 shows reduced 

interaction between the electrolyte and the active material, and hence shows less 

polarization and better capacity retention. Higher specific capacity using the Mn redox 

plateaus can be obtained by reducing the size of the crystallites. Therefore, in-order to 

combine the properties, spinel with big particles and smaller crystallites were 

synthetized using co-precipitation procedure. As indicated by the diffractogram in 

Figure 42(LMNO-1-350), the nucleation of LiNi0.5Mn1.5O4 spinel particles takes place at 

350°C and no additional crystalline phases are found at this temperature. Using LMNO-

1-350 as the precursor, calcination at different temperatures from 500 to 700°C was 

carried out to obtain LMNO with different crystallite sizes. Figure 43 shows the obtained 

diffractograms of spinel samples calcinated at different temperatures. The obtained 

diffractograms were evaluated using TOPAS and refinement results are summarized in 

Table 9.  

After calcination, LMNO samples shows the same space group of the pristine 

LMNO-S1 (P4332). The calculated crystallite size in table 9 clearly shows that the 
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calcinations at different temperature and the synthesis method are very effective in 

controlling the crystal growth. On increasing the temperature, the lattice parameters 

and unit cell volume decrease with increase in crystallite size as observed in the 

previous sections. As expected, spinel with smaller crystallites shows a clear broadening 

of the peaks in the XRD patterns. The reflections of the superstructure, already 

described for the pristine LMNO-S1, are clearly visible only for the sample calcined at 

700°C but disappear when the calcinations temperature is lower than 650°C.  Moreover 

in contrast to the samples LMNO-S1 to LMNO-S4, the peaks obtained for LMNO 

sample at lower temperature than 700°C show reduced intensity indicating that the 

crystallinity reduces with decrease in temperature. 

 

Figure 43: X-ray diffractograms of samples LMNO synthetized at different 

Temperatures 

Sample 
name 

Calcination 
temperature 
after ball-mill 

/ °C 

Lattice 
Parameter 

a  / Å 

Unit cell 
volume / Å3 

Crystal 
Size  / 

nm 

LMNO-1-700 700 8.1680±0.002 545.26±0.26 103±3 

LMNO-1-650 650 8.1701±0.002 544.53±0.09 55±1.6 

LMNO-1-550 550 8.1704±0.004 545.20±0.33 31±0.7 

LMNO-1-500 500 8.1705±0.005 545.34±0.69 17±0.3 

LMNO-1-350 350 8.1690±0.009 545.22±0.50 10±0.1 

Table 10: Calculated lattice parameters of synthetized samples 
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After confirming the structure and crystallite size of LMNO-1-700 to LMNO-1-

350, SEM  images for the samples were obtained and are shown in Figure 44 and 45. 

The morphology of all the samples shows spherical primary particles with well-defined 

polyhedral secondary particles. The images show that particle sizes are not highly 

uniform but have a broad particle size distribution. Four different samples with different 

crystallite sizes but similar particle sizes were obtained. The tap density of the samples 

was measured to be approximately 2.26 g cm-3.  

 

Figure 44: SEM images of LMNO obtained with modified synthesis process with 

different crystallite sizes a) 100 nm (LMNO-1-700) b) 50 nm (LMNO-1-650) c) 30 nm 

(LMNO-1-550) d) 15 nm (LMNO-1-500) 

 

Figure 45: Enlarged Scanning electron microscopy image of LMNO-1-500 
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Figure 45 clearly shows the primary and secondary particles of synthesized LMNO-1-

500 with 15 nm crystallites which is similar to LMNO-S1 reported in Figure 32.  Figure 

46 shows the evolution of first charge/discharge capacity between 1.8 – 4.5 V at a very 

slow current density. The first galvanostatic cycle at a current density of 5 mA g-1 shows 

that with the decrease in the crystallite size, the overall specific capacity remains the 

same. However, during lithiation, we observe a longer 2.75 V discharge plateau while 

the plateau below the 2.40 V decreases with decreasing crystallite size. When the 

crystallite size is reduced to 15 nm, a maximum specific capacity of 140 mA h g-1 is 

obtained within 2.40 V which is close to the theoretical capacity of 146 mA h g-1 that 

has been reported by in literature. In the same potential window, a limited capacity of 

100 mA h g-1 is obtained for sample with 98 nm crystallite size. Furthermore, the effect 

of crystallite size on the kinetics of LMNO-1-500 within 1.8 V is also investigated and 

compared. LMNO-S1 with a 98 nm crystallite size as shown in Figure 34 shows limited 

polarization at higher currents while the nano-crystalline sample in Figure 45b has 

higher polarization. Nevertheless during lithiation, in both the samples, the lithiation 

capacity obtained below 2.40 V remains constant while the capacity obtained on 2.75 

V plateau is affected significantly. Increasing the current density, LMNO-1-500 with 15 

nm crystallite size shows 25 mA h g-1 higher specific capacity at all the C-rates when 

compared to the sample with 98 nm crystallites. This clearly shows that LMNO-1-500 

with 15 nm crystallites shows not only improved specific capacity above 2.40 V and but 

also improved kinetics. As a consequence, within the same potential window, it is 

possible to insert a higher amount of Li by reducing the dimensions of crystallites and 

thus neither particle morphology nor particle size has considerable effect. 
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Figure 46: a) First galvanostatic discharge-charge cycle between 1.8 - 4.5 V at 5 mA 

g-1 for samples LMNO-S2. b) Rate capability tests of LMNO-S2 15 nm crystallites. 

Figure 47a shows the evolution of charge/discharge capacity for the first 20 

cycles of the LMNO-1-500 sample recorded in the potential range 2.4-4.5, 1.8 -4.5  and 

1.5-4.5 V at 30 mA g-1 and 20°C. In this potential region only the Mn3+/Mn4+ redox 

couple is involved. An initial specific capacity of 200 mA h g -1 is obtained in the 

potential window of 1.5 -4.5 V while a specific capacity of 150 mA hg-1 is obtained 

between 2.4 - 4.5 V. However, a faster capacity fading is observed when cycling in the 

potential window of 1.5 -4.5 V. Between 2.4- 4.5 V, reversible capacity of 130 mA h g-1 

is obtained after 25 cycles. The observed electrochemical behaviour is very similar to 

LMNO-S4 with smaller particle and crystallite size as described in Figure 38. This clearly 

demonstrates that the neither the particle size nor the morphology are important for 

obtaining higher specific capacity.  Controlling the crystallite size dimension are very 

important to obtain higher specific capacity and cycling stability in  the low potential 

region which utilizes the Mn3+/Mn4+ redox couple in LMNO based electrodes.  Figure 

47b-d shows the evolution of charge/discharge capacity for the first 20 cycles of the 

pristine LMNO-1-500 sample recorded in the full potential range 2.4-4.9 V with the 

similar experimental conditions as mentioned in Figure 41 and 42. This investigation is 

carried out in two different electrolyte systems as used previously. The first electrolyte 

system contains 1 M LiPF6 EC: DMC (1:1) and the second one is 0.02 M LiBOB/ 0.98 M 

LiPF6 EC: DMC (1:1). 
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Figure 47: Cycling stability of LMNO-1-500 in the potential window a) below 3 V  b) 

2.4-4.9 V in two different electrolyte systems, Galvanostatic cycles in the potential 

window 2.4-4.9 V c) without LiBOB additive d) with LiBOB additive 

In the full potential window, LMNO-1-500 demonstrates a good cycling stability, high 

columbic efficiency with an initial discharge capacity of 270 mA h g-1 with both the 

used electrolyte systems as shown in Figure 47 b. Capacity fading and columbic 

efficiency of 98.8% is observed when using the standard electrolyte, whilst lower 

capacity fading and better columbic efficiency of 99.5% is obtained when using LiBOB 

additive. The electrochemical curves are shown in Figures 47 c show polarization after 

20 cycles’ and length reduction on the high-voltage plateau. On the other hand, by 

using 0.02 M LiBOB/ 0.98 M LiPF6 in EC: DMC (1:1) electrolyte, a much higher initial 

capacity, less polarization and much better cycling stability is obtained as shown in 

Figures 47 d. In addition, the ageing effect observed especially in the high voltage 
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plateaus is reduced drastically indicating that the LiBOB additive can be very effective 

in protecting nano-crystalline materials against side reactions at high voltages.  

5.1.4 Electrochemical Impedance Spectroscopy investigation of micro and nano-

crystalline LiNi0.5Mn1.5O4 

To understand the effect of surface changes due to side reactions such as 

reactivity of electrolyte with the nano-crystalline cathode materials especially in the 

potential window 1.5 – 4.5 V in 1 M LiPF6 EC: DMC (1:1), EIS measurements were carried 

out on three different samples LMNO-S1, LMNO-S4 and LMNO- 1-500. LMNO-S1 vs. 

LMNO-1-500 is directly compared to study the effect of crystallite size as the samples 

have similar particle morphology and size. LMNO_1_500 vs. LMNO-S4 is compared to 

study the effect of particle size/morphology as the crystallite sizes are very similar in 

the samples. The cut off potential is limited to 1.5 V below which the reaction of carbon 

with the electrolyte is accelerated.80 The effect of electrolyte’s reaction with carbon in 

LMNO electrode is considered negligible in this potential range.79 EIS measurements 

were carried out at different states of charge during lithiation and delithiation. The 

electrodes were cycled galvanostatically and after a potential hold of 1 h, the EIS 

spectra were obtained. A complete galvanostatic cycle was performed prior to EIS 

measurements. Figure 48 shows the galvanostatic profiles of sample LMNO-S1, LMNO-

S4 and LMNO-1-500 and the voltage points at which the impedance spectra were 

recorded. Figure 48 shows the electrochemical curves where the highlights indicate the 

point at which EIS was acquired. Figure 49 and 50 shows the obtained Nyquist plots 

acquired during lithiation and delithaition respectively. The obtained spectra were 

modelled using the equivalent circuits as given in Figure 30. All of the obtained 

dispersions present three main features: 1) a small semicircle in the high-frequency 

region, between 15.4 and 100 kHz, which can be related to the formation of a surface 

film, 2) a second semicircle partially overlapped with the previous one, visible in the 

high to mid-frequency region, between 22.38 Hz and 15.4 kHz, ascribed to the charge-

transfer resistance. 3) In the low-frequency region, the spectra are characterized by a 

Warburg line associated with the solid-state diffusion of Li-ions. 4) Additional 

semicircle is seen during lithiation below potentials 2.4 V between 0.13 and 22.38 Hz 

which can be ascribed to a second charge transfer resistance semicircle that can be 

related to a newly formed interface. In the following discussion, we will refer to the 

resistance of the electrolyte, which is the x-intercept as R1; to the resistance of the 

passivation layer as R2, to the resistance of the charge-transfer process as R4 and R3. 
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These elements are specified in the equivalent circuit used for data fitting reported in 

Figure 30.  

 

Figure 48:Galvano-static curve with points indicating potentials at which Nyquist 

plots were acquired between 1.5 -4.5 V  for samples a) LMNO-S1 b) LMNO-S4 and 

c)LMNO-1-500 

Figure 49 a, b and c show the Nyquist plots acquired during lithiation of samples 

LMNO-S1, LMNO-S4 and LMNO-1-500 respectively. In all the three samples, the 

resistance of the electrolyte R1, remains relatively constant at 1 Ω mg-1 respectively 

during lithiation. During the first electrochemical lithiation, the semicircle at very high 

frequency, between 15.44 and 100 kHz, is present in the sample LMNO-S1 while it is 

not clearly seen in the other two samples investigated. This semicircle is found at all 

the bias potentials and appears to be independent from the amount of Li inserted. The 

associated resistance R2 has a constant value of 0.3 Ω mg-1 during the entire potential 

window up to 1.5 V.  Due to the involved frequency region, this semicircle can be most 

reasonably associated with the formation of a passivating layer on the surface of the 

LMNO electrode. This film formation cannot be excluded in the other two samples and 

so is considered while modelling the equivalent circuit.80-83 Better fitting was obtained 

when including the film resistance. The as calculated film resistances of LMNO-S4 and 

LMNO-1-500 are 0.5 and 0.65 Ω mg-1 these values remain constant during lithiation. 
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This suggests limited growth of passivation film at the interface between electrode and 

electrolyte.  
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Figure 49: Nyquist plots (open squares) and fitting (line) acquired between 5 mHz- 

100 kHz at temperature of 20°C during lithiation in a) LMNO-S1 b) LMNO-S4 and c) 

LMNO-1-500 

On the other hand, the resistance associated with the charge-transfer, R3, 

continuously increases during lithiation in all the three samples investigated. The R3 

values of LMNO-S1 changes from 5.37 to 14.95 Ω mg-1 indicating that the charge 

transfer resistance increases ~ 2.75 times the initial value on complete lithiation. The 

R3 of LMNO-S4 increases from 1.63 to 2.63 Ω mg-1. While, in LMNO-1-500 the R3 value 

increases 1.7 to 8.8 Ω mg-1. These results clearly indicate that  

1) Structure becomes resistive with lithiation and the conductivity of the 

composite electrode is drastically reduced. This decrease in conductivity can be mainly 

attributed to the cubic to tetragonal phase transformation similar to what has been 

reported for LiMn2O4 causing loss of electronic conductivity.70  

2)  For all the LMNO samples and independent of amount of Li inserted a second 

charge transfer resistance semicircle R4 is found at potentials below 2.4 V in the Nyquist 

plots.  

3) The charge transfer resistance above voltage plateaus at 2.7 V decreases for 

decreasing crystallite size.   

4) The charge transfer resistance R4 of nano-crystalline LMNO-S4 and LMNO-1-

500 remains relatively constant when compared to LMNO-S1 with bigger crystallites. 
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When moving from 1.8 V to 1.5 V of LMNO-S1, R4 increases from 9.08 to 11.56 Ω mg-1 

. While, the R4 values of LMNO-S4 and LMNO-1-500 shows only slight changes from 

3.5 to 3.8 and 11.2  to 11.8 Ω mg-1 under same conditions.  

On comparing LMNO-1-500 and LMNO-S1 with different crystallite size and 

same particle size, we can clearly see that smaller crystallites correspond to reduced 

charge transfer resistance R3 . After complete lithiation at 1.5 V, R3 is slightly higher for 

sample with smaller crystallites (i.e.) LMNO-1-500. This can be attributed to the total 

amount of Li inserted into the structure. The changes in charge transfer resistance R4 

between 1.8 V and 1.5 V is considerably smaller in LMNO-1-500 than LMNO-S1. The 

galvanostatic curves in Figure 45 which indicate that the LMNO-S1 and LMNO-1-500 

shows a capacity 50 and 25 mA h g-1 below 1.8 V. This indicates that at 1.8 V for LMNO-

1-500, the Li sites are almost full in the structure and thus less change in charge transfer 

resistance R4.  

On comparing the samples LMNO-1-500 and LMNO-S4 having different particle 

size but same crystallite size, we see that the initial charge transfer resistance R3 is 

higher for LMNO-1-500 indicating that the material preparation carries an influence on 

the charge transfer resistance. LMNO-S4 prepared by ball milling has higher R3 

compared to LMNO-1-500 where no ball milling was involved. It is known from 

literature that high energy ball milling can not only break down particles but also 

causes defects and amorphization of the surface.57 It is also observed that the charge 

transfer kinetics is faster in composite electrode having bigger particles than the 

electrodes with smaller particles. This effect is reflected in the better rate capability put 

forth by LMNO-1-500. However, the change in R4 with lithiation from 1.8 V to 1.5 V is 

negligible in both the samples which can be due to completely occupied Li sites as 

mentioned earlier. 

 Figure 50 a-c shows the Nyquist plots acquired during de-lithiation from 1.5 V 

to 4.5 V where a complete conversion of Mn3+to Mn4+is expected. The potentials at 

which the spectra were acquired are given in Figure 48. Overall, in all the three samples 

R1 and R2 remains constant. The charge transfer resistance R3 decreases continuously 

and at the end of discharge reduces close to the initial value. This clearly indicates that 

the conductivity of the composite electrode increases on delithiation that can be mainly 

attributed to the tetragonal to cubic phase transformation. The R3 values of LMNO-S1 

decreases from 10.57 to 5.36 Ω mg-1, while for LMNO-S4, R3 changes from 2.60 to 1.63 
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Ω mg-1 and R3 value in LMNO-1-500 decreases from 2.84 to 0.8 Ω mg-1. No additional 

semicircles are seen during delithiation in the Nyquist plots.  
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Figure 50: Nyquist plots acquired between 5 mHz- 100 kHz at temperature of 20°C in 

samples a) LMNO-S1 b) LMNO-S4 and c) LMNO-1-500 

The increase and decrease in charge transfer resistance during lithiation and 

delithiation indicates constant change in conductivity over cycling. This can be 

associated with reversible cubic to tetragonal phase transition. Sample LMNO-1-500 

with smaller crystallite size shows much lower charge transfer resistance. From the 

impedance analysis we infer that there is negligible change in resistance of electrolyte 

and film formation indicating small impact of electrode / electrolyte interaction when 

cycling utilizing the Mn redox plateaus.  

For LMNO, the influence of crystallite size on the electrochemical behaviour at 

potentials where Mn redox center is active was explored. It was revealed that the 

electrochemical behaviour of LMNO is not influenced by particle size and morphology 

but by crystallite size. Reducing the crystallite size to 15 nm improves the specific 

capacity and rate capability in the potential window of 1.5- 4.5 V. A reversible capacity 

of 130 mA h g-1 is obtained especially between 2.4 -4.5 V. Impedance analysis indicates 

that smaller crystallite size has less charge transfer resistance and thus better kinetics. 

In addition, a second semicircle (i.e.)a new interface is formed below 2.4 V, which can 

be a reason for capacity fading and negligible influence of film formation and 

electrolyte resistance is observed.  When utilizing multi electron step reactions utilizing 

both Mn and Ni redox plateau, a very high reversible capacity of 250 mA h g-1 is 

obtained which is higher than reported in literature and is the state of art for LMNO. 
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6. GENERAL DISCUSSION AND CONCLUSIONS: 

6.1 Crystallite size effects on reaction mechanism of cathodes 

utilizing multi- electron step reaction Li1+xNi0.5Mn1.5O4 (vs) 

Li9V3(P2O7)3(PO4)2 

In this thesis, we see a substantial influence of the crystallite size on the 

electrochemical properties of the investigated cathode materials. Reducing the 

crystallite size has both positive and negative side effects. An improvement in terms of 

specific capacity, stability and rate capability was achieved. But this is accompanied by 

certain disadvantages such as stronger polarization at higher currents. In the field of 

Li-ion battery, the charge transports which are ionic and electronic in nature are limited 

by the intrinsic properties of the active material.84 Most of the research until now 

explained that the effect of nano-materials is the consequence of shortened diffusion 

pathway for Li-ions through the active material. But it always remains as an open 

question whether the size effects are truly due to the shorter diffusion paths or in 

addition, does it change the critical properties of the materials itself.58, 67 Studies on 

discharge models of two-phase reactions LiFePO4, Li4Ti5O12 and LiTiO2 reveal that there 

are changes in the critical properties in the nano-crystalline material in addition to the 

shorter diffusion paths. These changes in properties have an impact on the mechanism 

of phase formation, free energy and solubility limits between phases, which influence 

the kinetics, and thermodynamics of the material itself. Very detailed scientific articles 

are available on the influence of dimension of the particles on the change in ionic and 

electronic properties of active material.84-116 LVPP and LMNO explored in my thesis also 

exhibit typical features observed in other nano-crystalline battery materials such as LFP, 

TiO2 and LTO. Therefore, synthesis process, the diffraction analysis and the 

electrochemical behavior of layered LVPP and spinel LMNO are compared to critically 

analyze the influence of crystallite dimensions. Additionally, we propose some 

hypothesis on our findings based on already proposed explanations for nano-

crystalline LFP, TiO2 and LTO.84-116 

In short, LVPP is a layered material which has very minimal volume changes 

during the lithiation and delithiation process. XRD investigations indicates that the 

phase transition happens on partial de-lithiation and the new phase formed has been 

refined using rietveld method  using the same space group and consequently the 

lattice parameters, unit cell volume of the new phase formed is slightly higher (~1.5%) 
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than the original phase. However, in LMNO lithiation causes phase transformation from 

cubic to tetragonal phase, which has a lower symmetry. This phase transformation is 

accompanied by a volume change of 6%. For both LVPP and LMNO, post-synthesis ball 

milling step was carried out and the possible changes of the active material is discussed 

first. Ball milling procedure is a high-energy process, which can cause 1) amorphization 

and 2) structural disorder both of which may alter the behaviour of the active phase.46,57 

To partially overcome the amorphization, LVPP and LMNO have been subjected to heat 

treatment. LVPP samples ball milled for different time intervals were calcinated at 700°C 

to improve crystallinity and apply a carbon coating. XRD investigation carried out on 

LVPP samples after heat treatment clearly shows negligible change in the peak 

positions and intensity. However, peak broadening is observed for samples with smaller 

crystallite size. This can be due to various reasons such as the stacking faults, twins and 

other imperfections.114 In addition, the inhomogeneous strain in the crystallite due to 

structural defects can cause broadening and so, the effect of strain should be taken 

into consideration for better understanding.46, 114 Therefore, to understand the 

difference between micro and nano crystalline material, the peak positions, lattice and 

strain parameter from XRD was evaluated and compared. 

 In LVPP, as shown in Figure 51a, we observed a 0.2% increase in lattice 

parameters with decrease in crystallite size. In addition, with decreasing crystallite size 

the strain increases linearly as shown in Figure 52 b. 

 

Figure 51: Comparison of lattice parameters, Unit cell Volume and crystallite 

size of a) LVPP and b) LMNO  

 In case of LMNO, diffraction patterns were acquired for samples after 

calcination, to different temperatures after ball milling to control the crystallite growth. 
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Negligible changes in the peak intensity and peak positions indicate no change in 

crystallinity and absence of homogenous strain. Similarly, LMNO shows increase in 

lattice parameters, unit cell volume and strain with decrease in crystallite sizes as shown 

in Figure 51b and 52.  

 

Figure 52: Strain change in LVPP and LMNO with crystallite size 

However, with the decrease in crystallite size, some peaks corresponding to Ni 

based superstructure reflections disappear. Additionally FTIR spectra show slight 

decrease of intensity ratio between Ni-O at 589 cm-1 and the peak of Mn-O at 624 cm-

1 as shown in Figure 36a. This typically indicates a slight disorder in the crystal lattice 

and suggests that there is slight variation in the bond angles.40 Thus, we hypothesize 

that that with decrease in crystallite size, the lattice expands with changes in bond angle 

and thus introduces an additional strain. Such changes have also been observed in 

Li4Ti5O12 and LiTiO2..91-108 On the other hand, by bringing down the crystallite size the 

active material can possess more grain boundaries and especially, nanomaterials have 

large number of atoms sitting on the grain boundaries.84-111 Such properties can give 

rise to higher grain boundary energy and energy of the electrode/electrolyte interface, 

which may have an impact on the electrochemical behavior as described for nano-sized 

materials of LFP, LTO and TiO2.93-109 A better understanding of such changes can be 

gained by observing the electrochemical behaviour for nano LVPP and LMNO 

described above. As seen in section I and II, LVPP as well as LMNO shows flat multiple 

voltage plateaus and this indicates that both LVPP and LMNO undergo two-phase 
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transitions during discharge. Comparison of electrochemical curves of LVPP and LMNO 

with different crystallite size, reveals typical features of nanomaterials such as sloped 

voltage profile, enhanced voltage during discharge, better kinetics, and increased 

capacities when crystallite size decreases.57 

The most obvious difference in LVPP and LMNO was the sloping voltage profiles, 

higher open circuit potential and discharge voltages of the smallest crystallite size 

compared to the biggest crystallite size. J. Maier and Wagemaker et al proposed that 

the sloping voltage profile observed in nano-crystalline materials can be due to effect 

of gradient of crystal sizes  or due to the size confinement (i.e.) more number of atoms 

are available at the surface and hence alters the surface energy which is different from 

the bulk energy.84-96 Thus, the lithiation on the surface with higher surface energy 

happens prior to the bulk and create a sloping voltage profile and at the two-phase 

region, the lithiation of the bulk begins. While, higher open circuit potential and 

discharge voltages clearly indicates that the nano-crystalline material has excess 

surface energy and tension that alters the chemical potential of Li at the surfaces which 

contribute towards increase in lithiation potential. Similar observations have been 

found during lithiation of both LMO and LFP. 87-94 These effects can considerably alter 

the activation energy for phase transformation.58 We hypothesize that in nano-

crystalline materials, bigger unit cell volume, increase in grain boundaries and the 

surface energy lowers the activation energy for phase transformation and thus displays 

higher open circuit and discharge voltage. In contrary to having better kinetics, a 

stronger polarization are seen at higher currents in all the nano-crystalline samples of 

LVPP and LMNO. As said earlier, nano-materials are expected to have more grain 

boundaries that facilitates faster ionic conductivity.87, 88 However, the electron energy 

levels are not continuous but discrete because of the physical dimensions. This 

modifies the electronic gap between the HOMO and LUMO and this brings about 

changes in the valence band.115 We can hypothesize that the slight changes in 

electronic structure of LVPP AND LMNO leads to junctions which are electronically less 

conductive than others.  Thus, the accommodation of electronic carriers becomes 

increasingly difficult due to the increase in grain boundaries thus resulting in higher 

grain boundary resistance for nano-crystalline materials. Thus nanomaterials have 

higher overpotential at higher current densities compared to the micro-crystalline 

materials. Similar observations have been perceived by J. Maier and Wagemaker et al 

on two-phase transition materials.58,86  
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Now the question arises, in addition to having more grain boundaries, what 

gives rise to increase in capacity with decreasing crystallite size? The answer lies in the 

phase transformation mechanism. In micro-crystalline and nano-crystalline LVPP, the 

number of Li-ions extracted and inserted is quite different. But the phase transition 

process remains the same and both the samples display two two-phase transition 

plateaus which indicates that two different phases co-exist with different Li content. 

After partial de-lithiation, phase transition from phase P1 to P2 takes place. Both these 

phases adopts the same space group but with different lattice parameters. The phase 

P2 has a larger unit cell with bigger c-parameter and smaller a-parameter resulting in 

a bigger unit cell. But the difference in unit cell volume is less than 1.5 %. Thus the 

phase transition during first delithiation process causes two different lattices existing 

together experiencing strain. This strain is expected to be minimum as the two lattices 

have the same space group and the lattice parameters are close to each other. As a 

result, the effect of interface energy on the phase transition will be minimal.67 Based on 

this observation, we hypothesize that upon delithiation of micro-crystalline LVPP, the 

two-phases P2 and P1 can coexist. In addition, the grain boundary transport is 

restricted resulting in less specific capacity. In nano-crystalline LVPP, the increase in 

grain boundaries enhance the ionic conductivity of Li and facilitate rapid conversion 

from P1 to P2 as the mutual solubility of the two-phases is increased due to the 

absence of strain. Thus after de-lithiation, nano-crystalline LVPP can possibly contain 

either P2 or P1.  Similar observations have been found in LTO and TiO2 during 

lithiation.94-97 Thus in nano-crystalline LVPP, bigger unit cell, increase in transport 

through grain boundaries and non-coexisting phases enhance the kinetics, specific 

capacity and reversibility respectively.  

In the case of LMNO, the situation is completely different. On lithiation, the cubic 

phase transforms into tetragonal phase which has a different crystallographic 

arrangement. With increase in Li content, the amount of tetragonal phase increases. At 

1.5 V, almost very similar capacities are obtained by both micro-crystalline and nano-

crystalline LMNO. But, due to the existence of more grain boundaries and lower 

activation energy, better kinetics are obtained on single two-phase plateau in nano-

crystalline LMNO rather than two two-phase plateaus in micro-crystalline LMNO. To 

understand how the phase transformation is changed, the continuous change in aspect 

ratio of the tetragonal phase formed is monitored in both nano-crystalline and micro-

crystalline LMNO and a hypothesis is put forth. In nano and micro crystalline LMNO, 
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the aspect ratio of the tetragonal phase during lithiation is calculated and is indicated 

in Figure 53. The aspect ratio is relatively lower in nano-LMNO than the micro-LMNO 

due to the smaller ‘c’ parameter of tetragonal phase. However, this aspect ratio remains 

constant for micro-crystalline LMNO while varies strongly for nano-crystalline LMNO 

especially in the ‘a’ direction (i.e.) x-y plane 

 

Figure 53: Aspect ratio of tetragonal phases in nano and micro-crystalline LMNO  

On considering all these observations, we hypothesize that the possible 

coexistence of two different phases with different crystallographic arrangement. This 

lattice mismatch creates a strain between the cubic and tetragonal phases. Especially 

in nano-crystalline LMNO, existence of higher strain can cause a coherent stress 

between the two phases. This can alter the phase equilibria and results in reduction of 

the miscibility gap as reported for LFP.116  In addition to the enhanced grain boundary 

transport, these changes in the interface and the strain influences the phase 

transformation mechanism resulting in faster kinetics and higher capacity in nano-

crystalline LMNO. Thus, overall, for nano-crystalline materials we can expect an increase 

in grain boundaries, strain and also interface energy, which can play a very important 

role in improving the overall electrochemical behaviour and kinetics.  
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SUMMARY AND OUTLOOK: 

In this work, we have investigated new cobalt free, cost effective cathode chemistries, 

which can utilize multi-electron step redox reactions and hence resulting in higher 

specific capacities.  Two different classes of cathode materials, layered vanadium 

phosphates and Ni doped Mn-rich spinel oxides were explored and a comprehensive 

understanding of the critical factors determining the specific capacity of multi-electron 

step redox reactions was attained. The results obtained in this thesis are summarized 

as follows. 

1) Layered Li vanadium monodiphosphate was synthesized and investigated under 

two different potential windows such as 2 – 4.6 V and 2 – 4.8 V as a cathode 

material for Li-ion batteries. A facile solid-state approach was adopted for 

synthetizing LVPP. The electrochemical behaviour of LVPP strongly depends 

upon the potential window of operation and the size of the crystallites. 

Decreasing the crystallite size of LVPP from 190 to 40 nm significantly improves 

the electrode kinetics. Independent from crystallite size, changes in the voltage 

profile are observed during charging up to 4.8 V. In situ and ex situ XRD analysis 

reveals that structural changes occur at potentials above 4.6 V. Unlike other 

cathode materials, the overall lattice volume of LVPP expands upon 

electrochemical de-lithiation and no phase transitions are detected below 4.54 

V. The unit cell volume linearly increases during de-lithiation and decreases 

during lithiation. We observed a phase transition at 4.54 V which becomes 

irreversible after charging up to 4.8 V. The new phase was fit assuming a second 

phase of LVPP having the same space group and a larger unit cell. Although the 

increase of the overall unit cell volume of the original phase after extraction of 

approximately 5 Li-ions is limited to 1.25 %, the interlayer distance associated 

with the lattice parameter c decreases significantly. These findings suggest that 

the LVPP lattice undergoes irreversible changes and possible structural collapse 

during deep de-lithiation at potentials above 4.6 V. XRD and FTIR analyses on 

cycled electrodes indicate that LVPP undergoes progressive loss of crystallinity 

when cycled between 2 and 4.8 V. Other possible phenomena, such as surface 

film formation at high potentials, have a limited impact on the observed 

electrochemical behavior during the first cycle, as suggested by EIS results. The 

capacity fading upon cycling at potentials above 4.6 V of LVPP-based cathodes 
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is mainly ascribed to the irreversible changes of the pristine layered structure, 

whose properties as Li-host are affected by the shrinking interlayer distance. 

Nevertheless, a reversible capacity of 100 mA h g-1 for 50 cycles with slight 

ageing effect is demonstrated in the potential window 2 and 4.6 V.  

2) LiNi0.5Mn1.5O4 with a crystallite size of 100 nm was investigated under different 

potential windows. In order to improve the specific capacity of the spinel, Mn 

redox plateaus were considered and the stability measurements were carried 

out. Even though temperature and slower C-rate gives us a higher capacity, only 

60 mA h g-1 is gained between 2.4 and 4.5 V. Additionally, utilizing the second 

plateau and capacity below 2.4 V causes capacity fading. When the crystallite 

size was reduced to 15 nm, a very high capacity of 130 mA hg-1, better cycling 

stability and rate capability was obtained between 2.4 and 4.5 V. The particle 

size and crystallite size were separately evaluated and was found that the 

particle size or morphology did not have much influence on the specific 

capacity. In addition, the impedance analysis indicates that there is second 

interface formation below 2.4 V independent of number of Li-ions inserted on 

2.75 V plateau. This can be associated to the capacity fading observed below 2.4 

V. Decreased charge transfer resistance for samples with smaller crystallite sizes 

and optimized particle size gives out much better kinetics. Therefore, 

optimization of LMNO for particle size to reduce electrolyte degradation, 

crystallite size for better capacity and optimized electrolyte for high voltage 

protection was carried out and a very high reversible specific capacity of 250 mA 

h g-1 was obtained in the reversible potential window 2.4- 4.9 V when utilizing 

both the Ni and Mn redox regions.  

3) In both the investigated materials, crystallite size was the critical factor to 

improve the specific capacity. Based on the observed electrochemical and 

structural changes, we hypothesize that in addition to the factors such as shorter 

diffusion distances, the existence of more grain boundaries, increase in interface 

energy as well as the strain induced by lattice misfits influences the ionic 

transport and phase transformation thus resulting in improved specific capacity 

and kinetics.  

 

Hence, for a multi-electron step utilizing next generation cathodes for Li-ion batteries 

with improved specific capacity and kinetics, controlling the growth of crystallites 
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during synthesis is vital. Future works can be focused on improving the electron 

transport and thus reducing the polarization effects with coatings, doping and 

improving the interfacial properties of nano-crystalline materials.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



109 
 

BIBLIOGRAPHY: 

1)   R.A. Huggins, Advanced Batteries: Materials Science Aspects, Springer   Science 

+ Business Media, New York, United States, (2009) 

2)   C. Pillot, ‘The rechargeable battery market and main trends’, Avicenna, (2016).                    

3)   C. Julien, A. Mauger, K. Zaghib, and H. Groult, Materials, 9, 595 (2016). 

4)   G. Gutmann, ‘Applications – Transportation | Electric Vehicle: Batteries’ 

Encyclopedia of Electrochemical Power Sources., 219 (2009). 

5)    D.  L. Wood, J. Li, and C. Daniel, J. Power Sources., 275, 234 (2015). 

6)    N. Nitta, F. Wu, J. T. Lee and G. Yushin, Mat. Today., 18, 5 (2015). 

7)    K. Xu, Chem. Rev., 114 (23), 11503 (2014). 

8)    D. Andre, S-J. Kim, P. Lamp, S. F. Lux, F. Maglia, O. Paschosa and B. Stiaszny, J.           

Mater.Chem. A., 3, 6709 (2015). 

9)     J. Lee, A. Urban, X. Li, D. Su, G. Hautier, G. Ceder, Science., 1246432 (2014). 

10)   A. K. Padhi, K. S. Nanjundaswamy and J. B. Goodenough, J Electrochem Soc.,  

144,      1188 (1997).  

11)   K. S. Nanjundaswamy, A. K. Padhi, J. B. Goodenough, S. Okada, H. Ohtsuka, H. 

Araib, and  J. Yamaki, Solid State Ion., 92(1), 1 (1996). 

12)   S. C. Yin, H. Grondey, P. Strobel, M. Anne, and L. F. Nazar, J. Am. Chem. Soc., 

125,  10402 (2003). 

13)   S. Poisson, F. d’Yvoire, N. G. H. Dung, E. Bretey, and P. Berthet, J. Solid State 

Chem., 138, 32 (1998). 

14)   A. Jain, G. Hautier, C. Moore, B. Kang, J. Lee, H. Chen, N. Twu, and G. Ceder, J. 

Electrochem. Soc., 159 (5), A622 (2012). 

15)   G Gabrielli, P Axmann, and M Wohlfahrt-Mehrens, J. Electrochem.Soc., 163 (3), 

A470 (2016). 



110 
 

16)   D. Chung, E. Elgqvist, and S. Santhanagopalan, NREL/TP-6A20-66086, (2016). 

17)   R. A. Meyers, ‘Encyclopedia of Sustainability Science and Technology’ 

Springer-Verlag New York (2012). 

18)   Pierre Villars (Chief Editor), PAULING FILE in: Inorganic Solid Phases, Springer 

Materials (online database), Springer, Heidelberg (ed.) Springer Materials 

Li9V3−xCrx(P2O7)3(PO4)2, x=0 (Li9V3[PO4]2[P2O7]3) Crystal Structure 

https://materials.springer.com/isp/crystallographic/docs/sd_1633578 –-April 

2017; LiNi0.5Mn1.5O4 (Li2Mn3NiO8 cub2, T = 300 K) Crystal Structure 

https://materials.springer.com/isp/crystallographic/docs/sd_1715698-April 

2017.  

19)   J. Xu, Y. Zhao, and Q. Kuang, J. Sol-Gel Sci. Technol., 59, 521 (2011). 

20)   Q. Kuang, J. Xu, Y. Zhao, X. Chen, and L. Chen, Electrochim. Acta., 56, 2201 

(2011). 

21)   Q. Kuang and Y. Zhao, Electrochim. Acta., 58, 296 (2011). 

22)   J. Xu, Y. Zhao, Q. Kuang, and Y. Dong, Electrochim. Acta., 56, 6562 (2011). 

23)   Q. Kuang, Z. Lin, Y. Zhao, X. Chen, and L. Chen, J. Mater. Chem., 21, 1476 (2011). 

24)   Q. Kuang, Y. Zhao, and J. Xu, J. Phys. Chem. C., 115, 8422 (2011). 

25)   M. Onoda and M. Inagaki, J. Phys. Soc. Jpn., 80, 084801 (2011). 

26)   G. F. Gu, D. M. Tang, P. Wu, H.  Y. Tian, and D. G.Tong, Mat. Lett., 92, 247 (2013). 

27)   M. Onoda and M. Inagaki, J. Phys. Soc. Jpn., 82, 074801 (2013). 

28)   Z. Liang and Y. Zhao, Electrochim. Acta., 94, 374 (2013). 

29)   J. Zeng, Y. Zhao, Z. Liang, and Y. Dong, J. Solid State Electrochem., 18, 561 

(2014). 

30)   X. Lin, Y. Zhao, Q. Kuang, Z. Liang, D. Yan, X. Liu, and Y. Dong, Solid State 

Ionics.,   259, 46 (2014). 

https://materials.springer.com/isp/crystallographic/docs/sd_1633578
https://materials.springer.com/isp/crystallographic/docs/sd_1715698


111 
 

31)  Z. Lin, Y. J. Zhao, Y. Zhao, and J. Xu, J. Phys. D: Appl. Phys., 47, 025301 (2014). 

32)   M. Onoda, M. Inagaki, and H. Saito, J. Solid State Chem., 219, 220 (2014). 

33)   X. Miao, C. Li, W. Chu, P. Wu, and D. Tong, RSC Adv., 5, 243 (2015).  

34)   J. M. Tarascon and D. Guyomard, J. Electrochem. Soc., 138, 2864 (1991).  

35)   A. Manthiram, K. Chemelewski, and E.-S. Lee, Energy Environ. Sci., 7, 1339 

(2014). 

36)   G. Pistoia, G. Wang, and C. Wang, Solid State lonics., 58, 285 (1992)  

37)   K. Amine, H. Tukamoto, H. Yasuda, and Y. Fuijita, J. Electrochem. Soc., 143 (5), 

1607 (1996). 

38)   K. Ariyoshi, Y. Iwakoshi, N. Nakayama, and T. Ohzuku, J. Electrochem. Soc., 

151(2), A296 (2004). 

39)   Y- K. Sun, Y-S. Jeon, and H. J. Lee, Electrochem. Solid-State Lett., 3 (1), 7 (2000). 

40)   M. Kunduraci, and G.G. Amatucci, J. Electrochem. Soc., 153 (7), A1345 (2006). 

41)   S-J. Hwang, H-S. Park, J.-H. Choy and G. Campet, J. Phys. Chem. B., 105, 335 

(2001). 

42)   E. -S. Lee, K. -W. Nam, E. Hu and A. Manthiram, Chem. Mater., 24, 3610 (2012).  

43)   K. R. Chemelewski, E. -S. Lee, W. Li, and A. Manthiram, Chem. Mater., 25, 2890 

(2013). 

44)   G. Gabrielli, P. Axmann, T. Diemant, R. J. Behm, and M. Wohlfahrt-Mehrens, 

ChemSusChem., 9 (13), 1670 (2016).  

45)   M Mancini, G Gabrielli, P Axmann, M Wohlfahrt-Mehrens J. Electrochem. Soc., 

164 (1), A6229 (2017). 

46)   R. E. Dinnebier, S. J. L. Billinge, ‘Powder Diffraction Theory and Practice’, RSC 

publishing (2008).  



112 
 

47)   A. Kvick, Materials Science Applications of X-Ray Diffraction Elsevier Ltd., 2, 

1248 (1999). 

48)   J. Coat, ‘Interpretation of Infrared Spectra, A Practical Approach’ Encyclopedia 

of Analytical Chemistry, 1-23, John Wiley & Sons Ltd (2006). 

49)   R Marassi and F Nobili, ‘Encyclopedia of Electrochemical Power Sources‘., 

Elsevier Ltd (2009). 

50)   R.F. Egerton ‘Physical Principles of Electron Microscopy’ New York: Springer 

(2005). 

51)   A. J. Bard, L. R. Faulkner ‘Electrochemical Methods Fundamentals and 

Applications’, John Wiley & Sons Ltd (2001). 

52)   P. Balasubramanian, M. Mancini, P. Axmann, and M. Wohlfahrt-Mehrens, J. 

Electrochem. Soc., 164, A6047 (2017). 

53)   G. Hautier, A. Jain, T. Mueller, C. Moore, S. P. Ong, and G. Ceder, Chem. Mater., 

25, 2064 (2013). 

54)   Z. Peng, H. Miao, H. Yin, C. Xu, and W.G. Wang, Int. J. Electrochem. Sci., 8, 903 

(2013). 

55)   Q. Kuang, Y. Zhao, Y.Dong, Q. Fan, X. Lin, and X.Liu, J. Power Sources., 306, 337  

(2016). 

56)   P. Balasubramanian, M. Mancini, H. Geßwein, D. Geiger, P. Axmann, U. Kasier, 

and M. Wohlfahrt-Mehrens, ChemElectroChem 5, 201 (2018). 

57)   C. Suryanarayana, Pro. Mat. Sci., 46, 1 (2001). 

58)   M. Wagemaker and F. M. Mulder, Acc.Chem. Research., 46, 1206 (2013). 

59)   N. Membreno, K. Park, J. B. Goodenough, and K.J. Stevenson, Chem. Mater., 

27, 3332 (2015).  

60)   C. Li, H. P. Zhang, L. J. Fu, H. Liu Y. P. Wu, E. Rahm, R. Holzeb. H. Q. Wu, 

Electrochimica Acta., 51(19), 3872(2006). 



113 
 

61)   A. V. Churikov, A. V. Ivanishchev, A. V. Ushakov, I. M. Gamayunova, and I. A.   

Leenson, Chem. Eng. Data., 58, 1747 (2013).  

62)   X. Lina, Y. Zhao, D. Yana, W. Hana, Q. Kuang, and M. Wen, Electrochim. Acta., 

191, 207 (2016). 

63)   J. Yang, and Y. Xia, ACS Appl. Mater. Interfaces., 8, 1297 (2016). 

64)   J- L. Shi, J. -N. Zhang, M. He, X. -D. Zhang, Y. -X. Yin, H. Li, Y. -G. Guo, L. Gu, 

and L -J. Wan, ACS Appl. Mater. Interfaces., 8, 20138 (2016). 

65)   M.D. Levi, K. Gamolsky, D. Aurbach , U. Heider, and R. Oesten Electrochimica   

Acta., 45,1781 (2000). 

66)   M Mancini, G Gabrielli, P Axmann, U.Kaiser, M Kinyanjui, and M Wohlfahrt-

Mehrens, ChemSusChem., 9 (14) (2016). 

67)   M. Wagemaker, D. P. Singh, W. J. H. Borghols, U. Lafont, L. Haverkate, 

 V. K. Peterson, and F. M. Mulder, J. Am. Chem. Soc., 133, 10222 (2011). 

68)   M.Gauthier,  J. T. Carney, A. Grimaud, L. Giordano, N. Pour, H-H: Chang, P. D.  

Fenning, F. S. Lux, O. Paschos, C. Bauer, F, Maglia, S. Lupart, P. Lamp, and Y. S. 

Horn, J. Phys. Chem. Lett.,  6, 22, 4653 (2015). 

69)   D. Aurbach, J. Power Sources 89(2), 206 (2000). 

70)   J. B. Goodenough, M. M. Thackeray, W. I. F. David, and P. G. Bruce, Rev. Chim. 

Miner., 21, 435 (1984). 

71)   C. Li, Y. Zhao, H. Zhang, J. Liu, J. Jing, X. Cui, S. Li, Electrochim. Acta., 104, 134  

(2013). 

72)   V. Aravindan, Y-L. Cheah, W.C. Ling, and S. Madhavi, J. Electrochem. Soc., 159 

(9),  A1435 (2012). 

73)   M. Xu, L. Zhou, Y. Dong, Y. Chen, A. Garsuch, and B-L. Lucht, J. Electrochem. 

Soc., 160 (11), A2013 (2013). 

74)   K. Xu, J. Electrochem. Soc., 155 (10), A738 (2008). 



114 
 

75)   X. Zhang, and T. M. Devine, J. Electrochem. Soc., 153 (9), B365 (2006).  

76)   S. Dalavi, M. Xu, B. Knight, and B-L. Lucht, Electrochem. and Solid-State Lett., 

15 (2), A28 (2012). 

77)   K. Xu, S. Zhang, T.R. Jow, W. Xu, and C.A.  Angell,  Electrochem. and Solid-State   

Lett., 5 (1), A26 (2002). 

78)   S-Y. Ha, J-G. Han, Y-M. Song, M-J. Chun, S-I. Han, W-C. Shin, N-S. Choi,  

Electrochem. Acta., 104, 170 (2013). 

79)   D. Aurbach, Y. Ein‐Eli, B. Markovsky, A. Zaban, S. Luski, Y. Carmeli, and H. Yamin, 

J. Electrochem. Soc., 142 (9), 2882 (1995). 

80)   D. Aurbach, M.D. Levi, K. Gamulski, B. Markovsky, G. Salitra, E. Levi, 

   U. Heider, L. Heider, and R. Oesten, J.Power Sources., 81-82, 472 (1999). 

81)   M.D. Levi, and D. Aurbach, J.Power Sources., 146, 727 (2005). 

82)   F. Nobili, R. Tossici, F. Croce, B. Scrosati, and R. Marassi , J.Power Sources., 94, 

238   (2001). 

83)   F. Croce, F. Nobili, A. Deptula, W. Lada, R. Tossici, A. D’Epifanio, B. Scrosati, and  

R.   Marassi, Electrochem. Comm., 1, 605 (1999). 

84)   J. Jamnik, and J. Maier Phys. Chem. Chem. Phys., 5, 5215 (2003). 

85)   M. Wagemaker, D. P. Singh, W. J. H. Borghols, U. Lafont, L. Haverkate, 

   V. K. Peterson, and F. M. Mulder, J. Am. Chem. Soc., 133, 10222 (2011). 

86)   J. Maier, Solid-state Ionics., 148, 367 (2002). 

87)   J. Maier, Solid-state Ionics., 154, 291 (2012). 

88)   J. Maier, J. Eur, Ceram. Soc., 24, 1251 (2004). 

89)   J. Maier, Solid-state Ionics., 157, 327 (2003) 

90)   J. Maier, Nat.Mater., 4, 805 (2005). 



115 
 

91)   H. Liu, and C. P. Grey, J. Mater. Chem. A., 4, 6433 (2016) 

92)   C.V. Ramana, A. Mauger, F. Gendron, C.M. Julien, and K. Zaghib, J.Power 

Sources., 187, 555 (2009). 

93)   P. Balaya, A.J. Bhattacharyya, J. Jamnik, Y. F. Zhukovski, E. A. Kotomin, and J. 

Maier, J. Power Sources., 159,  171 (2006). 

94)   A. Yamada, H. Koizumi, S-I. Nishimura, N. Sonoyama, R. Kanno, M. Yonemura, 

T. Nakamura, and Y. kobayashi, Nat.Mater., 5, 357 (2006). 

95)   C. Delacourt, P. Poizot, J-M. Tarascon and C. Masquelier. Nat.Mater., 4, 254   

(2005). 

96)   S. Ganapathy and M. Wagemaker ACS Nano., 6(10),  8702 (2012). 

97)   D. A. Cogswell, and M. Z. Bazant., ACS Nano., 6 (3), 2215 (2012). 

98)   C. Liu, Z. G. Neale, and G. Cao, Mat. Today., 19, 2 (2016). 

99)   W. J. H. Borghols, M. Wagemaker, U. Lafont, E. M. Kelder, and F. M. Mulder, J. 

Am. Chem. Soc., 131, 17786 (2009).  

100)  K. Shen, H. Chen, F. Klaver, F. M. Mulder, and M. Wagemaker, Chem. Mater., 

26, 1608 (2014).               

101)  D. Li and H. Zhou, Mat.Today., 17, 9 (2014). 

102)  C. Wang, U. S. Kasavajjula, and P.E. Arce, J. Phys. Chem. C., 111, 16656 (2007). 

103)  D. Li, X. Liu and H. Zhou, Energy Technol., 2, 542 (2014) 

104)  R. Malik, A. Abdellahi, and G. Ceder, J. Electrochem. Soc., 160 (5), A3179 

(2013). 

105)  V. Srinivasan, and J. Newman, J. Electrochem. Soc., 151 (10), A1517 (2004). 

106)  G. Brunetti, D. Robert, P. B-Guillemaud, J. L. Rouviere, E. F. Rauch, J. F. Martin, 

J. F. Colin, F. Bertin, and C. Cayron, Chem. Mater., 23, 4515 (2011). 



116 
 

107)  D. Li, T. Zhang, P. He, R. Peng, M. Wang, M. Han and H. Zhou, J.Power Sources., 

233, 299 (2013). 

108)  W. Du, A. Gupta, X. Zhang, A.M. Sastry, and W. Shyy, Int. J. Heat Mass Transf., 

53, 3552 (2010).  

109)  S.  Bauer, and C. A. Bobisch, Nat. Commun., 7, 11381 (2016). 

110)  C. Wang, S. Wang, Y-B. He, L. Tang, C. Han, C. Yang, M. Wagemaker, B. Li, Q-

H. Yang, J-K. Kim, and F. Kang, Chem. Mater., 27, 5647 (2015). 

111)  M. Wagemaker, W. J. H. Borghols, and F. M. Mulder J. Am. Chem. Soc., 129, 

4323 (2007).  

112)  M. Okubo, Y. Mizuno, H. Yamada, J. Kim,E. Hosono, H. Zhou, T. Kudo, and I.  

Honma, ACS Nano., 4(2), 741 (2010). 

113)  M. Wagemaker, E-R.H. Van Eck, A. P.M. Kentgens and F. M. Mulder J. Phys.  

Chem. B, 113 (1), 224 (2009). 

114)  D. L. Bish and J. E. Post, Rev. Mineral., 20, (1989). 

115)  C.N.R. Rao, G.U. Kulkarni, P.J Thomas, and P.P. Edwards, Chem. Eur. J., 8 (1), 

29 (2002). 

116)  N. Meethong, H. Y. S. Huang, W. C. Carter, Y. M. Chiang, Electrochem. Solid-

State Lett., 10, A134 (2007). 
 

 

 

 

 

 

 

 

 

 

 

 



117 
 

 

 

ACKNOWLEDGEMENTS: 

The three and a half years of my doctorate degree has been a journey during which a 

lot of knowledge has been gained. I strongly believe this will be just a seed which will 

grow and shape the rest of my career. This was merely possible due to the opportunity 

provided by Dr. Margret Wohlfahrt-Mehrens and Dr. Werner Tilmetz for pursuing a 

Ph.D. in Center for Solar energy and hydrogen research, for which am always grateful 

for.  

I would like to extend my gratitude to my supervisors / advisors Dr. Marilena Mancini 

and Dr. Peter Axmann. A simple ‘thank you’ would not suffice and am always indebted 

to both of them for the timely ideas, encouragement and thought provoking 

discussions which moulded my thesis. This acknowledgement would not be complete 

without mentioning Dr. Mario Marinaro who has influenced me to make a Ph.D. and I 

would like to personally thank him for his belief. The three years wouldn’t have been 

enjoyable without my colleagues and would like to thank Dr. Giulio Gabrielli, Dong-

Hwan, and Jerry Asante for their constant support. My work would not have been 

possible without the funding from European Community and the German Federal 

Ministry for Education and Research (BMBF) under Project Li-Ecosafe. I am also grateful 

to all the colleagues who were involved and contributed in this project and to my thesis.  

My heart felt gratitude and my biggest thanks goes to my wife for being a part of me. 

I can’t ask for anything more. I strongly believe that the dynamic and constructive 

competition that exists between us will continue to drive and motivate us to become 

successful. I dedicate all my accomplishment to you. Cheers for giving me an upgrade 

as a ‘father’. Last but not the least, I would also like to thank my brother for teaching 

me how to be different, as well as my family and friends who had and will stand by me 

in times to come to make everything possible.  

  



118 
 

DECLARATION 
I, hereby declare that the thoughts and data conceived, implemented and presented 

here in this thesis is entirely my own and was not directly taken from any external 

source. This thesis work has not been submitted in the present or similar forms to any 

other examination board. 

Ulm, Tuesday, July 25, 2018    Prasanth Balasubramanian  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



119 
 

 

 

My CV has been removed for privacy reasons 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



120 
 

 

 

 

My CV has been removed for privacy reasons 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



121 
 

PUBLICATIONS AND POSTERS 

FIRST AUTHOR: 

1) P. Balasubramanian, M. Mancini, D. Geiger, H. Geßwein, U. Kaiser, P. Axmann, 

M. Wohlfahrt-Mehrens ‘Kinetics and structural investigation on layered 

Li9V3(P2O7)3(PO4)2as cathode material for Li-ion batteries Li9V3(P2O7)3(PO4)2’  - 

ChemElectroChem 5, 201 (2018). 

2) P. Balasubramanian, M. Mancini, P. Axmann, M. Wohlfahrt-Mehrens ‘Facile 

Synthesis and Electrochemical Investigation of Li9V3(P2O7)3(PO4)2– As High 

Voltage Cathode’ J.Electrochem.Soc., 164 (1), A6047 (2017). 

3) P. Balasubramanian, M. Marinaro, S. Theil, M. Wohlfahrt-Mehrens, L. Jörissen 

‘Au-coated carbon electrodes for aprotic Li-O2 batteries with extended cycle 

life: The key issue of the Li-ion source’ J. Power Sources., 278, 156 (2015). 

CO-AUTHOR: 

1) M. K. Kinyanjui, P. Axmann, M. Mancini, G. Gabrielli, P. Balasubramanian, F. 

Boucher, M. Wohlfahrt-Mehrens, and U. Kaiser, ‘Understanding the 

spectroscopic signatures of Mn valence changes in the valence energy loss 

spectra of Li-Mn-Ni-O spinel oxides’ Phy. Rev.Materials 1, 074402 (2017) 

2) M. S Tahir, M. Weinberger, P. Balasubramanian, T. Diemant, R.J. Behm, M. 

Lindén, M. Wohlfahrt-Mehrens ‘Silicon Carboxylate derived Silicon Oxycarbides 

as Anodes for Lithium Ion Batteries’ – J. Mater. Chem. A, 5, 10190 (2017).  

3) M. Marinaro, P. Balasubramanian, E. Gucciardi, S. Theil, L. Jörissen, M. 

Wohlfahrt‐Mehrens ‘Importance of Reaction Kinetics and Oxygen Crossover in 

aprotic Li–O2 Batteries Based on a Dimethyl Sulfoxide  electrolyte’ 

ChemSusChem., 8, 3139 (2015) 

4) S. K. Eswara-Moorthy, P. Balasubramanian, W. Mierlo, J. Bernhard, M. Marinaro, 

M. Wohlfahrt-Mehrens, L. Jörissen, U. Kaiser ‘In-situ SEM-FIB Based Method for 

Contrast Enhancement and Tomography reconstruction for Structural 

Quantification of Porous Carbon Electrodes’ Microsc. Microanal. 20, 1576, 

(2014). 

IN PREPARATION: 

1) Additional papers on Li1+xNi0.5Mn1.5O4 – In preparation 

 

 



122 
 

CONFERENCE CONTRIBUTIONS: 

1) P. Balasubramanian, M. Mancini, P. Axmann, M. Wohlfahrt-Mehrens, 

Li9V3(P2O7)3(PO4)2 – A High Voltage Cathode Material- 15thUlm electrochemical 

talks from July 20- 21 2016- 

2) P. Balasubramanian, M. Mancini, P. Axmann, M. Wohlfahrt-Mehrens ‘Facile 

Synthesis and Electrochemical Investigation of Li9V3(P2O7)3(PO4)2 –As High Voltage 

Cathode ’ 18th International Meeting on Lithium Batteries (June 19-24, 2016) 

(Batteries and Energy Storage). 

3) P. Balasubramanian, M. Marinaro, S. Theil, M. Wohlfahrt-Mehrens, L. Jörissen, 

‘Lithium, A kink in lithium air battery’ 14th Ulm Electrochemical talks from June 23-

36,2014  

 

 


