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Abstract 

In this study 0.5LiMn2O3.0.5LiNi1/3Mn1/3Co1/3O2, a layered lithium-manganese rich nickel 

manganese cobalt (LMR-NMC) oxide, was a carefully selected composition for use as a 

cathode material in Li ion batteries. The effect of synthesis method and doping on this 

layered lithium-manganese rich, mixed metal oxides is presented.  

First part of this study deals with the effect of synthesis route on the electrochemical 

properties of the 0.5LiMn2O3.0.5LiNi1/3Mn1/3Co1/3O2 material. A comparison between Co-

precipitation, low temperature (90C) sol-gel synthesised and high temperature (120C) sol-

gel synthesised LMR composite materials is presented. The study demonstrated that synthesis 

procedure and conditions strongly influence the electrochemical properties of the synthesized 

material. Co-precipitation and sol-gel synthesised LMR composites revealed obvious 

differences in capacity and cycle life, which give the impression from X-ray photoelectron 

spectra to be strongly related to the particles‘ surface reactivity.  

In the second part of study, the LMR-NMC materials were doped with varying amounts of 

aluminium. Small amounts of Al doping to the sol-gel material were shown to improve the 

rate capability and cyclability, in addition to decreasing voltage fade. The results were 

interpreted in terms of charge discharge studies and supported by differential capacity plots, 

impedance measurements and cyclic voltammetry data. The electrochemistry of an 

aluminium doped material was revealed to be highly dependent on the degree of aluminium 

doping – with the behaviour of 1% doped material giving a maximum capacity of 201   

mAhg
-1

 at 150 mAg
-1

 and a capacity retention of 88% after 200 cycles. 

An attempt has been made to study the effect of Cr doping as well on the electrochemical 

properties of the LMR-NMC materials. It results in an increase in the initial charge/discharge 

capacity of the material while decreasing the capacity retention. However, the Cr as a dopant 

could not be assigned as an improvement in the LMR mixed metal oxide material.  

The study established the comparative role of co-precipitation and sol-gel methods on the 

improvement of electrochemical properties of the LMR-NMC oxides. Additionally, 

controlled Al doped samples substantially improved the discharge capacity while maintaining 

capacity retention event at very high C-rate.  
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Chapter 1: Introduction 

1.1 General overview 

Worldwide industrial growth over the past two centuries has largely been the result of the 

discovery and exploitation of fossil fuels. However, fossil fuels are a non-renewable resource 

for which there is an ever-increasing demand. In addition, their combustion in energy 

conversion devices results in the release of primary atmospheric pollutants such as carbon 

monoxide; sulphur oxides, (SOx); nitrogen oxides, (NOx); and particulates which consist of 

very fine soot and ash particles. These primary pollutants can further interact with other 

species and adversely affect the environment via different phenomena such as greenhouse 

effect, high ozone levels, acid rain and smog.  

Hence, there is an urgent need for a scientific and technological solution to avert the 

approaching energy crisis and resolve the environmental issues. One way to reduce 

dependence on fossil fuels is the use of renewable energy resources such as wind, wave, air 

and solar, but they are often intermittent or periodic and hence energy produced during the 

peak production hours is needed to be stored, which may then be released on demand. All of 

these systems need efficient energy storage units which can help balance the fluctuations in 

supply with fluctuations in demand. 

A battery is essentially a device that can convert stored chemical energy into electrical 

energy. Batteries can be used as an energy source for consumer electronics (such as laptops, 

cell phones, power tools and toys); for medical implants; as a back-up energy supply for the 

national electric grid and smart grids for localized communities and as a power source for 

transportation, defence, or aerospace applications. Rechargeable batteries can not only 

convert chemical energy into electrical energy during discharge, but may also reverse the 

process, converting electrical energy back into chemical energy, thus becoming recharged. 

An increasingly popular type of rechargeable battery is the lithium-ion battery. By carefully 

selecting the constituent components a good voltage window can be obtained, use of 

lightweight materials can result in battery with high gravimetric and volumetric energy 

densities (important for electric vehicles and mobile devices such as laptops and mobile 

phones), allowing good cyclability to be achieved (i.e. the battery is capable of undergoing 

many charge/recharge cycles with little loss in capacity). 
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Definitions for some of the common but important terms used in the battery research are 

given below. 

Capacity (Ah or mAh): The amount of electric charge that a battery can deliver at the rated 

voltage is known as battery capacity. It decreases with increasing the C-rate. 

Capacity (Ah) = discharge current(A) x discharge time(h) 

Specific capacity (mAh/g): The capacity per unit mass of the battery. 

C-rate: While describing batteries, the discharge current is often described as a C-rate to 

normalize against battery capacity. It is a measure of the rate at which a battery is discharged 

relative to its maximum capacity. For example, a 1C rate implies that the discharge current 

will discharge the entire battery in one hour, 2C takes half an hour and 0.5C takes two hours. 

If a battery has a capacity of 100 Ah, it will have a discharge current of 100 A. 

Specific energy (Wh/kg): Specific energy, also referred to as the gravimetric energy density, 

is the nominal battery energy per unit mass. It is dependent on the battery chemistry and 

packing. 

Specific power (W/kg): The maximum available power per unit mass. Like specific energy, 

it is also a function of battery chemistry and packing. 

Cycle life (or cyclability): Defined as the maximum number of charge/discharge cycles that 

a battery can undergo before it fails to meet the specific performance criteria. 

1.2 Li-ion battery 

The Li-ion battery (also called the ―Rocking Chair Battery‖, ―Swing Electrode system‖ or 

―Shuttlecock‖) has changed modern life by making the use of mobile phones and laptop 

computers possible. They are the battery of choice in many consumer electronics as they 

possess one of the best energy densities (210 Whkg
-1

, 650 WhL
-1

), a high voltage, low self-

discharge (8-12% per month), a long cycle life and no memory effect [1, 2].  

After being the dominant power source for mobile electronic devices for two decades, they 

are now finding applications in transportation (e.g. electric and hybrid electric vehicles (EV 

&HEV)). These are also a good candidate as the storage device for the energy produced from 

renewable resources. Energy density and power density are very important parameters for 



3 

 

mobile energy source, whether it is for small applications (mobile phones) or for high tech 

applications (EV & HEV). When compared to other battery chemistries like nickel cadmium 

(Ni-Cd), nickel metal hydride (Ni-MH) and lead acid battery system, the Li-ion battery has 

better gravimetric and volumetric energy storage capacity. Fig. 1.1 shows the comparison of 

gravimetric and volumetric energy density for different rechargeable battery types. 

 

Fig. 1.1 Comparison of the volumetric and gravimetric energy densities for different 

battery technologies (Adapted from [3]).  

 

Li metal was used in lithium primary batteries in 1970 and was considered to be a very 

promising anode material due to its lowest potential and a very large theoretical capacity of 

3860 mAhg
-1

. This led to the use of Li metal in the first Li metal secondary battery 

commercialized by Moli Energy (Canada) in 1970, but the system failed due to the dendritic 

growth of lithium metal.  Lithium metal also poses some safety issues owing to its high 

reactivity with the organic electrolytes. This led to the emergence of the concept of Li-ion 

secondary batteries, which typically comprise of a low potential Li insertion anode (graphite) 

and high potential Li insertion cathode. In this case, Li is always present in ionic form and 

electrodes can repeatedly accept/release Li ions during the charge/discharge process. 
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The current advancement in Li-ion battery technology has resulted in commercial Li-ion 

batteries which offer the following advantages. 

Low self-discharge rate: The Li-ion battery shows a self-discharge of only 10% per month 

since there is no chemical reaction taking place between the electrolyte and the electrode. 

High energy density: A battery with high energy density allows the weight and size of 

portable devices to be decreased, an important objective of the electronics industry. The Li-

ion battery possesses greater energy density (0.9-2.63 MJ/L) compared to many other 

secondary batteries (0.5-1.08 MJ/L) both in terms of weight and volume.  

High voltage: The higher the operating voltage of the battery, the more functions it can 

support. The Li-ion has a working voltage (3.6 V) three times higher than that of Ni-Cd and 

Ni-MH cells (1.2 V). 

Good cyclability: The better the cyclability of a battery, the longer is its life span. A Li-ion 

battery with carefully selected materials can show an excellent cycling performance (400-

1200 cycles) with good capacity retention during cycling [4].  

No memory effect: The Li-ion battery does not show memory effect, which means that 

complete charge and discharge is not required. 

Rapid recharge: Li-ion batteries can be recharged to 80-90% of their full potential in an 

hour time. 

However, one major problem associated with the Li ion batteries is the side reactions that 

take place during battery operation which result in the consumption of Li-ion without the 

release of energy. These processes deplete the amount of Li-ion in the cell thus decreasing the 

specific capacity of the battery. These secondary processes that decrease the Li-ion 

intercalation/de-intercalation capacity include electrolyte decomposition at high voltages, 

lithium deposition due to cell overcharge, degradation of active material, phase 

transformation (structural degradation), and inactive surface film formation on electrodes and 

the current collectors. 
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1.3 Working principle of a Li-ion battery  

The first Li-ion battery commercialized by Sony in 1991, consisted of a high voltage (3.7 V) 

LiCoO2 cathode; a graphite anode and a non-aqueous liquid electrolyte in an organic solvent. 

Fig. 1.2 is the pictorial representation of the working of a typical Li ion battery. 

 

 

 

Fig. 1.2 Schematic diagram illustrating the working of a LixC6/Li1-xCoO2 lithium-ion 

cell (Adapted from [5]). 

 

In this case, the graphite host structure (which is denoted as LiC6, as graphite can 

accommodate one lithium per graphene unit, at top of charge) accommodates the lithium ion, 

thus inhibiting dendrite formation, while at the end of discharge lithium is accommodated in 

the LiCoO2 cathode structure [6]. 

Graphite 
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 During charge and discharge, lithium ions are transferred reversibly between the two host 

structures, giving it the name lithium-ion cell (Fig. 1.2). The electrode reactions can be 

written as [5] 

 

At Anode    

C + xLi+ + xe-                          LixC
Charge

Discharge                                  

(1)

 

At Cathode   

LiMO2                                           Li1-xMO2 + xLi+ + xe-

Discharge

Charge

(2)

 

Overall  

     

LiMO2 + C                            LixC + Li1-xMO2

Charge

Discharge   

         (3)

 

During discharge, lithium ions diffuse from the anode to the cathode with simultaneous 

oxidation and reduction of the two electrodes, respectively. The reverse process occurs during 

charge [6]. During charge, a voltage is applied across the electrodes which forces Li-ions to 

be extracted from the LiCoO2 crystal, which diffuse through the electrolyte and become 

intercalated between the graphite sheets of the anode material. The reverse process occurs on 

discharge where Li-ions are intercalated into the cathode structure through the electronically 

insulating electrolyte. To maintain charge neutrality, electrons move with them, but as they 

may not move through the electrolyte (which does not conduct electrons) they are forced to 

move through the outside circuit and thus do work.  

The release of electrical energy through an external electrical circuit has to be carefully 

controlled during discharge to drive electric motors and other devices without excessive heat 

generation. Short circuits have to be avoided at all costs to eliminate potentially catastrophic 

reactions and the risk of fire or explosion 

The operating voltage of a Li-ion battery depends on the energy of the chemical reaction 

occurring in the cell, which is dependent on the type of materials used as electrodes. Different 
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chemistries are used for the Li-ion batteries to attain high-power and high-energy. Since the 

invention of the first battery, graphite has continued to be the typical anode material of choice 

but several cathode materials have been employed in commercial batteries such as 

compositional variations of LiCoO2 with some Ni and Mn substituted for Co, LiNiO2, 

LiMn2O4 (spinel), LiMnO2 and stabilized LiMn2O4 (spinel), and LiFePO4 (olivine). A key 

factor in the advancement of rechargeable lithium battery technology is the development of 

cathode materials with superior performance.  

The good cathode material for the Li-ion battery should possess the following qualities. 

 It should have the ability to intercalate Li
+
 reversibly into its structure. 

 It should be structurally stable i.e. the removal of lithium (or other alkali metal ion) 

does not change the structure.  

 Its lithiated (reduced) and partially lithiated (partially oxidized) structure should 

exhibit a suitable potential difference versus lithium electrode.  

 The host lattice dimension changes on insertion/removal of lithium should not be too 

large.  

 It should have a wide operational voltage range. 

Table 1.1 summarises the properties of the most common cathode materials used in Li-ion 

batteries. Among them, LiCoO2 was most commonly used as a cathode material in the first 

generation of practical Li-ion batteries.  

When compared to the other compounds proposed at the time, it had a good combination of 

relatively high voltage, rate of discharge and ease of synthesis. However, due to factors such 

as cobalt dissolution into the electrolyte, this material has a cut off voltage around 4.2 V (with 

respect to a lithium metal anode), so little more than 50% of its theoretical capacity is 

achievable. 

Lithium manganese spinel was also of considerable interest initially as it possesses a high cell 

voltage when compared to the cobalt based cells. However, it exhibits considerable capacity 

fade upon cycling, which is attributed to the Jahn-Teller distortion and the dissolution of 

manganese into the electrolyte [7, 8]. 
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Table 1.1 Properties of the common cathode materials used in Li ion batteries. 

Cathode 

Practical capacity 

(mAhg
-1

) 

Voltage window vs. lithium 

anode (V) 

LiCoO
2
 160 2.0 - 4.2 

LiMn
2
O

4
 120 3.0 – 4.5 

LiFePO
4
 140 2.8 - 3.6 

LiNi
0.5

Mn
1.5

O
4
 140 2.0 – 5.0 

LiNMC 180 2.5 - 4.6 

xLi
2
MnO

3
.(1-x)LiMO

2
 >200 2.0 - 4.8 

 

These materials were improved by doping, leading to the lithium nickel manganese spinel 

and the lithium nickel manganese cobalt oxide cathodes. Developments such as the discovery 

of lithium iron phosphate based cathodes, doping and surface coating have further improved 

stability, capacity and power - and these materials now have been fairly comprehensively 

investigated. 

In order to make any further improvements to the cathode, it was necessary to develop a new 

generation of materials. Research carried out at Argonne National Laboratory, USA, resulted 

in the discovery of lithium-manganese rich mixed metal oxide materials. These were 

fabricated by combining Li2MnO3 (which possesses a high theoretical specific capacity of 

458 mAhg
-1

 [9]) with LiMO2 (which generally possesses good electrochemical reversibility) 

to generate a composite with enhanced electrochemical properties – resulting in materials 

with high capacities and good power output. Recently, these Li-rich mixed-metal oxides 

have been the focus of extensive research.  
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a) b)  

Fig. 1.3  Crystal structure of a) Li2MnO3 and b) LiMO2; Where,  represents Li ions,  

represents transition metal ions and  represents Oxygen ions. 

They are a composite of LiMO2 and Li2MnO3. Through a solid solution of Li2MnO3 and 

LiMO2 (where M = Co, Mn, Co/Mn, Mn/Ni), surplus lithium can be incorporated into the 

layered LiMO2 structure.  

Both components of these Li rich compounds i.e. Li2MnO3 and LiMO2 have rock salt 

structures with all the octahedral sites of the cubic closed pack oxygen array occupied [10]. 

LiMO2 has a rock structure with mR3  group symmetry (Fig.1.3b) while the Li2MnO3 belongs 

to the monoclinic crystal system with C2/m group symmetry (Fig. 1.3a), in which each LiO6 

octahedral interstice is surrounded by six MnO6 octahedra forming a hexagonal LiMn6 

neighbour unit in its Mn-rich layer. The interlayer spacing in the close packed layers of these 

components (Li2MnO3 and LiMO2) is close to 4.7 Å, which allows the integration of the two 

components at the atomic level. 

1.4 Literature review 

A comprehensive literature review report is being presented in order to understand the current 

state and the issues related to the Li-Mn rich cathode materials for Li-ion batteries.  

Kim and Chung 2004 [11], were the first to report the Li excess layered oxide with a 

combination of Mn, Ni and cobalt. Studies were carried out to get an insight into the effect of 

lithium substitution for the transition metal on the degree of cation mixing. Results show 

dependence of the level of cation mixing on the Li/M ion ratio. The studies further indicate 
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that the level of cation mixing doesn‘t affect the electrochemical properties of the material as 

the results suggested almost unchanged electrochemical properties for samples with different 

levels of cation mixing. While, Todorov and Numata [12] observed that the higher Li/M ion 

ratio results in a material with better electrochemical performance. Kim et al. [13] obtained 

contrary results when they synthesized Li1+x(Ni1/3Co1/3Mn1/3)1xO2 (x=0-0.06) by spray drying 

technique. The increase in calcination time led to a decrease in lithium content owing to more 

Li-ion evaporation due to the exposure to higher temperatures for longer periods of time. An 

improvement in the structural stability was observed, with smaller volume changes during 

cycling and faster Li ion diffusion, which led to better electrochemical performance for the Li 

excess material.  

A significant improvement in both the capacity retention and discharge capacity was 

observed i.e. the discharge capacity for x = 6 at the 49th cycle was 179 mAhg
-1 

(86% of its 

initial capacity), whereas the material with x = 0 retained only 79% (143 mAhg
-1

) of its initial 

capacity during cycling to a cut-off charge potential of 4.5 V vs. Li
+
.  

In 2004, Kim et al. [14] introduced the concept of Li2MnO3 activation for the very first time 

based on the extensive studies they carried out on Li excess LiMn0.5Ni0.5O2 [14, 15]. In one of 

their studies, an investigation into the electrochemical and structural properties of 

xLiM`O3.(1-x)LiMn0.5Ni0.5O2 (M` = Ti, Zr, Mn) was carried out [14]. Among the various 

synthesized samples of Li2MnO3.LiMn0.5Ni0.5O2 a high rechargeable capacity of about 300 

mAhg
-1

 when cycled from 1.45-4.6 V was obtained for the sample with M` = Mn. In another 

study, they attempted to stabilize the layered LiMO2 structure by the incorporation of Li 

excess phase which they proposed would prevent the transformation to the spinel phase. High 

resolution transmission electron microscopy (HRTEM) and NMR spectroscopic studies 

proved that Li2MnO3.LiNiMnO2 exists as a composite structure rather than the solid solution 

material as proposed by Lu et al. [16]. 

During the first charge process of this material, an irreversible plateau originates near 4.5 V 

against Li metal. Several studies have attempted to explain the origin of this peak. Robertson 

and Bruce [17] attribute this plateau to the electrochemical generation of protons at the 

electrode surface ensuing Li
+
 ion substitution for H

+
 ions. Lu et al. speculate that the reason 

for this plateau is the loss of oxygen concurrently with Li extraction [18]. Another plausible 

reason for this plateau might be the simultaneous release of lithium and oxygen in the form of 

Li2O from the Li2MnO3 component [14] thus giving rise to extra specific capacity during the 
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first charge cycle. Powder neutron diffraction and in situ differential electrochemical mass 

studies (DEMS) carried out by Armstrong et al. [19] strongly suggest the release of Li2O 

from the Li2MnO3 structure. The DEMS analysis demonstrated the oxygen evolution on 

charge suggesting Mn
4+

 to be its source. While neutron diffraction verified that the structural 

rearrangement due to the loss of oxygen at the material surface results in the formation of 

layered MO2 phase. The latter study is now supported by several independent studies. Tran et 

al. [20] studied the structural modifications taking place during the first cycle, specifically 

during the irreversible plateau. This study revealed that there is no Li
+
/H

+
 exchange 

associated with the plateau. Studies by Sommer et al. [21] and Lanz et al. [22] further support 

the idea of oxygen evolution above 4.5 V.  

Extensive research has been and is still being carried out to better understand the reaction 

mechanism during the first charge above 4.4 V for the Li-rich compounds. Oxygen evolution 

and oxidation on the particle surface takes place at the beginning of the plateau, when the 

transition metal ions are in the tetravalent state. This results in the migration of the transition 

metal to the Li vacant sites leading to the partial densification of the system [23].  

Another oxidation process that does not involve the modification of the structure takes place 

in the bulk. During the discharge process and subsequent cycles nickel and cobalt are 

involved in the redox process throughout the particle while oxygen is electrochemically 

active only in the region with a significant number of Li vacancies in interaction with MnO6 

octahedra. In the rest of the region and surface, M participates to the redox process. 

 

Fig. 1.4  Structural transformation from the layered to spinel form in Li rich 

compounds [24]. 
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These high capacity Li rich electrode materials still suffer from a number of performance 

limitations that are barring their entry into the next generation of Li-ion battery products. The 

rate capability of these materials is dependent on the electrochemical activation process 

above 4.5 V which deteriorates the surface of the electrode particles [25]. During the 

operation of the Li-ion battery, Li-ions and oxygen are removed simultaneously which 

creates a vacancy in the Li layer. A transition metal ion (Mn in this case) migrates to that 

vacancy, a process which is irreversible. On repeated cycling, this process continues, 

resulting in the structural transformation from layered to spinel form, as shown in Fig. 1.4.  

This structural transformation results in voltage decay leading to lower energy output and 

lower energy efficiency [26]. However, as these layered composite metal oxide cathodes are 

capable of providing a capacity almost twice that of conventional layered, spinel, and olivine 

cathodes, research is being undertaken to find solutions to their performance limitations. 

Given the importance of the particle bulk and the surface to the behaviour of Li Mn rich 

materials [27, 28], understanding the way in which the synthetic route affects these properties 

is of considerable importance – particularly if careful choice and optimisation of synthetic 

route may mitigate voltage fade.  

Wei et al. [29] synthesized Li1.2Mn0.54Ni0.13Co0.13O2 by a hydrothermal method. The 

nanosized particles (20-200 nm) showed high capacity, 251.9 mAhg
-1

 at 1C and 107.5 mAhg
-

1
 at 10C and good cycling stability of 79.6% at 10C during 500 cycles. Similarly, these 

particles have been synthesized through sol gel [30], co-precipitation [19], solid state [24], 

mixed hydroxide and template synthesis methods [26].  

When Johnson et al. [15] studied the electrochemical properties of manganese rich 

xLi2MnO3.(1-x)LiMn0.33Ni0.33Co0.33O2 electrodes (where x = 0.5 and 0.7) at 50C, an 

anomalously high capacity for these electrodes was observed on charging to higher voltages. 

Among the two samples, the sample 0.3Li2MnO3.0.7LiMn0.5Ni0.5O2 showed better 

performance due to the lower Co content, since cobalt is thought to be responsible for the 

inferior cyclability of these composite cathodes at higher temperatures.  

Kim et al. [11] studied the role of transition metal ions on the electrochemical properties of 

Li[Ni,Co,Mn]O2. Li[Ni1/3Co1/3Mn1/3]O2 and Li[Li1/10Ni(3−x)/10Co3/10Mn(3+x)/10]O2 (x=0 and 1). 

The compounds were synthesized by solid state reaction and it was found that variation in the 

Li content resulted in a change in the state of transition metal.  



13 

 

Wu et al. [31] compared the oxalate co-precipitation method with sol-gel method. The 

product of the mixed oxalate method showed better capacity and capacity retention compared 

to the sol-gel synthesized material. 

Croy et al. [26] adopted the template synthesis strategy for the fabrication of stabilized 

xLi2MnO3.(1-x)LiMO2 composite cathode. The desired amount of the transition metal 

component M was introduced into the Li2MnO3 template by an acid treatment process. This 

led to a compound with a controlled amount of stabilizing transition metal in the lithium 

layers and the introduction of the stabilizing cations and anions at the surface of the electrode 

to stabilize the high capacity composite structure against capacity and voltage decay. The 

0.5Li2MnO3.0.5LiMn0.5Ni0.5O2 compound synthesized in this study had a reversible capacity 

of 245 mAhg
-1

, when cycled between 2.5-4.4 V. 

Song et al. [30] synthesized surface treated Li-rich layered cathode material with the formula 

Li(Li0.2Mn0.54Ni0.13Co0.13)O2 using varying amounts (0-30%) of Super P (carbon black ) for 

the surface modification. This study suggests a phase transformation from a Li2MnO3-type of 

structure to a spinel-like phase at the surface regions of particles during the post annealing 

process at 350 C, resulting in an increase in both the first Coulombic efficiency and rate 

capability, from 78% and 100 mAhg
-1

 (charge capacity at 250 mAg
-1

) of the pristine material 

to 93.4% and 200 mAhg
-1

. 

Different mechanisms have been proposed for the Li intercalation/de-intercalation process in 

Li and Mn rich compounds. Koga et al. [23] synthesized Li0.20Mn0.54Co0.13Ni0.13O2 by sol-gel 

method to study the electrochemical processes that take place during the working of this 

cathode material. They observed that oxygen oxidation and evolutions take place at the start 

of the plateau when all the transition metal ions are in the tetravalent state. This leads to 

transition metal ion migration into lithium vacancies, resulting in partial densification of the 

system (a long range cation transfer process). It was also observed that during further cycling, 

nickel and cobalt participate in the redox processes throughout the particle while oxygen has 

electrochemical activity only in the regions with significant number of lithium vacancies in 

interaction with MnO6 octahedra. Mn participates in the redox processes in the remaining 

part, with relatively more at the surface. 

Xi et al. [32] used a two-step co-precipitation calcination process to synthesize layered 

Li2MnO3.LiNi0.5-xMn0.5-xCo2xO2(x= 0, 0.05, 0.1, 0.165) microspheres with Mn-rich core. 
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XRD study suggests that while the concentration of the Li2MnO3 like region decreases with 

the increase of x, the capacity increases with the increase of x. The initial discharge capacity 

for the samples with x = 0.05 and 0.01 is approximately 250 mAhg
-1

 when charged between 

1.5-4.6 V at C/2 at 55C. The capacity retention observed in this case is better than the 

capacity for Li2MnO3.3LiNi0.4Mn0.4Co0.2O2 with normal distribution of manganese in the 

structure. These studies indicate that the electrochemical performance is highly dependent on 

the starting precursor and synthetic route as they may affect the particle size and morphology 

at the primary and aggregate level, and may result in minor changes in composition. 

Xiang and Li [33] compared the performance of the material synthesized via co-precipitation 

and self-directed chemical method. Compared to the co-precipitation synthesized material, 

the self-directed chemical method results in small, tightly interconnected particles, which 

leads to improved cycling stability and rate capability. 

The other approach is the introduction of some impurity to manipulate their electrochemical 

behaviour. While there are many studies on the electrochemical properties of the lithium 

manganese rich nickel manganese cobalt (LMR NMC) system, only a few studies concern the 

effects of dopants in this system. The partial doping of the transition metal ion with Cr can 

catalyse the electrochemical activation [34] and can decrease the unit cell volume [35],
 
which 

may improve the rate capacity and cycling performance of these cathodes. For minor doping 

of Li2MnO3 with Cr, such as for x=1/4 in Li[CrxLi1/3−x/3Mn2/3−2x/3]O2, the discharge capacity 

of ∼200 mAh/g has been achieved for the first 20 cycles over a voltage range of 4.8–2.0 V. 

Cr
3+/6+

 has the advantage of having higher redox potential, hence making it an attractive 

candidate as a dopant to make Li2MnO3 electrochemically active [34].  

One potentially attractive dopant is aluminium, which is comparatively inexpensive. 

aluminium doping has been shown to improve the thermal stability of lithium-manganese rich 

composites at low cycling rates, although this improvement is sometimes accompanied by a 

corresponding decrease in capacity [36, 37]. Furthermore, it has recently been demonstrated 

that doping the manganese component with 0.02 aluminium improves the rate capability of 

Li1.2Mn0.54Ni0.13Co0.13O2, with the improvement being ascribed to aluminium doping 

increasing the ‗c‘ lattice parameter, and thus enhancing the kinetics of Li
+
 intercalation / de-

intercalation [38]. However, a decrease in the capacity with respect to the parent material at 

low rates was again recorded. In addition, A computational study [39] has suggested that a 
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small degree of aluminium doping should have a stabilising effect on the structure, resulting 

in a decrease in voltage fade.  

Wang and Manthiram [40] studied the effect of various dopants (Al, Cr, Fe, Co, Ga for equal 

amounts of Ni and Mn; Ti for Mn; and Mg for Ni) on the electrochemical performance of 

Li1.2Mn0.6-0.5xNi0.2-0.5xMxO2. It was observed that the discharge capacity increased with 

increases in Cr content, while a decrease in discharge capacity was observed on doping with 

aluminium.  

There are several studies that focus on the structural changes arising during the 

electrochemical activity of these cathodes. It is observed that the cycle stability of these 

electrodes is affected to a great extent by the transformation to the cubic spinel-like phase. 

This transformation is influenced by the initial charge/discharge current density and cut-off 

voltage [41]. Chen et. al.[42] studied the relationship between the formation of cubic phase in 

layered structural and the lattice defects in Li rich Li1.2Ni0.12Co0.15Mn0.53O2 oxide at different 

stages of the first electrochemical cycle using HR-TEM, XRD and GIIT measurements. The 

study reveals that the first charge at high voltage results in the appearance of microstress in Li 

rich manganese based oxides. This microstress leads to the formation of spinel cubic 

framework during the initial cycle. It can be inferred that the voltage fade can be reduced by 

controlling these crystal defects of the layered oxides. 

1.5 Aims and objectives 

1.5.1 Overview 

From previous studies it is clear that the electrochemical and physical properties vary 

depending on the material‘s constituent elements, stoichiometry and method of synthesis.  

Given the importance of both the particle bulk and the surface to the behaviour of these 

materials, understanding in the way in which the synthetic route affects these properties is of 

considerable importance – particularly if careful choice and optimisation of synthetic route 

may mitigate voltage fade.  

Another possible approach to decreasing voltage fade and improving rate capability would be 

to dope the lithium-manganese rich material. Despite its significance, the effect of the degree 

of aluminium doping on high rate performance, cycling and voltage fade has yet to be fully 

considered. 
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1.5.2 Project aims 

The differences in the electrochemistry between lithium-manganese rich metal oxides with 

the same stoichiometry, but synthesized using two different techniques were investigated. In 

addition, a study was also conducted into the effects of chromium and aluminium doping on 

material performance. Whilst most studies are carried out at rates of ~22 mAg
-1

, the much 

higher rate of 150 mAg
-1

was used to investigate the effects of synthetic route and doping on 

higher-rate performance. 

The following objectives were derived based on the work so far on Li Mn rich cathode 

material: 

• To synthesize lithium manganese rich (LMR), mixed metal oxide materials under 

optimized conditions. 

• To improve the electrochemical properties of LMR, mixed metal oxide materials 

using different synthetic techniques (sol-gel, co-precipitation). 

• To improve the performance of LMR, mixed metal oxides via doping to give 

materials of the form Li1.16Mn0.52-xMxNi0.13Co0.13O2 (M = Al, Cr; x = 0, 0.01, 0.02, 

0.04). 

• To probe the structural changes in relation to the electrochemical performance. 
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Chapter 2: Experimental 

This chapter is specified to give a precise description of the chemicals used, the synthetic 

routes adopted and the instrumentation used to characterize and analyse the prepared material 

in the current project. 

2.1 Chemicals used 

The essential properties of the chemicals used are summarized in the table below. 

Table 2.1 List of the chemicals used 

S. 

No. 

Material/ 

Chemical 
Formula 

Mol. mass 

(g.mol
-1

) 

Purity 

(%) 
Supplier 

1 Aluminium nitrate Al(NO₃)₃·9H₂O 375.134 ≥98 Sigma Aldrich 

2 
Chromium (iii) 

nitrate nonahydrate 

Cr(NO3)3.9H2O 

 

400.15 99 Sigma Aldrich 

3 Citric acid C6H8O7 192.124 99 Fluka 

4 
Cobalt (ii) nitrate 

hexahydrate 

Co(NO3)2.6H2O 

 

291.03 98 Sigma Aldrich 

5 Ethylene glycol (CH2)(OH)2 62.07 99.8 Sigma Aldrich 

6 
Manganese (ii) 

nitrate hydrate 

Mn(NO3)2. H2O 

 

251.01 99 Sigma Aldrich 

7 
Nickel (ii) nitrate 

hexahydrate 
Ni(NO3)2.6H2O 290.79 98 Sigma Aldrich 

 

In addition to the above mentioned chemicals, a conductive carbon additive (Super C carbon) 

and Kynar binder (which is a copolymer of PVDF and HFP designed for use in batteries) 

were used for the casting of the synthesized cathode material. These cathodes were then used 

in the fabrication of CR2025 coin cells – along with a lithium counter electrode and a glass 

separator impregnated with LP30 electrolyte (1 M solution of lithium hexafluorophosphate in 

1:1 w/w ethylene carbonate : dimethyl carbonate). 

 



23 

 

2.2 Synthesis methods 

2.2.1 Material synthesis  

The particle size and surface reactivity plays an important role in the determination of 

electrochemical properties of these materials [1, 2]. This makes the study of the effect of 

synthetic route on the properties of these materials very important –especially if that can lead 

to a decrease in voltage fade.  

To study the effect of synthesis procedure on the structural and electrochemical properties 

of the materials, two synthetic procedures were adopted namely (a) co-precipitation and (b) 

sol-gel method (Pechini‘s method). Pechini‘s method, first proposed in 1967 [3], is a sol-gel 

method in which an α-hydroxycarboxylic acid like citric acid is used to chelate the cationic 

precursors which results in the formation of a polybasic acid. On the addition of a 

ployhydroxy alcohol like ethylene glycol, these chelates polymerize which results in a 

homogeneous distribution of the metallic ions in gels. Further heating leads to 

polyesterification which gives a homogenous sol with metal ions distributed throughout the 

organic matrix. On further heat treatment, a solid resin is formed which is decomposed to 

eliminate the excess organic material. The obtained powder is calcined to form the desired 

product.  

 

2.2.2 Co-precipitation method  

Co-precipitation synthesised Li1.16Ni0.167Mn0.50Co0.167O2 was prepared by adding drop wise 

stoichiometric amounts of lithium, manganese, nickel and cobalt nitrates to a lithium 

hydroxide solution, with ammonia solution (35% by weight) added to maintain a pH of 11.  

The pH control is crucial as it affects the size and surface properties of the obtained product. 

The pH is constantly monitored and adjusted by drop wise addition of ammonia solution 

(35% by weight). The resulting precipitate was washed with de-ionised water to remove the 

residual LiOH, followed by calcining the oven-dried hydroxides with a stoichiometric 

amount (1.03 Li in the starting composition) of lithium hydroxide hydrate (LiOH.H2O) for 

500°C for 4 h, followed by a second calcination at 900°C for 12 h. 

 

2.2.3 Sol-gel method  

For the sol-gel synthesis of Li1.16Ni0.167Mn0.50Co0.167O2 materials were prepared by dissolving 

appropriate stoichiometric ratios of lithium, manganese, nickel and cobalt nitrates to 50 ml of 
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water. The obtained solution is added to a solution of ethylene glycol and citric acid (1:4) in 

water, which were then heated to 90C which resulted in the formation of a polymeric gel. 

This gel was then calcined at 250C to form fine powders. These were then ground, pelletized 

and heated at 480C for 4 h, followed by a second calcination at 850C for 10 h. 

To further explore how the synthetic route affects the properties of the material, a 

modification in the above mentioned procedure was employed where the gelation took place 

at 120C while keeping the rest of the procedure same. 

Similarly, the doped series of nominal compositions Li1.16Ni0.167Mn0.50-xMxCo0.167O2  , where 

M = Al, Cr and x = 0, 0.01, 0.02, 0.04, were synthesized by the addition of the stoichiometric 

amount of the nitrates of the dopants prior to gelation. 

The obtained product from both the methods is compared while characterizing it for its 

morphological and electrochemical properties. An overview of both of the synthetic routes is 

shown in Fig. 2.1. 

 

 

 

Fig. 2.1  A schematic overview of the synthetic routes employed in this study. 
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The selected target stoichiometry was Li1.16Ni0.167Mn0.50Co0.167O2, as this material has already 

undergone an in-depth investigation [4] and consequently is a good candidate for comparison 

between the two synthetic routes. 

 

2.3 Instrumentation 

The synthesized Li rich materials were characterized both for their structural and 

electrochemical performance. The instrumentation involved in these analyses with relevant 

specifications are listed below. 

 

Powder X-ray diffraction: Powder X-ray diffraction patterns were collected on a Stoe 

STADI/P diffractometer operating in transmission mode with FeKα1 radiation (α = 1.936 Å) 

to eliminate manganese fluorescence. Powder X-ray diffraction patterns were collected from 

10-80 at a step size of 0.02 and a scan rate of 1s per step. 

  

Scanning Electron microscopy (SEM) and energy dispersive X-Ray Analysis 

(EDX): SEM and EDX images were collected on a JEOL 6610 scanning electron microscope 

operating at an accelerating voltage of 20.0 keV fitted with EDX analysis equipment (Oxford 

Instruments INCAx-act X-ray detector). The samples were fed in in powdered form. 

 

Raman Spectroscopy: Raman spectra were recorded with a Raman microscope (Renishaw 

inVia) using a 532 nm wavelength laser focussed through an inverted microscope (Leica), via 

a 50x objective (Leica). 

 

X-ray photoelectron spectroscopy: X-ray photoelectron spectroscopy (XPS) experiments 

were performed in a standard ultrahigh vacuum surface science chamber consisting of a 

Scienta SES200 electron energy analyser (angle integrating ± 10°) and a PSP vacuum dual 

anode x-ray source. The experiments were performed at a base pressure of the system less 

than 1 × 10
−9

 mbar, with hydrogen as the main residual gas in the chamber. The XPS 

measurements were carried out with Mg K-alpha source (1253.6 eV).  The spectrometer was 

calibrated using Au 4f7/2 at 83.9 eV.  
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Surface area measurements: Surface area measurements were conducted using a 

Quantachrome NOVA 4200e Volumetric Gas Sorption Analyser, employing high purity 

Nitrogen (99.9995) at 77.35 K. Approximately 400 mg of each of the powders were degassed 

overnight at 350C to10
-3

 mbar dynamic vacuum. The surface area of the powders were 

calculated via the multipoint Brunauer-Emmett-Teller (BET) analysis of the isotherm using 

five data points with relative pressures ranging from 0.1 to 0.3. 

 

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS): CV and 

EIS experiments were carried out on Biologic potentiostat/galvanostat equipment model 

MPG-2, (eclab Ltd. UK). The software version was EC-Lab V
®
10.40. 

All the voltammetric measurements were carried out on CR2032 coin-type cells with the 

synthesized sample as cathode (i.e. working electrode) and Li metal as anode. The CV 

experiments were carried out on the coin cells from 2-4.8 V vs. Li at a scan rate of 0.1 mVs
-1

 

for the first two charge discharge cycles. 

EIS measurements were carried out using a two electrode system at open circuit voltage 

(OCV) between frequency range of 100 kHz and 1 mHz, with a 3 mV root mean squared AC 

signal. 

 

Charge/discharge cycling: To assess the model charge discharge battery properties of the 

synthesized material followed by the fabrication into coin cells Maccor Series 4200 battery 

cycler was used. To study the electrochemical properties of the synthesized electrode 

materials, charge/discharge cycling experiments under different set of conditions were carried 

out. The electrode cyclability was carried out at 30C from 2.0-4.8 V vs. Li
+
 on the battery 

cycler. 

The electrochemical process taking place at the cathode during the cycling process was 

studied using the differential capacity plots. The differential capacity plots were constructed 

using the charge/discharge cycling data. 

 

2.4 Fabrication of electrodes 

To evaluate the electrochemical performance of the lithium-manganese rich mixed metal 

oxides, composite electrodes were fabricated by casting a mixture (active material: Super C 

carbon: poly(vinylidene fluoride-hexafluoropropylene), co-polymeric binder (Kynarflex, 
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Arkema) in a ratio of 76:12:12% by weight) onto an aluminium foil current collector as 

shown in Fig. 2.2. After drying, electrode discs were fabricated using a 13mm diameter hole 

punch.  

 

 

 

 

 

 

 

Fig. 2.2  Diagram of the casting of supported electrodes. 

2.5 Coin cell assembly 

Coin cells (CR2025) were assembled in an argon-filled glovebox (Innovative Technology, 

O2, H2O < 1ppm) using these composite electrodes, a glass fibre separator (Whatman) 

impregnated with 1 M lithium hexafluorophosphate in 1:1 w/w ethylene carbonate: dimethyl 

carbonate (BASF) and a lithium metal counter electrode as shown in Fig. 2.3. 

 

 1. Cap  
 

2. Gasket  

 
3. Belleville spring 

 

4. Metal spacer 

 

5. Anode  

 

6. Glass fibre separator impregnated with electrolyte  
 

7. Cathode  

 
8. Outer case 

 

Fig. 2.3 Exploded view illustration of a typical coin cell arrangement. 
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Chapter 3: Investigation into the synthesis of high 

performance lithium manganese-rich nickel 

manganese cobalt (LMR-NMC) oxides 

3.1 Introduction 

Composite lithium manganese-rich, manganese nickel cobalt (LMR-NMC) oxide cathode 

materials have drawn a recent interest because their structure-stabilizing components provide 

good cycling stability and a very large specific capacity when charged over 4.6 V. Both of 

these characteristics are very significant for high energy Li-ion batteries [1]. Several methods 

have been employed to obtain xLi2MnO3.(1-x)LiMO2 with optimized particle morphology 

and size [2-4]. Assuming the importance of the particle bulk and its surface towards the 

behaviour of the Li rich materials [5, 6], understanding the effect of synthetic route on 

materials properties is of considerable significance – particularly if careful choice and 

optimisation of synthetic route may mitigate voltage fade. In the present work, a solution 

phase Pechini method was used for the synthesis of Li1.16Ni0.167Mn0.50Co0.167O2. The 

electrochemical properties of these materials are compared with the material synthesized via 

co-precipitation method. Attempts for the improvement in the properties of these materials 

can be carried out only after knowing the reason for the deterioration in their performance. 

Detailed structural and electrochemical analyses were carried out in order to get an insight 

into the reason(s) for the capacity and voltage fade.  

This chapter outlines results of the experiments carried out to synthesize and characterise the 

cathode materials. The results are discussed and interpreted as per requirement of the data 

and are supported with the facts wherever necessary. 

3.2 Experimental 

Presented here is a summary of the particular procedures and conditions used for these 

experiments. For further details, see Chapter 2 titled as Experimental. 

3.2.1 Synthesis procedure  

Co-precipitation synthesised Li1.16Ni0.167Mn0.50Co0.167O2 abbreviated as CP-LMR-NMC was 

prepared using co-precipitation method as discussed in Chapter 2. Lower temperature sol-gel 
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synthesised Li1.16Ni0.167Mn0.50Co0.167O2 abbreviated as LT- LMR-NMC were prepared by 

using sol gel method as discussed in Chapter 2 and the gelation was carried out at 90C. 

Same procedure was followed for higher temperature sol-gel synthesised 

Li1.16Ni0.167Mn0.50Co0.167O2 abbreviated as HT-LMR-NMC except that the gelation was 

carried out at 120C, relatively a higher temperature. 

In order to investigate the differences between the co-precipitation and sol-gel synthetic 

routes in more detail, the syntheses were repeated under a pure oxygen atmosphere. These 

materials were then tested for the extent of carbonate formation before and after exposure to 

atmosphere. 

3.2.2 Characterisation 

The synthesized materials were characterized using Powder X-ray diffraction, SEM, EDX, X-

ray photoelectron spectroscopy (XPS), Brunauer-Emmett-Teller (BET) analysis, raman 

spectroscopy. 

Techniques used for the electrochemical characterisation include charge/discharge cycling, 

EIS and Cyclic Voltammetry (SP 150, Biologic). 

After undergoing electrochemical measurements, the cells were disassembled inside an 

argon-filled glove box, the composite cathodes reclaimed and washed twice with dry 

dimethyl carbonate (Aldrich) for ex situ characterisation of the cycled material. 

3.3 Results and discussion 

3.3.1 Optimization of the synthesis conditions 

As conferred in introduction, the synthesis methods and conditions greatly affect the 

resultant material therefore, it is necessary to optimize the synthesis conditions for a material 

with desired properties. Further, this ensures the reproducibility of the results. Keeping this in 

mind the synthesis conditions were optimized for the lithium manganese rich (LMR) cathode 

material.  

3.3.1.1 Effect of calcination temperature 

Wang et al. have reported the effect of calcination temperature and time on the 

electrochemical properties of Li rich cathodes. Their study demonstrates that there exists a 

significant relationship between the calcination conditions and the Li content and also the 
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phase separation in the product [7]. In particular the Li content has a significant impact on the 

structural and electrochemical properties of Li rich compounds [8]. To understand the 

influence of calcination temperature, the 480°C precursor sample was fired at various 

temperatures (700C, 800C, 850C and 900C) for 10 h. The charge discharge cycling 

characteristics of the obtained products were tested using Maccor 2400 at 30C. The 

materials LMR-NMC were cycled at 150 mAg
-1 

between 2.0 and 4.8 V for 200 cycles. The 

cyclability plots (Fig. 3.1) and the differential capacity plots for first cycles (Fig. 3.2) of the 

materials reveal significant differences in their electrochemical behaviour.  
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Fig. 3.1 Comparison of cycling data for LMR-NMC calcined at 700°C, 800°C, 850°C 

and 900°C 

It is obvious from Fig. 3.1 that the sample calcined at 700C shows a very high initial 

capacity compared to the other samples but at the same time shows a very fast capacity 

fading on further cycling. On increasing the calcination temperature from 700C to 800C, 

there is a slight decrease in the initial charge/discharge capacity but it shows better capacity 

and capacity retention on further cycling. The sample calcined at 850C achieves the highest 

charge/discharge capacity and shows very good capacity retention. Further increase in the 

calcination temperature to 900C results in a sharp decrease in the electrochemical properties. 

The common feature of the cyclablity plots is a significant difference in the 1
st
 cycle charging 
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and discharging capacity which can be explained by the help of the differential capacity plots 

(Fig 3.2). 

Fig. 3.2 shows the first cycle differential capacity plots of the material calcined at different 

temperatures. The plots for the samples clearly indicate two peaks, one at about 4.2 V and the 

other at 4.6 V. The first anodic peak at 4.2 V corresponds to the lithium extraction and 

simultaneous oxidation of the transition metals i.e. the oxidation to Ni
2+

 to Ni
4+

 and Co
3+

 to 

Co
4+

  as both the processes take place at the same potential. The second peak, at 4.6 V, 

originates due to the simultaneous removal of Li and superoxide free radical from the 

Li2MnO3 component [9]. The removal of lithium and superoxide free radical results in the 

activation of Li2MnO3 part of the material. This results in the formation of electrochemically 

active MnO2 component. The simultaneous removal of Li and the superoxide free radical is 

an indicative of the formation of composite Li rich material. But it also results in an 

irreversible capacity loss (IRC) due to the change in the electrochemical composition of the 

material during the charging process as obvious from the difference in 1
st
 cycle charging and 

discharging capacities of all the materials. 
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Fig. 3.2 First cycle differential capacity plots for the LMR-NMC samples calcined at 

▬700C, ▬800C, ▬850C and ▬900C. 
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Based on the above analysis, it can be inferred that the sample synthesized at low temperature 

such as 700C may not be well-crystallized, thus the layered structure is not rigid enough 

during extensive cycling (Fig. 3.1). Therefore, the sample synthesized at low temperature 

with small particle size and large surface area should accelerate the interface reaction 

between electrolyte and the electrode, leading to fast capacity fading. The oxides synthesized 

at lower temperature may possess more defects, such as stacking faults, dislocations, and 

vacancy, which may decrease the activation barrier for Li
+
 diffusion. It is easier for the 

activation of Li2MnO3 that might be the reason why the sample synthesized at 700C shows 

the highest activity in the Li2MnO3 activation region (Fig 3.2). The calcination at 850C 

results in a material with well-crystallized layered structure. The calcination at 900C may 

have resulted in a more amorphous product with less crystalline structure which has affected 

the electrochemical performance of the material. 
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Fig. 3.3 Differential capacity plots of the LMR-NMC for the sample calcined at 850C 

for cycle ▬10, ▬100 and ▬200. 

Fig. 3.3 shows the differential capacity plot at cycle 10, 100 and 200 for the sample calcined 

at 850C. The 10
th

 cycle differential capacity plot consists of two peaks, one at 3.7 V and 

the other at 3.2 V. Further cycling (cycle 100) results into producing three peaks  3.6, 3.2 

and 3.0 V labelled as P1, P2 and P3 in the Fig. 3.3, respectively. The peak at 3.6 V (P1) has 

previously been assigned to Mn
4+

/Mn
3+

 process in the layered component of LMR-MNC 

P1 

P2 

P3 
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materials [10-12]. The peak at 3.2 V (P2) arises due to the Mn
4+

/Mn
3+

 processes in the 

layered spinel configuration (i.e. a configuration with the characteristics of both layered and 

spinel materials) and the electrochemical activity in the 3 V (P3) region arises from the 

Mn
4+

/Mn
3+

  processes in the spinel configuration.  

The sample synthesized at 850C shows the best electrochemical properties. Thus, 850C 

was selected as the optimized calcination temperature for the synthesis of pure and doped 

Li1.16Ni0.167Mn0.50Co0.167O2. 

3.3.2 Characterisation of the synthesised materials  

Powder X-ray diffraction (PXRD) patterns of the sample synthesized via co-precipitation 

route (CP), sample synthesized via sol-gel route with gelation temperature of 90C (LT) and 

sample synthesized via sol-gel route with gelation temperature of 120C (HT) lithium-

manganese rich, nickel manganese cobalt oxide (LMR-NMC) materials are shown in Fig. 3.4.  
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Fig. 3.4 XRD patterns of the materials synthesized by different methods followed by 

calcination at 850C. ▬ CP-LMR-NMC, ▬ HT-LMR-NMC and ▬ LT-LMR-NMC. 

The PXRD patterns demonstrate that the materials have very similar lattice parameters (Table 

3.1) and good crystallinity, and are in good agreement with the literature [11, 13, 14] with 

strong diffraction peaks that can be assigned to a unit cell with R3̅m symmetry and weaker 
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peaks at approximately 26 characteristic of the Li2MnO3 type integrated phase with C2/m 

symmetry. The 018/110 peaks are well split which is an indicative of a well-defined layered 

structure [15]. The average crystallite size calculated using Scherrer formula was  50nm. 

Table 3.1  Variation of the a and c lattice parameters 

Sample a/Å c/Å 

CP-LMR-NMC 2.8443 14.230 

LT-LMR-NMC 2.8476 14.214 

HT-LMR-NMC 2.8452      14.222 

 

The surface morphological characterization of the material carried out by scanning electron 

microscopy (SEM) is presented in Fig. 3.5. 

  

 

 

Fig. 3.5  SEM images for LMR-NMC material synthesized by (a) co-precipitation, (b) 

higher temperature sol-gel and (c) lower temperature sol-gel methods followed by annealing 

at 850C for 10h   

a) b) 

c) 
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SEM images indicate that all the synthesised materials consist of individual particles, with a 

narrow particle size distribution in the range of approximately 0.1 to 0.5 µm, fused together 

to form disordered agglomerates. Given the similarity in size of these materials it can be 

anticipated that particle size is unlikely to be responsible for any observed differences in the 

electrochemical performances of these materials.  

Fig. 3.6-3.8 show the SEM image and EDX mappings for CP, LT-LMR-NMC, and HT-

LMR-NMC. 

 

  

 

Fig. 3.6 a) Electron image for CP-LMR-NMC. EDX elemental maps of LMR-NMC 

oxide synthesized by co-precipitation method representing the elemental distribution for (b) 

nickel, (c) manganese and (d) cobalt 

 

 

 

 

 

 

c) d) 

a) 

a) b) 

) 

 
a) 



37 

 

 

 

   

  

Fig. 3.7 a) Electron image for LT-LMR-NMC. EDX elemental maps of LT-LMR-

NMC oxide representing the elemental distribution for (b) nickel, (c) manganese and (d) 

cobalt. 
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Fig. 3.8  a) Electron image for HT-LMR-NMC. EDX elemental maps of HT-LMR-

NMC oxide representing the elemental distribution for (b) nickel, (c) manganese and (d) 

cobalt. 
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Table 3.2 EDX data of synthesized Li-Rich compounds (CP-LMR-NMC and LT-LMR-

NMC) under ambient conditions. 

CP-LMR-NMC 

 Nickel Manganese Cobalt  

Average stoichiometric amount 2.943 52.133 10.360  

Average mole ratio 0.045 0.797 0.158  

Target mole ratio 0.167 0.667 0.167  

LT-LMR-NMC 

 Nickel Manganese Cobalt  

Average stoichiometric amount 10.094 44.724 9.672  

Average mole ratio 0.157 0.694 0.150  

Target mole ratio 0.167 0.667 0.167  

HT-LMR-NMC 

 Nickel Manganese Cobalt  

Average stoichiometric amount 10.112 44.230 10.230  

Average mole ratio 0.158 0.691 0.159  

Target mole ratio 0.167 0.667 0.167  

From energy-dispersive X-ray spectroscopy (EDX) mapping of LMR-NMC materials 

synthesized through CP, HT and LT methods obtained, it was determined that the materials 

appear to have a relatively homogeneous distribution of elements across the particles‘ 

surfaces, though from the EDX data shown in Table 3.2, these materials appear to be slightly 

manganese rich compared to the target stoichiometry. Furthermore, the CP-LMR-NMC is 

particularly nickel poor at the surface – a phenomenon which has previously been observed 

for other co-precipitation synthesised lithium-manganese rich materials [16]. This 

observation could result from the fact that the CP synthetic route requires very precise pH 

control, so that all the constituent elements precipitate out homogenously. Therefore, any 

minor variations during the dropwise addition stage results in inhomogeneity of transition 

metal ratio and distribution in the synthesised particles. 
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As is obvious from the above results and discussion, there are marked differences in the 

electrochemical properties of the samples synthesized through co-precipitation and the sol-gel 

method. In order to investigate the differences between the co-precipitation and sol-gel 

synthetic routes in more detail, two samples were synthesized, one through the co-

precipitation route (CP-LMR-NMC) and the other through lower temperature sol gel 

synthesis method (LT-LMR-NMC, as a representative of the sol gel method). The syntheses 

were carried out under a pure oxygen atmosphere. The CP and LT obtained LMR-NMC 

materials were then analysed using XPS before and after 1 week of exposure to atmosphere. 

The deconvulated XPS carbon 1s spectra for the two samples are shown in Fig. 3.9(a-d). The 

C 1s spectra can be fitted to peaks at, 285.2 ± 0.2 eV, 286.4 ± 0.1 eV, 288.4 ± 0.1 eV, 290 ± 

0.1 eV, 291.8 ± 0.1 eV and thus assigned to sp
3
 hybrids form of carbon, C-O bonds, C=O 

bonds, and carbonate species respectively. 
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Fig. 3.9 X-ray photoelectron spectroscopy data for CP-LMR-NMC oxide materials (a) 

before and (b) after exposure to atmosphere and for LT-LMR-NMC oxide (c) before and (d) 

after exposure to atmosphere 
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The pristine samples (before exposure to atmosphere) exhibit peaks attributable to carbonate 

species at ~290 eV and adventitious carbon at ~285 eV [17]. In comparison, the CP-LMR-

NMC sample is dominated by the carbonate species. The XPS spectra also indicate the 

presence of the C–O (286.5 eV) and C=O (288.4 eV) in both the samples. During the transfer 

of material into the XPS vacuum chamber, there is a brief period (c.a. 1 minute) where the 

sample is exposed to atmosphere, and it is believed that these species were deposited during 

that time. After the CP-LMR-NMC sample was exposed to air for 1 week an additional 

carbonate species developed ~291.6 eV [17]. In contrast, the main type of carbon present in 

the LT sample remains the adventitious carbon, even after 1 week air exposure.  

It has previously been shown that lithium metal oxide materials react in air to form a 

carbonate-based film [18, 19]. Given that the degree of instability of a material‘s surface is 

closely linked to the speed of formation and thickness of carbonate-based film, it would seem 

reasonable to suggest that the rapid formation observed for the CP material is indicative of a 

greater degree of surface instability. To ensure that any observations were not a result of 

differences in surface area, BET measurements were performed on both materials. A BET 

analysis of the CP and LT-LMR-NMC materials gave very similar surface area values (1.79 

and 1.59 m
2
g

-1 
respectively), implying that it is unlikely that the differences in surface 

reactivity are a result of differences in surface area. Thus it seems reasonable to conclude that 

the CP-LMR-NMC particle surface is more reactive than the LT-LMR-NMC. 

To ensure that any observations were not a result of differences in surface area, BET 

measurements were performed on both materials A BET analysis of the CP and LT-LMR-

NMC materials gave very similar surface area values (1.79 and 1.59 m
2
g

−1 
respectively), 

implying that it is unlikely that the differences in surface reactivity are a result of differences 

in surface area. Thus it seems reasonable to conclude that the CP-LMR-NMC particle surface 

is indeed more reactive than the LT-LMR-NMC. 

3.3.3 Electrochemical behaviour of the synthesised materials 

The cyclability plots of the three materials (Fig. 3.10) and the differential capacity plots at 

cycles 1, 10, 100 and 200 (Fig. 3.11) reveal significant differences in their electrochemical 

behaviour.  
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Fig. 3.10  Discharge and  Charge profiles for CP, LT and HT lithium-manganese 

rich nickel manganese cobalt oxides cycled at 150 mAg
-1

 at 25C 

CP-LMR-NMC with 1
st
 cycle capacity of 233 mAhg

-1
 attains a maximum discharge capacity 

of 166 mAhg
-1

. After that, it cycles with capacity retention of 82% for the next 100 cycles. 

HT-LMR-NMC starts with the highest discharge capacity of 240 mAhg
-1

 and attains the 

highest maximum capacity of 214 mAhg
-1

 among the three samples. LT-LMR-NMC starts 

with a lower 1
st
 cycle capacity of 200 mAhg

-1 
but attains a maximum capacity (184 mAhg

-1
 

higher than CP-LMR-NMC and shows the best capacity retention (84%) among the three 

samples.  

Table 3.3 Comparison of the cycling data for the LMR-NMC material synthesized by 

co-precipitation (CP), higher temperature (HT) and lower temperature (LT) sol-gel methods 

Sample 

1st cycle 

capacity 

mAhg
-1

 

Max Capacity 

mAhg
-1

 

% Capacity 

retention 

/ 100 cycles 

Capacity 

retention (max. 

to 100 cycles 

later) 

CP-LMR-NMC 233 166 82 83 ± 0.5% 

HT-LMR-NMC 240 214 82 82 ±0.5% 

LT-LMR-NMC 200 184 84 84 ± 0.4% 
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The differential capacity plots for first cycle shown in Fig. 3.11a are similar, implying that 

the materials are undergoing the same electrochemical processes, and are in keeping with 

those of 1
st
 charge / discharge cycles previously reported in the literature [10, 11, 20, and 21]. 

It may be inferred that all the materials are undergoing the 1
st
 cycle activation process. In 

essence, it is believed that the initial charge is a result of lithium deintercalation from the 

LMR-NMC material in the 2.5 to 4.5 V region (on charge), which is then followed by oxygen 

and lithium loss, metal ion migration and structural rearrangement in the 4.5 to 4.8 V region 

(on charge). Lithium ions are then intercalated back into the cathode during the subsequent 

discharge. Furthermore, given that the voltage profile of this 1
st
 discharge completely 

deviates from that of the 1
st
 charge, it is believed that the structural change - proposed to take 

place during the 1
st
 charge - is permanent.  

 

The cycle 10 differential capacity plots shown in Fig. 3.11b establish considerable differences 

between the electrochemical behaviours of the LMR-NMC materials. On charge, the CP-

LMR-NMC shows activity in the ~3.2 V region (on charge) which is not observable in the 

other materials. It has previously been suggested that this activity results from Mn
4+/3+

 

processes in a ―layered-spinel‖ configuration, i.e. a configuration with characteristics of both 

layered and spinel materials [10, 12, 22]. This would imply that, in contrast to the sol-gel 

synthesized materials (both HT and LT), the CP material is already undergoing the structural 

changes leading to voltage fade. This is in keeping with the cyclability data, which shows that 

at cycle 10 the material is already nearly at its maximum capacity. There is also considerable 

activity in the ~3.8 V region (on charge), which has been previously assigned to Ni
4+/3+/2+

 

processes in the layered component [10, 12]. If we compare the HT and LT-synthesized 

materials, HT-LMR-NMC show higher electrochemical activity at 10
th

 cycle. 

 



44 

 

2.0 2.4 2.8 3.2 3.6 4.0 4.4 4.8

 

 

D
if

fe
re

n
ti

a
l 
c

a
p

a
c

it
y

 /
 a

rb
. 
u

n
it

Potential / V vs. Li/Li
+

a)

2.0 2.4 2.8 3.2 3.6 4.0 4.4 4.8

 

 

D
if

fe
re

n
ti

a
l 
c

a
p

a
c

it
y

 /
 a

rb
. 
u

n
it

Potential / V vs. Li/Li
+

b)

 

2.0 2.4 2.8 3.2 3.6 4.0 4.4 4.8

 

 

D
if

fe
re

n
ti

a
l 
c

a
p

a
c

it
y

 /
 a

rb
. 
u

n
it

Potential / V vs. Li/Li
+

c)

2.0 2.4 2.8 3.2 3.6 4.0 4.4 4.8

 

 

D
if

fe
re

n
ti

a
l 
c

a
p

a
c

it
y

 /
 A

rb
. 
u

n
it

Potential / V vs. Li/Li
+

d)

 

Fig. 3.11 Differential capacity plots for ▬ CP; ▬ LT; and ▬ HT lithium-manganese 

rich nickel manganese cobalt oxides at a) cycle 1, b) cycle 10, c) cycle 100 and d) cycle 200 

The cycle 100 differential capacity plots shown in Fig. 3.11c demonstrate that the CP-LMR-

NMC is displaying very different behaviour from the LT and HT materials. The CP-LMR-

NMC shows considerable voltage fade, with a large degree of activity occurring in the region 

associated with the formation of spinel-like features, with peaks at ~2.9 V and ~3.1 V (on 

discharge) typically assigned to the activity of manganese in spinel and ―layered-spinel‖ type 

regions, respectively [10, 12, 22, 23]. 

Since the maximum capacity has been reached for the HT and LT materials by now 

(implying their activation stages are complete), their differential capacity plots are now very 

similar to each other, except of few small but observable differences. The HT-LMR-NMC 

material show more electrochemical activity in the mix layered spinel region compared to the 

LT-LMR-NMC material. 

The differential capacity plots of the materials after completing 200 cycles, seen in Fig. 

3.11d, show a continuation of many of the trends observed at 100 cycles. However, close 

examination of these in conjunction with the cyclability plot (Fig. 3.10) and the tabulated 

Cycle 1 Cycle 10 

Cycle 100 Cycle 200 
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capacity retention figures (Table 3.3) reveals some interesting differences in the behaviour of 

these materials. In order to ensure that the capacity retention data were not unduly affected by 

the length of the activation stage, the figures were compared to those calculated by taking a 

100 cycle section starting from the maximum capacity, as seen in Table 3.3, which were 

found to be the approximately the same to 2 significant figures. 

 

The CP-LMR-NMC material shows increased voltage fade, resulting from increased activity 

in the spinel and ―layered-spinel‖ region. Both the activity and the increase in activity in this 

region occur to a greater extent than those observed for the two sol-gel synthesized materials 

(LT and HT). Unsurprisingly, this exhibits the worst capacity retention of all the three 

materials.  

 

Whilst the sol gel synthesized LMR-NMC materials exhibits far less activity in the layered 

and ―layered-spinel‖ regions than the CP-LMR-NMC, implying better stability, the ~3.6 V 

region (on charge) associated with layered manganese processes has still decreased 

noticeably. Furthermore, there is also a corresponding decrease in the ~3.2 V to ~3.3 V 

region (on discharge) also attributed to layered manganese [10, 22]. It should also be noted 

that the ~3.2 V to ~3.3 V region appears to have decreased significantly. 

 

To compliment the differential capacity plots, cyclic voltammetry of the three samples was 

carried out on CR2032 coin-type cells with the synthesized sample as cathode (i.e. working 

electrode) and Li metal as the reference/counter electrode. The CV experiments were carried 

out on the coin cells from 2-4.8 V vs Li at a scan rate of 0.1 mVs
-1

 for the first two 

charge/discharge cycles.  
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Fig. 3.12 Cyclic voltammograms for ▬ CP, ▬ HT and ▬ LT synthesized LMR-NMC 

materials at scan rate of 0.1 mVs
-1

 at 30C, a) cycle 1, b) cycle 2. The synthesized cathode 

material acted as working electrode 

The voltammograms confirm what is observed in the differential capacity plots. As the first 

cycle differential capacity plot, the first cycle voltammogram (Fig 3.12a) also shows the 

electrochemical activity in the 2.5-4.5 V region ( on charge) which is believed to be due to 

the lithium deintercalation from LMR-NMC material. It is then followed by oxygen and 

lithium loss, metal ion migration and structural rearrangement in the 4.5 V to 4.8 V regions 

(on charge). In the second cycle, the Li extraction peaks occur at around 3.2 V, 3.9 V and 4.4 

V. As in the differential capacity plot, CP-LMR-NMC is showing behaviour different from 

the two sol-gel synthesized materials (LT and HT). The peak positions for the LT and HT 

synthesized LMR-NMC are similar while the CP-LMR-NMC sample shows peaks at lower 

voltages. This again implies that the level of spinelification is higher in case of CP-LMR-

NMC compared to the other samples. 

 

3.3.4 EIS comparison of cycled and uncycled materials 

Nyquist plots were produced from electrochemical impedance spectroscopy (EIS), data 

measured for all the three materials prior and after cycling 200 cycles, as shown in Fig. 

3.13a-d.  

 

 

 

 

 

Cycle 1 Cycle 2 
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Fig. 3.13  Nyquist plots produced from electrochemical impedance spectroscopic (EIS) 

data of a) Pristine CP, HT and LT synthesized LMR-NMC oxides measured, b) CP-LMR-

NMC, c) HT-LMR-NMC, and d) LT-LMR-NMC prior and after cycling for ▬10, ▬30, 

▬50, ▬100 and ▬200 cycles 

 

Fig. 3.14 Equivalent circuit used to describe the Li
+
 insertion process. 

 

The Nyquist plots (imaginary impedance vs. real impedance) were recorded for the obtained 

data of the samples. Fig.3.13a shows the impedance plots for the pristine samples. It shows 

two parts, one is a semicircle while other is a straight line with positive slope in all the three 

cases. The portion with semicircle is the one which involves the resistance of charge transfer 

(CT) process while the straight line portion is a typical characteristic of mass transfer 

commonly referred as Warburg impedance. CP and LT synthesized LMR-NMC material‘s 

results are more or less same except that CP shows larger semicircle while LT with the 
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smallest. Low CT resistance in sole-gel synthesized samples is an indicative of better 

conductivity in these samples. Moreover, the CP synthesized material also showed higher 

mass transfer resistance in comparison to the LT and HT sol-gel synthesized material. All the 

semicircles are depressed. The semicircles get depressed on cycling (Fig. 3.13b-d) which 

indicates that the constant phase element is increasing while the charge transfer resistance is 

decreasing.  

The EIS spectra were fitted with an equivalent electrical circuit (EEC) (Fig. 3.14) which 

involves the solution ohmic resistance of the electrode system (Rs), electrode-electrolyte 

interface film resistance (Rf), charge transfer resistance (Rct) arising due to the lithium 

intercalation/deintercalation process, the constant phase element of the surface film formed 

on the electrode (CPEF), the interfacial capacitance (CPELi) and the Warburg element which 

describes the solid state diffusion of Li ion inside the active particles signified by the straight 

line slope (45) at the low frequency region. 

Relatively speaking, small changes in resistance imply no significant interfacial changes 

causing differences in cycling behaviour. Therefore, there are no marked structural deviations 

as conferred above in the XRD results. There appears to be little difference between the three 

materials, both in prior and post cycling stages.  

To further explore the effect of cycling on these materials Raman spectra were recorded with 

a Raman microscope (Renishaw inVia), using a 532 nm wavelength laser focussed through 

an inverted microscope (Leica), via a 50x objective (Leica). From Fig. 3.15a it is obvious that 

Raman data demonstrates no significant change at the electrode surface. Furthermore, the 

XRD patterns for CP and sol-gel synthesized LMR-NMC materials after 200 cycles, given in 

Fig. 3.15b, show that the CP-LMR-NMC (018)/(110) doublet located at ~85, whose splitting 

is an indicative of the extent of layered structure [15], has converged towards a single 

reflection. This convergence is an indicative of a trend towards a more spinel-like atomic 

arrangement. On the other hand, this doublet is still relatively well separate for the LT-LMR-

NMC Thus, it seems reasonable to conclude that it is structural changes in the bulk which are 

responsible for the greater portion of voltage fade. 
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Fig. 3.15 (a) The Raman spectra for CP and LT-LMR-NMC before and after cycling; 

(b) XRD patterns for CP and LT-LMR-NMC oxides after 200 cycles 
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3.4 Conclusions 

The CP-LMR-NMC rapidly reaches maximum capacity, exhibiting little layered, but 

considerable ―layered-spinel‖ manganese and layered nickel activity. It has the lowest 

capacity of the four materials. On cycling it shows considerable activity in the spinel and 

―layered-spinel‖ manganese regions, as well as the worst cyclability of all the materials.  

The LT-LMR-NMC undergoes a longer activation process, with increasing intensity of peaks 

associated with both its layered nickel and its layered manganese processes. It has a good 

maximum capacity and, together with less activity in the spinel and ―layered-spinel‖ region, 

it exhibits a good degree of cyclability as well. 

EDX data have shown that, unlike the LT and HT synthesized LMR-NMC oxides, the CP-

LMR-NMC material is particularly nickel deficient at the surface compared to the target 

stoichiometry. Given that it has been demonstrated that this material has a more reactive 

surface (as seen from the XPS investigation), in particular showing formation of carbonate 

species to a greater degree, we suggest that the lack of nickel is linked to the charged, 

reactive nature of the CP particle surface. Moreover, the EIS results also suggest that the CP-

LMR-NMC is exhibiting greater resistance in comparison to sol-gel synthesized material at 

the surface, hence appears to be a strong link between the higher surface reactivity and the 

faster voltage fade. Thus we propose that the reactive surface facilitates the formation of 

carbonate and carboxyl-like species that leach lithium from the near surface creating 

vacancies which expedite the structural changes responsible for the observed voltage fade. 

Detailed studies carried out on co-precipitation and HT and LT synthesised lithium-

manganese rich composite materials, revealed that the electrochemistry is significantly 

affected by the choice of synthetic route. This appears to be strongly related to the particles‘ 

surface reactivity. Consequently, particle homogeneity and surface stabilisation have been 

demonstrated to be important factors when attempting to minimise voltage fade. 

Here, it can safely be concluded that the sol-gel synthesis results in LMR-NMC cathode 

materials with good properties. Comparing the two sol-gel syntheses, gelation temperature 

has substantial effect. Gelation at 90°C gives a material which exhibits greater capacity 

retention on cycling on the other hand gelation at 120°C gives a material which exhibits a 

greater maximum capacity.  
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From the electrochemistry we can see spinelification occurring, to varying extents, for the 

materials. Sol-gel LMR-NMC materials seem to exhibit (a) better structural stability and (b) 

better electrochemical performance than the material synthesised by traditional routes.  

It has been shown that careful tailoring of the synthetic conditions used, sol-gel synthesised 

materials may be optimised for cycle life and capacity. Moreover, the sol-gel derived 

materials show superior electrochemical behavior to that of the co-precipitation synthesised 

material. Given this, it seems reasonable to conclude that the sol-gel gel synthesis results in 

LMR-NMC nanoparticles of ample homogeneity and stability – and that further optimisation 

may improve their properties even more. 
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Chapter 4: Investigation into the effect of aluminium 

doping on sol-gel synthesized LMR-NMC  

4.1 Introduction 

In the previous chapter a discussion about the lithium manganese rich, nickel manganese 

cobalt oxide (LMR-NMC) material was presented. The LMR-NMC cathodes were 

synthesized by sol-gel and co-precipitation methods and were characterized for their 

electrochemical performance. The comparison of the three synthetic methods in Chapter 3 

established that synthesis procedure has a profound effect on the electrochemical properties 

of lithium manganese rich, nickel manganese cobalt (LMR-NMC) oxides. It was found that 

the materials showed extraordinary high capacity compared to the other cathodes, but they 

are still far from real applications because of a number of issues such as voltage and capacity 

fade on cycling [1]. One approach to improve the electrochemical performance of LMR-

NMC materials is the addition of some impurity to the matrix to manipulate their 

electrochemical behaviour. While there are many studies on the electrochemical properties of 

the LMR-NMC system, only a few of them concern the effects of dopants in this very system. 

 In the last chapter, it was concluded on the basis of experimental facts that the sol-gel 

synthesized LMR-NMC oxides showed substantially better electrochemical performance both 

in terms of cycle life and capacity retention. Therefore, to further improve the 

electrochemical performance of the Li-rich material an attempt has been made while doping 

the sol-gel synthesized LMR-NMC matrix with aluminium (Al) metal. Al metal, a member of 

Boron group in the periodic table, possesses high electrical conductivity of 3.50×10
7
 Sm

-1
 

and is about 3 times lighter than copper. Moreover it is resistant to corrosion due to self-oxide 

layer formation. These properties make it suitable to be incorporated in rechargeable battery 

materials.       

Aluminium is a potentially attractive dopant which is comparatively inexpensive. Using 

computational techniques, Dianat et al. [2] have suggested that a small degree of aluminium 

doping may have a stabilising effect on the structure, which may decrease the voltage fade. In 

addition, aluminium doping has been shown to improve the thermal stability of LMR 

composites at low cycling rates, though this improvement is sometimes accompanied by a 

corresponding decrease in capacity [3, 4]. In recent study by Jafta et al., it has been 
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demonstrated that doping the manganese component with 0.02 aluminium improves the rate 

capability of Li1.2Mn0.54Ni0.13Co0.13O2, with the improvement being ascribed to aluminium 

doping increasing the c lattice parameter, and thus enhancing the kinetics of Li
+
 intercalation 

/ de-intercalation [5]. However, a decrease in the capacity with respect to the parent material 

at low rates was again recorded. Despite its significance, the effect of the degree of 

aluminium doping on high rate performance, cycling and voltage fade has yet to be fully 

considered. Moreover, whilst most studies are carried out at rates of ~22 mAg
-1

, here 

investigations were carried out at the much higher rate of 150 mAg
-1

. The current chapter 

presents here the differences in the electrochemistry between the parent lithium-manganese 

rich (LMR) metal oxides and the aluminium doped materials. Another aim of this study is to 

explore further the effect of synthesis method in conjugation with Al doping on the 

electrochemical properties of LMR-NMC. To this end, two doped series (Al doped LT-LMR-

NMC and Al doped HT-LMR-NMC) were synthesized. The obtained samples were then 

analyzed, both structurally and electrochemically. Further the effect of aluminium doping on 

capacity, cyclability and voltage fade is also discussed. 

 

4.2 Experimental  

The essentials pertaining to the experimental work of this chapter are given below for the 

synthesized Al doped LMR-NMC oxides. For detailed experimental considerations see 

Chapter 2.  

4.2.1 Synthesis procedure 

Lower temperature sol-gel synthesized aluminium doped Li1.16Ni0.167Mn0.50-xAlxCo0.167O2 (x = 

0, 0.01, 0.02, 0.04, 0.06) were prepared by adding appropriate stoichiometric ratios of 

lithium, manganese, nickel, cobalt and aluminium nitrates to solutions of ethylene glycol and 

citric acid (1:4) in water, which were then heated to 90C to form gels that were calcined at 

250C to form fine powders. These were then ground, pelletized and heated at 480C for 4 h, 

followed by a second calcination at 850C for 10 h.  

Higher temperature sol-gel synthesized aluminium doped Li1.16Ni0.167Mn0.50-xAlxCo0.167O2 (x 

= 0, 0.01, 0.02) were prepared by adding appropriate stoichiometric ratios of lithium, 

manganese, nickel, cobalt and aluminium nitrates to solutions of ethylene glycol and citric 

acid (1:4) in water, which were then heated to 120C to form gels that were calcined at 250C 
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to form fine powders. These were then ground, pelletized and heated at 480C for 4 h, 

followed by a second calcination at 850C for 10 h.  

Table 4.1 shows the chemical formulae with abbreviation used for the synthesized materials. 

Table 4.1 Chemical formulae with abbreviation used for the synthesized materials 

Synthesis route Sample Sample Code 

Lower temperature 

sol gel 

Li1.16Ni0.167Mn0.50Co0.167O2 LT-LMR-NMC 

Li1.16Ni0.167Mn0.49Al0.01Co0.167O2 LT-LMR-NMC (0.01 Al) 

Li1.16Ni0.167Mn0.48Al0.02Co0.167O2 LT-LMR-NMC (0.02 Al) 

Li1.16Ni0.167Mn0.46Al0.04Co0.167O2 LT-LMR-NMC (0.04 Al) 

Li1.16Ni0.167Mn0.44Al0.06Co0.167O2 LT-LMR-NMC (0.06 Al) 

Higher temperature 

sol gel 

Li1.16Ni0.167Mn0.50Co0.167O2 HT-LMR-NMC 

Li1.16Ni0.167Mn0.49Al0.01Co0.167O2 HT-LMR-NMC (0.01 Al) 

Li1.16Ni0.167Mn0.48Al0.02Co0.167O2 HT-LMR-NMC (0.02 Al) 

 

4.2.2 Characterisation 

Powder X-ray diffraction patterns for the selected samples were collected with Feκα1 

radiation (α = 1.936 Å) to eliminate manganese fluorescence while for the rest of the samples, 

patterns were collected using Cuκα1 radiation (α = 1.54 Å). SEM and EDX images were 

collected for size and composition analysis  

Electrochemical characterization of the cion cells was carried out through charge/discharge 

cycling, EIS and cyclic voltammetry. After undergoing electrochemical measurements, the 

cells were disassembled inside an argon-filled glove box, the composite cathodes reclaimed 

and washed twice with dry dimethyl carbonate (Aldrich) for ex situ characterisation of the 

cycled material. 

 

4.3 Results and discussion 

4.3.1 Effect of aluminium doping on lower-temperature sol-gel synthesised 

LMR-NMC  

This section discusses the effect of aluminium doping on the lower temperature sol-gel 

synthesized LMR-NMC materials. 
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4.3.1.1 Structural and morphological characterisation of the lower 

temperature sol-gel synthesized aluminium doped LMR-NMC materials 

Powder X-ray diffraction (PXRD) patterns of the parent lower temperature sol-gel 

synthesized lithium manganese rich, nickel manganese cobalt oxide (LT-LMR-NMC) and the 

doped materials are shown in Fig. 4.1.  
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Fig. 4.1 XRD patterns showing the effect of Al doping on lower temperature sol-gel 

synthesized LMR-NMC oxides pure, Al doped 0.01 and 0.02 using Fe κα radiations and Al 

doped 0.02-0.06 using Cu κα radiation. 

 

 

XRD analysis for pure, Al doped 0.01 and 0.02 was carried out using Fe κα radiations to 

eliminate florescence due to cobalt, while for the rest of samples (Al doped 0.02-0.06) using 

Cu κα radiation due to inadequate facilities. To have fair comparison, XRD data of Al doped 

0.02 is shown using both the sources. 
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Table 4.2 Variation of the a and c lattice parameters. 

Sample a/Å c/Å 

LT-LMR-NMC 2.8476 14.214 

LT-LMR-NMC (0.01 Al) 2.8481 14.212 

LT-LMR-NMC (0.02 Al) 2.8442 14.204 

LT-LMR-NMC (0.04 Al) 2.8434 14.198 

LT-LMR-NMC (0.06 Al) 2.8411 14.192 

0.00 0.02 0.04 0.06

2.844

2.856

a
/Å

Dopant Content/x

 a

 c

14.14

14.16

14.18

14.20

14.22

14.24

 

c
/Å

 

Fig. 4.2 Variation of the a and c lattice parameters as a function of Al content x fitted y 

Vegard‘s law, showing the existence of a solid solution. 

 

The PXRD patterns demonstrate that the materials have very similar lattice parameters and 

good crystallinity, and are in good agreement with the literature [2]. All the strong diffraction 

peaks can be assigned to a unit cell with R3̅m symmetry. The weaker peaks at approximately 

26 are characteristic of the Li2MnO3 type integrated phase with C2/m symmetry [2, 6, 7]. No 

γ-LiAlO2 or Al2O3 peaks were detected, showing that the material is pure i.e. of single phase. 

The well split 018/110 peak is an indicative of the layered structure [8]. The average 

crystallite size was calculated to be  50 nm using Scherrer formula. The plot of a vs c shows 

the formation of the solid solution in the doping range (0.01-0.06). 

The surface morphological results of the material through SEM are shown in Fig. 4.3. 
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Fig. 4.3 SEM images for lower temperature sol-gel synthesized LMR-NMC oxides (a) 

pure and Al doped (b) 0.01(c) 0.02 (d) 0.04 and (e) 0.06. 

Scanning electron microscopy (SEM) images indicate that all the synthesised materials 

consist of individual particles, with a narrow size distribution in the range of approximately 

0.1 to 0.5 µm, fused together to form disordered agglomerates. The particles show cuboid 

morphological character. Given the similarity between these materials it can be anticipated 

that particle size is unlikely to be responsible for any observed differences in the 

electrochemical performances of these materials.  

 

e) 

a) b) 

c) d) 
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4.3.1.2 Electrochemical behaviour of the lower temperature sol-gel 

synthesized Al doped LMR-NMC oxides  

The cyclability plot of the five materials (Fig. 4.4) and the differential capacity plots at first 

cycles (Fig. 4.5a) reveal significant differences in their electrochemical behaviour.  
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Fig. 4.4  Discharge and  Charge profiles for lower temperature sol-gel synthesized 

pure and Al doped LMR-NMC materials for Al content 0.01 to 0.06 

As apparent from the Fig. 4.4 the LT-LMR-NMC (0.01 Al) shows a very sharp increase in its 

discharge capacity compared to the parent LT-LMR-NMC. It achieves the maximum capacity 

(about 201mAhg
-1

) at 31
st
 cycle while the parent LT-LMR-NMC achieves maximum capacity 

(184mAhg
-1

) at 44
th

 cycle that too is considerably low. This indicates that Al doping speeds 

up the Li2MnO3 activation process. It has previously been shown that small degrees of 

aluminium doping increase the c lattice parameter, which is proposed to enhance the 

diffusivity of lithium-ions during the electrochemical cycling process and thus improve rate 

capability [4, 5]. Samples with higher doping levels (x = 0.02-0.06) results in slowing down 

of the activation process. This indicates that the degree of aluminium doping is critical, and 

that the LT-LMR-NMC with high doping level appears to exhibit worse rate capability than 

LT-LMR-NMC (0.01 Al). Moreover, that the aluminium doping has such a dramatic effect 

on the length of the activation step was also unexpected.  
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The cycle 1 differential capacity plots shown in Fig. 4.5a are similar, implying that the 

materials are undergoing the same electrochemical processes, and are in agreement with 

those of 1
st
 charge / discharge cycles previously reported in the literature [9-12]. It may be 

inferred that all the materials are undergoing a 1
st
 cycle activation process. In essence, it is 

believed that the initial charge is a result of lithium de-intercalation from the LMR-NMC 

material in the 2.5 to 4.5 V region (on charge), which is then followed by oxygen and lithium 

loss, metal ion migration and structural rearrangement in the 4.5 to 4.8 V region (on charge). 

Lithium ions are then intercalated back into the cathode during the subsequent discharge. 

Furthermore, given that the voltage profile of this 1
st
 discharge completely deviates from that 

of the 1
st
 charge, it is believed that the structural change - proposed to take place during the 

1
st
 charge - is permanent. It should be noted that LT-LMR-NMC (0.01 Al) exhibits an 

additional peak at ~4.78 V (on charge) not found in the literature which, whilst currently 

unidentified, is reproducible for this material and may be linked to the materials 

comparatively quick activation. 

Fig. 4.5b depicts the Nyquist plots of the pure and Al doped samples. The apparent behaviour 

is more or less same in all the samples i.e. a semicircle followed by the positive slope straight 

line. The former portion of the plot represents the charge transfer resistance in the equivalent 

circuit and later part represents the mass transfer resistance. For 0.01 Al there is no 

significant difference in the plot to that of pure LMR-NMC material except a little more 

positive slope of the Warburg impedance line. Further increase in dopant (0.02 and 0.04) 

causes both the increase in CT resistance and in Warburg impedance. This is in agreement 

with the differential capacity plots and charge discharge studies. However, interestingly the 

further addition of Al (0.06) showed a decrease in charge transfer resistance and also in 

Warburg impedance. This is interesting but could not be assigned reason so far as this 

behaviour is not consistent with the results of other analyses.     

One explanation for the electrochemical performance of this material is that the aluminium 

doping introduces multiple competing factors. For example, a small degree of aluminium 

doping may improve lithium ion diffusion and thus expedite the activation of the material, 

but at higher concentrations of doping regions of electrochemically inactive aluminium ions 

hinder the activation of layered manganese. Another possibility is that the additional peak 

observed in the cycle 1 charge for LT-LMR-NMC (0.01 Al) ( Fig. 4.5a) is the result of a 

process or structural change that is responsible for the layered nickel already being active and 
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the quicker activation of the layered manganese processes. Regardless, further work would be 

necessary to fully understand the observed trend. Nevertheless, here we have demonstrated 

that small quantities of aluminium doping can improve rate capability, cyclability and also 

helps to decrease the voltage fade of a lithium-manganese rich composite with respect to its 

parent material. 
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Fig. 4.5 a) 1
st
 cycle Differential capacity plots and b) EIS plots (Pristine sample) for 

lower temperature sol-gel synthesized pure and Al doped LMR-NMC materials for Al 

content 0.01 to 0.06. 
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To complement the differential capacity plots, cyclic voltammetry of the three samples was 

carried out on CR2032 coin-type cells with the synthesized sample as cathode (i.e. working 

electrode) and Li metal as anode. The CV experiments were carried out on the coin cells from 

2-4.8 V vs. Li at a scan rate of 0.1 mVs
-1

 for the first two charge/discharge cycles.  
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Fig. 4.6 Cyclic voltammograms for lower temperature sol-gel synthesized pure and Al 

doped LMR-NMC materials for Al content 0.01 to 0.06 at a) cycle 1 and b) cycle 2 

The voltammograms confirm what is observed in the differential capacity plots. As with the 

first cycle differential capacity plots, the first cycle voltammograms (Fig. 4.6a) also show the 

electrochemical activity in the 2.5-4.5 V region (on charge), which is believed to be due to 

the lithium de-intercalation from LMR-NMC material. It is then followed by oxygen and 

lithium loss, metal ion migration and structural rearrangement in the 4.5 to 4.8 V region (on 

charge). In the second cyclic voltammetric scan (Fig. 4.6b), the Li extraction peaks occur at 

around 3.2 V, 3.9 V and 4.4 V.  

The preliminary results indicate that the LMR-NMC (0.01 Al) and LMR-NMC (0.02 Al) 

show electrochemical properties superior to both the pure and the other doped samples. These 

samples were then further explored to compare their properties with LT-LMR-NMC. 

Fig. 4.7-4.9 show the SEM and EDX images for the LT-LMR-NMC, LT-LMR-NMC (0.01 

Al) and LT-LMR-NMC (0.02 Al), respectively. EDX maps of LT-LMR-NMC materials 

indicate a homogeneous distribution of elements across the particles‘ surfaces. The EDX 

data, shown in Table 4.3, indicate that the LT-LMR-NMC materials are slightly manganese 

rich compared to the target stoichiometry. 

 

 

Cycle 1 Cycle 2 
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Fig. 4.7 a) Electron image for LT-LMR-NMC. EDX elemental maps of LT lithium-

manganese rich nickel manganese cobalt oxide representing the elemental distribution for b) 

Nickel, c) Manganese and d) Cobalt. 

 

 

 

 

 

 

 

 

 

b) 

c) d) 

a) 
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Fig. 4.8 a) Electron image for LT-LMR-NMC (0.01 Al doped). EDX elemental maps 

of LT lithium-manganese rich nickel manganese cobalt oxide (0.01 Al doped) representing 

the elemental distribution for b) Nickel, c) Manganese d) Cobalt and e) Aluminium 

 

 

 

b) 

c) d) 

a) 

e) 
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Fig. 4.9 a) Electron image for LT-LMR-NMC (0.02 Al doped). EDX elemental maps 

of LT lithium-manganese rich nickel manganese cobalt oxide (0.02 Al doped) representing 

the elemental distribution for b) Nickel, c) Manganese d) Cobalt and e) Aluminium 

EDX maps of the 0.01 and 0.02 aluminium doped (Fig. 4.8 & 4.9 respectively) LT-LMR-

NMC materials showed that the distribution of nickel, manganese and cobalt is homogenous 

across the particle‘s surfaces and that, whilst there is some apparent variation, there is a 

relatively even dispersal of aluminium. From the EDX data in Table 4.3 it can be seen that 

not only are the materials again slightly manganese rich compared to the target stoichiometry, 

b) 

c) d) 

a) 

e) 
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but also, they are aluminium poor compared to the target stoichiometry at the surface. This 

implies that any differences in the electrochemical performance of these materials do not 

result simply from aluminium surface coating the particles. 

 

Table 4.3 EDX data for the selected compounds (LT-LMR-NMC, LT-LMR-NMC (0.01 

Al) and LT-LMR-NMC (0.02 Al)) 

LT-LMR-NMC 

 Nickel Manganese Cobalt  

Average stoichiometric 

amount 
10.094 44.724 9.672 

 

Average mole ratio 0.157 0.694 0.150  

Target mole ratio 0.167 0.667 0.167  

LT-LMR-NMC (0.01 Al) 

 Nickel Manganese Cobalt Al 

Average stoichiometric 

amount 
9.653 39.935 9.970 0.368 

Average mole ratio 0.161 0.666 0.166 0.006 

Target mole ratio 0.167 0.657 0.167 0.010 

LT-LMR-NMC (0.02 Al) 

 Nickel Manganese Cobalt Al 

Average stoichiometric 

amount 
10.183 39.64 9.853 0.470 

Average mole ratio 0.169 0.659 0.164 0.008 

Target mole ratio 0.167 0.647 0.167 0.020 
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These samples were then cycled at 150 mAg
-1 

between 2.0 and 4.8 V for 200 cycles at 30C 

using a Maccor Series 4200 battery cycler. The cyclability plots of the five materials (Fig. 

4.10) and the differential capacity plots at cycles 1, 10, 100 and 200 (Fig. 4.11) show that the 

materials differ in their electrochemical behaviour.  
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Fig. 4.10  Discharge and  Charge profiles for lower temperature sol-gel synthesized 

pure and Al doped LMR-NMC materials for Al content 0.01 to 0.02 

 

Table 4.4 Cycling data for the selected compounds (LT-LMR-NMC, LT-LMR-NMC 

(0.01 Al) and LT-LMR-NMC (0.02 Al)) 

Sample 
Max Capacity 

mAhg
-1

 

% Capacity retention 

/ 100 cycles 

LT-LMR-NMC 184 84 

LT-LMR-NMC (0.01 Al) 201 88 

LT-LMR-NMC (0.02 Al) 180 91 
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Fig 4.11 Differential capacity plots for ▬ LT-LMR-NMC; ▬ LT-LMR-NMC (0.01 

Al) and ▬ LT-LMR-NMC (0.02 Al) at a) Cycle 1, b) cycle 50, c) cycle 100 and d) cycle 200  

The cycle 1 differential capacity plots shown in Fig. 4.11a are explained earlier while 

describing that both the parent and doped material is undergoing a 1
st
 cycle activation 

process. The cycle 10 differential capacity plots shown in Fig. 4.11b establish considerable 

differences between the electrochemical behaviours of the LMR-NMC materials.  

The LT-LMR-NMC (0.01 Al) displays significant activity in ~3.6 V region (on charge), 

which is attributable to Mn
4+/3+

 processes in the layered component of lithium-manganese 

rich mixed metal oxide materials as conferred above in Chapter 3 and also reported elsewhere 

[9, 12, 13]. There also appears to be some activity in the ~3.8 V region (on charge), 

corresponding to nickel oxidation in the layered component. The activity in these two regions 

correlates with the substantial increase in capacity that the material exhibits, and that it is 

already over halfway to reaching its maximum capacity (implying that a large percentage of 

the activation has already occurred). There is little to no activity in the ―layered-spinel‖ 

region, implying this material has not yet undergone the degradation leading to voltage fade 

to any significant degree.  

Cycle 1 Cycle 10 

Cycle 100 Cycle 200 
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LT-LMR-NMC and LT-LMR-NMC (0.02 Al) both have similar differential capacity plots. 

The overlapping and broad nature of the peaks for these plots makes identifying 

electrochemical processes difficult, but there appears to be peaks in the ~3.8 V and ~4.2 V 

regions (on charge). Though the electrochemical processes responsible for the broad peak in 

the ~4.2 V region are currently unidentified, since they do not appear to be at the voltages 

previously assigned to nickel or manganese in either the Li2MnO3 or LiMO2-like regions [9, 

13], we tentatively assign them to a cobalt-centre redox process. Whilst the peak at ~3.8 V 

may be attributed to Ni
4+/3+/2+

 processes, the comparatively low intensity with respect to the 

LT-LMR-NMC (0.01 Al) implies that the material is not fully undergoing this process yet-

which may be a result of the kinetic limitations of lithium extraction from this material at 

these relatively fast discharge rates.  

This hypothesis is supported by the data shown in Fig. 4.12a, a comparison between the 

differential capacity plots of LT-LMR-NMC cell (which was cycled at 150 mAg
-1

) and one 

cycled at 15 mAg
-1

. As can be seen, the slower rate LT-LMR-NMC has considerable activity 

in the 3.8 V region (on charge) and an envelope with apparent activity at ~3.6 V (on charge), 

suggesting that the speed of activation of both nickel and manganese is dependent on the 

current rate and thus is related to the kinetics of lithium ion intercalation and de-intercalation. 

This is further supported by a comparison of the cyclability plots for the slow and fast rate 

LT-LMR-NMC material, shown in Fig. 4.12b, where the maximum capacity is achieved 

much sooner at 15 mAg
-1

 LMR-NMC than at 150 mAg
-1

 LMR-NMC. 

The cycle 100 differential capacity plots shown in Fig. 4.11c demonstrate that since the 

maximum capacity has been reached for all the LT-LMR-NMC materials by now (implying 

their activation stages are complete), their differential capacity plots are now very similar to 

each other.  

The differential capacity plots of the LT-LMR-NMC, LT-LMR-NMC (0.01 Al) and LT-

LMR-NMC (0.02 Al) are very similar, with all exhibiting Mn
4+/3+

 processes in the layered 

component. While these materials also have a little activity in the ~3.2 V (on charge) 

―layered-spinel‖ region. 

The differential capacity plots of the materials after completing 200 cycles, seen in Fig. 

4.11d, show a continuation of many of the trends observed at 100 cycles. However, close 

examination of these in conjunction with the cyclability plot (Fig. 4.10) and the tabulated 
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capacity retention figures (Table 4.4) reveals some interesting differences in the behaviour of 

these materials. In order to ensure that the capacity retention data were not unduly affected by 

the length of the activation stage, the figures were compared to those calculated by taking a 

100 cycle section starting from the maximum capacity, as seen in Table 4.4, which were 

found to be the approximately the same up to 2 significant figures. 

Whilst the LT-LMR-NMC material exhibits far less activity in the layered and ―layered-

spinel‖ regions, implying better stability, the ~3.6 V region (on charge) associated with 

layered manganese processes has still decreased noticeably. Furthermore, there is also a 

corresponding decrease in the ~3.2 V to ~3.3 V region (on discharge) also attributed to 

layered manganese [9, 12]. It should also be noted that the ~3.2 V to ~3.3 V region appears to 

have decreased significantly when compared to the LT-LMR-NMC (0.01 Al) and LT-LMR-

NMC (0.02 Al) materials, implying that it has undergone greater structural change and spinel 

formation. These observations are in line with LT-LMR-NMC capacity retention being 

superior to CP-LMR-NMC, but inferior to those of the LT-LMR-NMC (0.01 Al) and LT-

LMR-NMC (0.02 Al) materials. 

Finally, both the LT-LMR-NMC (0.01 Al) and the LT-LMR-NMC (0.02 Al) still display 

considerable activity in the ~3.6 V region (on charge) and the ~3.2 V to ~3.3 V region (on 

discharge), implying layered manganese processes are still occurring. However, the LT-

LMR-NMC (0.02 Al) does exhibit more activity in the layered manganese ~3.6 V region (on 

charge) and slightly less in the spinel-type ~2.8 V region (on discharge), implying better 

stability. This is also in keeping with the relative capacity retentions, with the LT-LMR-NMC 

(0.02 Al) exhibiting better cyclability.  
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Fig. 4.12  (a) Differential capacity plots for slow and fast rate sol-gel synthesized LMR-

NMC oxides; (b)  charge and  discharge cycling profiles of slow and fast rate sol-gel 

LMR-NMC oxides 
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Fig. 4.13 Nyquist plots produced from electrochemical impedance spectroscopic (EIS) 

data ▬ LT-LMR-NMC; ▬ LT-LMR-NMC (0.01 Al doped) and ▬ LT-LMR-NMC (0.02 Al 

doped) a) prior to cycling and b) after 200 cycles 

Nyquist plots were produced from electrochemical impedance spectroscopic (EIS) data 

measured from all three materials prior to cycling and after 200 cycles, as shown in Fig. 

4.13a and Fig. 4.13b. Impedance plots for the pristine samples show two parts, one is a 

semicircle while other is a straight line with positive slope. The portion with semicircle is the 

one which involves the resistance of charge transfer (CT) process while the straight line 

portion is a typical characteristic of mass transfer indicated by Warburg impedance. There 

appears to be little difference between the three materials, both prior and post cycling which 

demonstrates no significant change at the electrode surface. However, a close look gives 

some differences; (i) in pre-cycling state the radius of the semicircle is large than post cycling 

state, (ii) the straight line portion (from real impedance >10) is more steeper in post cycling 

state, and (iii) the semicircle is more suppressed in post cycling state. The situation (i) 

corresponds to the fact that the charge transfer resistance is higher in pre cycle state 

indicating less activity of the material. Situation (ii) reflects relatively higher capacitive 

component in post cycling state and situation (iii) is an indicative of higher constant phase 

element component in the circuit after cycling. Thus, it seems reasonable to conclude that it is 

structural changes in the bulk which are responsible for the greater portion of voltage fade 

and can significantly minimized by 0.01 M Al doping.  

 

b) a) 
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4.3.2 Effect of aluminium doping on higher-temperature sol-gel 

synthesised LMR NMC  

To further test the effect of Al doping on the electrochemical properties of LMR-NMC, 

studies were carried out at higher temperature (HT) sol-gel synthesized LMR-NMC oxides. 

The doping level was kept lower (x= 0.01, 0.02) as it was observed in the previous study 

(LT-LMR-NMC) that lower doping level results in improved electrochemical performance 

while higher doping level has detrimental effect on the electrochemical performance of LMR-

NMC oxides. Investigation of structure and electrochemistry of the aluminium doped higher-

temperature sol-gel synthesised LMR NMC was carried out for comparison and evaluation of 

electrochemical properties of aluminium doped materials  

4.3.2.1 Structural and morphological characterisation of the higher 

temperature sol-gel synthesized aluminium doped LMR-NMC materials 

Powder X-ray diffraction (PXRD) patterns of the doped materials are shown in Fig. 4.14. 

XRD analysis for pure, Al doped 0.01 and 0.02 was carried out using Fe κα radiations to 

eliminate florescence due to cobalt, while for the rest of the samples (Al doped 0.02-0.06) 

using Cu kα radiation due to inadequate facilities. To have fair comparison, XRD data of Al 

doped 0.02 are shown using both the sources. 
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Fig. 4.14 XRD patterns for higher temperature sol-gel synthesized pure and Al doped 

LMR-NMC materials for Al content 0.01 to 0.02 

Table 4.5 Variation of the a and c lattice parameters 

Sample a/Å c/Å 

HT-LMR-NMC 2.8452 14.222 

HT-LMR-NMC (0.01 Al) 2.8456 14.227 

HT-LMR-NMC (0.02 Al) 2.8448 14.225 

HT-LMR-NMC (0.04 Al) 2.8441 14.214 
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Fig. 4.15 Variation of the a and c lattice parameters as a function of Al content x fitted 

by Vegard‘s law, showing the existence of a solid solution. 

 

The PXRD patterns of the synthesized materials demonstrate that both the doped material 

have very similar lattice parameters and good crystallinity. These XRD patterns are in good 

agreement with the literature [14]. All the strong diffraction peaks can be assigned to a unit 

cell with R3̅m symmetry. The weaker peaks at approximately 20 are characteristic of the 

Li2MnO3 type integrated phase with C2/m symmetry [2, 6, 7]. The materials are mono phase 

as no γ-LiAlO2 or Al2O3 peaks were detected. The 018/110 peak is again well split which is 

an indicative of the ordered layered structure [8]. The crystallite size obtained through 

Scherer formula is in the range of 50 nm. The plot of a vs c (fig. 4.15) shows agreement to 

the Vegard‘s law. 

The surface morphological characterization of the material was carried out by scanning 

electron microscopy (SEM). The SEM images (Fig. 4.16) indicate similar morphology for all 

the synthesised materials. The materials consist of individual particle in a size range of 0.1 to 

0.5 µm. The particles are fused together to form agglomerates. A slight decrease in size and a 

slight increase in degree of agglomeration is observed upon doping. 
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Fig. 4.16 SEM images for higher temperature sol-gel synthesized LMR-NMC oxides (a) 

pure and Al doped (b) 0.01(c) 0.02 

4.3.2.2  Electrochemical behaviour of the higher temperature sol-gel 

synthesized Al doped LMR-NMC oxides  

The cyclability plot of the four materials (Fig. 4.17) and the differential capacity plots at 

cycles 1, 10, 100 & 200 (Fig. 4.18a-d) represent the electrochemical behaviour of these 

materials.  

 

a) b) 

c) 
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Fig. 4.17  Discharge and  Charge profiles for higher temperature sol-gel synthesized 

pure and Al doped LMR-NMC materials for Al content 0.01 to 0.02 

The charge discharge results obtained for the Al doped HT-LMR-NMC are quite different 

from those obtained for doped LT-LMR-NMC. Though like the LT-LMR-NMC doped series, 

the aluminium doping has resulted in an increase in the initial charge/discharge capacity of 

the doped sample but has decreased the maximum achievable capacity for these samples. The 

HT-LMR-NMC attains a maximum capacity of 214 mAhg
-1

 (Table 4.3), while HT-LMR-

NMC (Al 0.01) and HT-LMR-NMC (Al 0.02) attain maximum capacities of 188 and 175 

mAhg
-1

 respectively, which is much lower than that of the parent material. 

 

Table 4.6 Cycling data for the selected higher temperature sol-gel synthesized Al doped 

LMR-NMC compounds 

Sample 
Max Capacity 

mAhg
-1

 

% Capacity retention / 100 

cycles 

HT-LMR-NMC 214 82 

HT-LMR-NMC (0.01 Al) 188 85 

HT-LMR-NMC (0.02 Al) 175 82 

 



79 

 

A small amount of Al doping (0.01) results in an increase in capacity retention but further 

doping (0.02) doesn‘t have any positive impact on capacity retention. 

In the first cycle differential capacity plots for the three samples (Fig.4.18a ), all the samples 

show two cathodic peaks, one at 4.1 V and the other at 4.6 V while both HT-LMR-NMC 

(0.01 Al) and HT-LMR-NMC (0.02 Al) have an additional peak at 4.7 V in the Li2MnO3 

activation region. This indicates that the Li2MnO3 activation process is quicker in the doped 

samples compared to HT-LMR-NMC. This is the reason why both the doped samples attain 

highest capacity quicker than HT-LMR-NMC. 

The 10
th

 cycle differential capacity plots (Fig. 4.18b) make the picture clearer. Both the 

doped samples (HT-LMR-NMC (0.01 Al doped) and HT-LMR-NMC (0.02 Al doped) show 

more electrochemical activity in the manganese activity region (3.2 and 3.6 V) which 

indicates greater extent of Li2MnO3 in doped samples compared to the parent HT-LMR-

NMC. The peak at 3.6 V is due to manganese activity in the layered form while the peak at 

3.2 V is due to the manganese activity in mixed layered-spinel region. Similarly during 

discharge, HT-LMR-NMC shows the least activity in the 3.3 V which is due to the 

electrochemical process due to manganese. 
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Fig. 4.18 Differential capacity plots for ▬ HT LMR NMC; ▬ HT LMR NMC (0.01 Al 

doped) and ▬ HT LMR NMC (0.02 Al doped) at a) cycle 1, b) cycle 10, c) cycle 100 and d) 

cycle 200 

The 100
th

 cycle differential capacity plot (Fig. 4.18c) for the doped samples are very similar 

except that the HT-LMR-NMC 0.02 Al shows more  electrochemical activity in the Mn 

region compared to HT-LMR-NMC 0.01 Al which shows more activity in the Ni,Co region. 

The differential capacity plot for the parent HT-LMR-NMC is distinctly different from that of 

the doped samples as it shows much better electrochemical activity than the doped samples 

both in the Mn and Ni,Co active regions.  

Similarly, in the 200
th

 differential capacity plots (Fig. 4.18d), the samples are showing the 

same trend observed in the 100
th

 cycle differential capacity plots. Here again HT-LMR-NMC 

0.02 Al has more electrochemical activity in the Mn active region. The level of spinelification 

for all the samples has increased but HT-LMR-NMC 0.02 Al shows lower level of 

spinelification. 

 

Cycle 1 Cycle 10 

Cycle 100 Cycle 200 
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Fig. 4.19 Cyclic voltammograms for ▬ HT LMR NMC; ▬ HT LMR NMC (0.01 Al 

doped) and ▬ HT LMR NMC (0.02 Al doped) at a) cycle 1 and b) cycle 2. 

 

The behaviour observed in the differential capacity plots was verified using cyclic 

voltammetry. In the first cycle cyclic voltammogram (Fig. 4.19a), the peak at 4.2 V is 

because of the Ni, Co activity while the peak at 4.6 V is for the Li2MnO3 activation. In the 

second cycle cyclic voltammogram there is a slight shoulder in the 3.2 – 3.6 V region which 

shows that the Mn has been activated due to charging above 4.6 V.  
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Fig. 4.20 Nyquist plots produced from electrochemical impedance spectroscopic (EIS) 

data (Pristine sample) for higher temperature sol-gel synthesized pure and Al doped LMR-

NMC materials for Al content 0.01 to 0.02. 
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The EIS profile for the three samples (Fig. 4.20) is similar as far as the apparent profile is 

concerned. However, the parent compound has very small resistance towards the charge 

transfer process; here the movement of Li ions. As the Al is doped the semicircle gets 

enlarged and it further increases in its radius for 0.02% Al doped sample. This clearly 

indicates that the doping is favouring the charge transfer resistance and thus causing 

hindrance to the intercalation de-intercalation of Li ions. The results are consistent with the 

charge discharge studies and differential capacity plots. The probable reason could be the 

higher agglomeration rate at higher temperature and thus causing a resistance to the charge 

transfer process. Another, possibility could be the large number of grain boundaries while 

having smaller particle size in doped LMR-NMC materials in comparison to pure LMR-

NMC. It is established that the increase in grain boundaries causes extra non-conducting 

paths and thus lower the cathode activity of the material.  

4.4 Conclusions 

The pure and Al doped lithium manganese rich; nickel manganese cobalt oxide (LMR-NMC) 

material was synthesized by sol-gel methods in two ways by varying the gelation 

temperature. The one in which gel formation took place at 90C were named as lower 

temperature (LT) material while others where gelation took place at 120

C were named as 

higher temperature (HT) material. The material obtained from both the procedures was 

successfully doped with aluminium content from 0.01 to 0.06 to improve the electrochemical 

performance. The obtained materials were characterized for their morphology and the 

observed changes were linked to the change in electrochemical performance.  

The LT-LMR-NMC undergoes a longer activation process, with increasing intensity of peaks 

associated with both of its layered nickel and its layered manganese processes. It has a good 

maximum capacity and, together with less activity in the spinel and ―layered-spinel‖ region 

and it exhibits a good degree of cyclability. 

The LT-LMR-NMC (0.01 Al) material has a very short activation process, with both layered 

nickel and layered manganese processes visible at cycle 10. Additionally, it achieves the 

greatest capacity of all the four materials. On cycling the material appears to undergo less 

structural transformation, and exhibits better cyclability, than the parent LT-LMR-NMC. 

The LT-LMR-NMC (0.02 Al) material has the longest activation process, and like LT-LMR-

NMC displays slowly increasing intensity of peaks associated with both its layered nickel and 
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its layered manganese processes. The maximum capacity is less than that of the LT-LMR-

NMC (0.01 Al) material, but superior to the parent LT-LMR-NMC. Moreover, it 

demonstrates the best cyclability of all five materials. 

It is observed that doping LT-LMR-NMC with small quantities of aluminium results in 

Li1.16Mn0.51Al0.01Co0.13Ni0.13O2 – that has significantly improved capacity compared to parent. 

10% improvement in capacity at these high rates, which is a very positive result. 

Li1.16Mn0.50Al0.02Co0.13Ni0.13O2 – exhibits improved cyclability compared to parent. 

Examination of the differential capacity plots confirmed the decrease in spinelification with 

respect to parent.  

On the other and the charge discharge results obtained for the Al doped HT-LMR-NMC are 

not much encouraging. Though like the LT-LMR-NMC doped series, the aluminium doping 

has resulted in an increase in the initial charge/discharge capacity of the doped sample but 

has decreased the maximum achievable capacity for these samples. Moreover there is no 

commendable improvement in the capacity retention.  

Summarizing all above it can be inferred that small degree of aluminium doping can improve 

the rate capability and cyclability of a material, as well as decreasing voltage fade. It has been 

proven that the electrochemistry of such materials is highly dependent on the degree of 

aluminium doping when compared to parent compound. Further aluminium doping has a 

substantial effect on the capacity and capacity retention of the LMR-NMC cathodes.  
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Chapter 5: Investigation into the effect of chromium 

doping on sol-gel synthesised LMR-NMC oxides  

5.1 Introduction  

There is a significant amount of literature available on the Cr doped cathode materials. 

Chromium based electrode materials have attracted attention owing to the feature of multiple 

electron transfer during the electrochemical reaction which give them higher lithium storage 

capabilities [1-3]. For example, it is observed that Li1.2Cr0.4Mn0.4O2 cathode material show a 

redox reaction between an Cr
3+

 (octahedral) and Cr
6+

 (tetrahedral) during electrochemical 

cycling indicating a likelihood of three electron transfer[4, 5]. Li[CrxLi(1/3-x/3)Tix]O2 exhibit a 

similar redox reaction involving three electrons [6]. Besides, addition of a small amount of Cr 

to stabilize the structure during cycling has resulted in drastic enhancement of electrode 

properties of layered LiMO2 material [7-9]. 

There are several studies that show the effect of chromium doping on the electrochemical 

properties of LMR-NMC. Wang and Manthiram [10] observed an increase in the 1
st
 cycle 

charging capacity for the Cr doped Li1.2Mn0.6Ni0.2O2. In another study [11], an increase in 

both the capacity and capacity retention of 0.3Li2MnO3.0.7LiMn0.3Ni0.5Co0.15O2 was 

observed by Cr doping. It was observed that Cr doping results in a decrease in the lattice 

parameters a and c and the size of the particles which signifies a stable structure and shorter 

Li ion diffusion path length during charge/discharge process. Higher level of Cr doping may 

lead to higher values of the I (003)/I (104) and decrease in the super lattice peak intensity. These 

all may lead to an unstable structure during the intercalation/de-intercalation of the Li ions 

which may aggravate the reaction between the particle and the electrolyte [11]. Ouyang et al. 

[12], in the light of their computational study, have suggested that the capacity of Cr doped 

sample is highly sensitive to the amount of dopant used. Thus it is important to dope the 

optimum amount of Cr to obtain a material with desired electrochemical properties.  

Despite its significance, the effect of the degree of chromium doping on high rate 

performance, cycling and voltage fade in Li rich cathode materials has yet to be fully 

considered. Current research was carried out in an attempt to get an insight into these issues. 

This part of the work presents the differences in the electrochemistry between the parent 

lithium-manganese rich (LMR) metal oxides and the chromium doped materials, and the 
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effect of chromium doping on capacity, cyclability and voltage fade. The lower temperature 

(LT) sol-gel route was adopted for active material (cathode) synthesis on the basis of the 

results obtained for Al doping as discussed in Chapter 4.  

5.2 Experimental 

5.2.1 Synthesis procedure 

Chromium doped Li1.16Ni0.167Mn0.50-xCrxCo0.167O2 (x=0, 0.01, 0.02) were prepared as 

described in chapter 4. Table 5.1 shows the chemical formulae with abbreviation used for the 

synthesized materials. 

Table 5.1 Chemical formulae with abbreviation used for the synthesized materials 

Synthesis route Sample Sample Code 

Lower temperature 

sol gel 

Li1.16Ni0.167Mn0.50Co0.167O2 LT-LMR-NMC 

Li1.16Ni0.167Mn0.49Cr0.01Co0.167O2 LT-LMR-NMC (0.01 Cr) 

Li1.16Ni0.167Mn0.48Cr0.02Co0.167O2 LT-LMR-NMC (0.02 Cr) 

 

5.2.2 Characterisation 

Powder X-ray diffraction patterns were collected on a Stoe STADI/P diffractometer and SEM 

images were collected on a JEOL 6610 scanning electron microscope.  

The fabricated coin cells were characterized electrochemically by charge/discharge studies 

(Maccor Series 4200 battery cycler) and EIS (SP 150, Biologic) measurements 

5.3 Results and discussion 

5.3.1 Structural and morphological characterisation of the synthesised 

materials 

Powder X-ray diffraction (PXRD) patterns of the doped materials are shown in Fig. 5.1.  

 



88 

 

15 20 25 30 35 40 45 50 55 60 65 70

 

 

 

LT LMR NMC (0.04 Cr)

LT LMR NMC(0.02 Cr)

LT LMR NMC(0.01 Cr)

 

Standard LMR NMC

 

2  / degrees (Cu K
1
)

R
e

la
ti

v
e

 I
n

te
n

s
it

y
 /

 a
rb

. 
u

n
it

 

Fig. 5.1 XRD patterns for LT sol-gel synthesized LMR-NMC oxides having Cr (▬ 

0.01, ▬ 0.02, ▬ 0.04). 

Table 5.2. Variation of the a and c lattice parameters. 

Sample a/Å c/Å 

LT-LMR-NMC 2.8476 14.214 

LT-LMR-NMC (0.01 Cr) 2.8478 14.221 

LT-LMR-NMC (0.02 Cr) 2.8481 14.225 

LT-LMR-NMC (0.04 Cr) 2.8482 14.229 
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Fig. 5.2 Variation of the a and c lattice parameters as a function of Al content x fitted 

By Vegard‘s law, showing the existence of a solid solution. 

 

It is obvious that the XRD patterns correspond well to the layered oxide without any 

impurity peaks. All the peaks can be indexed based on the R 3 m structure [13]. All the doped 

samples show similar lattice parameters (Table 5.2) and doping doesn‘t affect the crystal 

structure of the LMR-NMC material. No impurity peaks were seen which means that the 

sample are phase pure and have good crystallinity. Again there is a clear splitting of the 

110/118 peak which signifies a well ordered layered structure [14]. The super-lattice peaks 

are not clearly visible in this case as cobalt was used as a source that causes fluorescence in 

Mn containing samples which mask the super-lattice peak reflections. 
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Fig. 5.3 SEM images for the LT sol-gel synthesized pure and Cr doped LMR-NMC 

oxides (a) pure (b) 0.01 Cr (c) 0.02 Cr and (d) 0.04 Cr. 

 

The SEM images indicate morphology of the doped samples similar to that of the LT-LMR-

NMC. The particle size ranges from 0.1-0.5m as was observed in the Al doped samples. 

Further, the particles are glued with each other resulting into disordered agglomerates. This 

implies that the particle size is least responsible for any observed differences in the 

electrochemical performances of these materials.  

5.3.2 Electrochemical behaviour of the synthesised materials 

The charge/discharge cycling characterisation of the samples were carried out at 30C to 

evaluate its cycling performance. Fig. 5.4 represents the charge/discharge profile for the 

doped and undoped samples. The cycling profile of LT-LMR-NMC and LT-LMR-NMC 

(0.02 Cr) shows two parts, first part shows an initial increase in the capacity which decays in 

the second part. While the cycling profile of LT-LMR-NMC (0.01 Cr) and LT-LMR-NMC 

(0.04 Cr) only shows a gradual decay in its capacity. 

 

a) b) 

c) d) 
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Fig. 5.4  Discharge and  Charge profiles for the pure and doped LT sol-gel 

synthesized LMR-NMC oxides (0.01 to 0.04 Cr) 

 

All the doped samples show a very high initial charge/discharge capacity compared to the 

parent material. This indicates that the Cr doping has accelerated the Li2MnO3 activation 

process. Table 5.3 shows a comparison of the cycling data for the pure and Cr doped LT- 

LMR-NMC materials. Cr doping has speeded up the Mn activation process as obvious from 

the cycle number at which the maximum capacity is achieved. For the parent LT-LMR-NMC 

material, maximum capacity (184 mAhg
-1

) is achieved in 46
th

 cycle while doped LT-LMR-

NMC (0.01 Cr) shows maximum capacity (172 mAhg
-1

) at 2
nd

 cycle, LT-LMR-NMC (0.02 

Cr) attains maximum capacity (154 mAhg
-1

) at 21
st
 cycle, LT-LMR-NMC (0.04 Cr) attains 

maximum capacity (161 mAhg
-1

) at 3
rd

 cycle. Unfortunately, this could not be achieved for 

the capacity retention as it deteriorated on doping. The behaviour is explained using the 

differential capacity plots. 
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Table 5.3 Comparison of the cycling data for LT sol-gel synthesized pure LMR-NMC 

and Cr-doped oxides; LMR-NMC (0.01 Cr), LMR-NMC (0.02 Cr), LMR-NMC (0.04 Cr) 

Sample Name 

Max Discharge 

Capacity achieved 

(mAhg
-1

) 

Cycle at which Max 

Capacity is achieved 

Percentage Capacity 

Retention 

(Percent) 

LT-LMR-NMC 184 46 91.2 

LT-LMR- NMC (0.01 Cr) 172 2 85.2 

LT-LMR-NMC (0.02 Cr) 154 21 83.8 

LT-LMR-NMC (0.04 Cr) 161 3 80.8 

 

Among the doped samples, LT-LMR-NMC (0.01 Cr) has shown the best cyclic performance 

both with respect to the maximum capacity achieved and the capacity retention. 

Charge/discharge data were then used to construct the differential capacity plots which give 

us information about the actual electrochemical process that results the observed capacity of 

the material. 
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Fig. 5.5 Differential capacity plots for LT sol-gel synthesized pure and Cr-doped 

LMR-NMO materials; ▬ pure LMR-NMC; ▬ LMR-NMC (0.01 Cr ), ▬ LMR-NMC (0.02 

Cr) and ▬ LMR-NMC (0.04 Cr ) at (a) cycle 1, (b) cycle 10, (c) cycle 50 and (d) cycle 100 



93 

 

The first cycle differential capacity plots ( Fig. 5.5a) show that the height of the peak at  4.6 

V, which is due to the Li2MnO3 activation, increases with increase in the dopant content 

which explains the higher initial charge/discharge capacity for the doped samples. It has 

previously been reported that Cr doping results in a higher first cycle capacity for the 

Li2MnO3 [15]. This indicates that the maximum Li2MnO3 activation has taken place in the 

first cycle. The tenth cycle differential capacity plots (Fig. 5.5b), show that the doped sample 

have achieved a major portion of capacity due the Mn activity both in the layered and in the 

mixed layered spinel regions. Whilst, the Mn activation in the LT-LMR-NMC sample is still 

in the initial phase. The 50
th

 cycle (Fig. 5.5c) differential capacity plots clearly indicate that 

there is very high level of spinelification for the doped samples which indicates that Cr 

doping has resulted into the instability of the crystal structure of the LMR-NMC material.  

The 100
th

 cycle (Fig. 5.5d) differential capacity plots show further deterioration in the 

structure of the doped LMR-NMC materials. The Cr doping has also resulted in a decrease in 

the output voltage of material which leads to a decrease in overall battery power. 

To summarize the results of the differential capacity plots, it can be stated that differential 

capacity plots show lack of lithium-manganese rich activation in cycles other than the first 

cycle thus explaining the cycling profile. Moreover, the Cr doped samples do not show 

electrochemical activity as promising as the Al doped LMR-NMC material. One probable 

reason for this inactivity might be the structural degradation and the gradual formation of 

LiCrO2 which may lead to irreversible migration of chromium into lithium layers in the 

surface region [1]. The Cr ions at the Li layers in the surface region could block extraction of 

lithium from the interior regions.  
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Fig. 5.6 Cyclic voltammograms (a) 1
st
 cycle and (b) 2

nd
 cycle for LT sol-gel 

synthesized pure and Cr doped LMR-NMC oxides;  ▬ pure; ▬ 0.01 Cr, ▬ 0.02 Cr and ▬ 

0.04 Cr 

The cyclic voltammetry of the samples was carried out to validate the differential capacity 

plots. As can be seen clearly from the first cycle cyclic voltammograms (Fig. 5.6a), for all the 

cathodes, two cathodic peaks around 4.1 and 3.7 V indicate the nickel/cobalt oxidation and 

reduction. The peak about 4.65 V arises due to simultaneous removal of lattice oxygen and 

lithium ion from Li2MnO3 [11]. All the doped samples show more electrochemical activity in 

the 4.6 V region compared to the parent LT-LMR-NMC which indicates higher activation of 

Li2MnO3 component with doping. Thus supporting the results obtained from the differential 

capacity plots. 

The second cycle cyclic voltammograms, Fig. 5.6b, show the electrochemical activity in 3.2-

3.6 V region which is the activity of Mn, while activity in the 4.2 V region is due to the 

electrochemical activity of Co and Ni.  

EIS of the materials was carried out to study its charge transfer process. Nyquist plots were 

produced from electrochemical impedance spectroscopic data measured for all the materials 

(Fig 5.7).  
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Fig. 5.7  EIS plots for LT sol-gel synthesized pure and Cr doped LMR-NMC oxides; 

▬ pure; ▬ 0.01 Cr, ▬ 0.02 Cr and ▬ 0.04 Cr 

As obtained previously the material showed typical Nyquist plots for the selected frequency 

range. The first part is a semicircle and second part is a straight line with a positive slope in 

all the cases. Former portion of the plot represents the behaviour of interfacial charge transfer 

process while straight line portion indicates the mass transfer process commonly denoted by 

Warburg impedance. LT-LMR-NMC (0.02 Cr doped) shows the minimum and LT-LMR-

NMC (0.01 Cr doped) shows the maximum charge transfer resistance among all the samples. 

It is apparent that the impedance response is not systematic with the Cr content addition 

indicating the poor compatibility of Cr in the LMR-NMC oxide matrix particularly for the 

electrochemical response. However, in general the EIS results complement the differential 

capacity and charge discharge studies showing an increased hindrance to the charge transfer 

process.    

5.4 Conclusions  

Considering the improvement in the LMR-NMC oxide materials by Al doping, an attempt 

was made to improve the performance of these cathode materials by Cr doping. For the 

purpose, the Cr doped LMR-NMC oxide series was synthesized by employing lower 

temperature sol-gel method. It has been observed that Cr doped LT-LMR-NMC materials 
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achieve their maximum capacity in lesser number of cycles compared to the parent un-doped 

LT-LMR-NMC material. However, the Cr addition reduces both capacity and capacity 

retention of the materials during cycling. The samples with 0.01 and 0.04 mol Cr did not 

exhibit the increase in capacity associated with the activation of the Li2MnO3 component 

after the first cycle.  

Among the doped samples 0.01 Cr showed the best electrochemical performance both in 

terms of maximum discharge capacity (170 mAhg
-1

) and capacity retention (85% per 50 

cycles).  
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Chapter 6: Conclusions and outlook  

The prime goal of the present work was the development of a cathode material with improved 

electrochemical characteristics for use in Li ion batteries. To achieve the objective relatively 

new class of materials known as ‗lithium manganese rich- nickel manganese cobalt‘ (LMR- 

NMC) oxides are exploited. More specifically the layered 

0.5LiMn2O3.0.5LiNi1/3Mn1/3Co1/3O2 is explored. The effect of synthesis method and Al and 

Cr doping was investigated in detail.  

Material was synthesized by three different strategies one based on co-precipitation (CP) 

method and the other two based on sol-gel method, the latter being categorised on the basis of 

gel formation temperature, namely low temperature (LT, 90ºC) sol-gel and high temperature 

(HT, 120ºC) sol-gel methods. A comparison among co-precipitation, low temperature sol-gel 

and high temperature sol-gel synthesised LMR composites demonstrates that synthesis route 

strongly influence the electrochemical properties of the synthesized samples. X-ray 

photoelectron spectra suggest that the differences in electrochemical properties arise mainly 

due to the particles‘ surface reactivity. 

The CP-LMR-NMC showed the lowest capacity among the three materials, with more 

activity in the ―layered-spinel‖ manganese and layered nickel region compared to the layered 

manganese region. While LT-LMR-NMC showed the best electrochemical properties among 

the three samples and delivered less activity in the spinel and ―layered-spinel‖ region. 

The reason for the accelerated structural degradation of CP-LMR-NMC was explored using 

the EDX and XPS. EDX showed nickel deficiency at the surface of CP-LMR-NMC particles 

which XPS suggests is owing to the surface reactivity of the material. EIS confirmed this 

proposition as CP-LMR-NMC exhibits greater resistance compared to the sol-gel synthesized 

materials. Thus it is proposed that the reactive surface facilitates the formation of carbonate 

and carboxyl-like species that leach lithium from the near surface creating vacancies which 

accelerate the structural changes responsible for the observed voltage fade. Subsequently, it is 

suggested that, in order to minimise the voltage fade, a synthesis procedure should be adopted 

which gives better particle homogeneity and surface stabilisation. 

It has been shown that by careful tailoring of the synthetic conditions used, sol-gel 

synthesised materials may be optimised for cycle life and capacity. Moreover, the sol-gel 
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derived materials showed superior electrochemical behaviour compared to that obtained by 

co-precipitation. Given this, it seems reasonable to conclude that the sol-gel gel synthesis 

results in LMR-NMC nanoparticles of ample homogeneity and stability – and that further 

optimisation may improve their properties even more. 

Second part of this study dealt with the effect of aluminium doping on the electrochemical 

properties of LMR-NMC materials. Sol-gel synthesis route was adopted for the synthesis of 

the doped samples. The study suggested that the electrochemical behaviour of the doped 

material is highly dependent on the dopant content. Small degree of aluminium doping were 

shown to improve the rate capability and cyclability of the material −with 1% doped material 

giving a maximum capacity of 201 mAh g
-1

 at 150 mAg
-1

 and a capacity retention of 88% 

after 200 cycles. 

The doped derivatives were synthesized via both the low temperature and high temperature 

sol-gel route to explore the effect of synthesis method in conjugation with doping. Doped 

derivatives of both the materials demonstrated improved rate capability, cyclability and 

decreased voltage fade with respect to the parent LT and HT-LMR-NMC oxides. Aluminium 

doping is observed to have substantial effect on the capacity and capacity retention of the 

LMR-NMC cathodes. This study concludes that doping LMR-NMC with small amount of Al 

may result in an improvement in the electrochemical performance of the resultant materials. 

Though higher doping level (0.02 Al) doesn‘t result in the improvement in capacity and 

capacity retention but it does have a positive effect on the keeping the structural integrity of 

the material.  

Another aspect of the study was the effect of Cr doping on the electrochemical properties of 

the LMR-NMC materials. It resulted in an increase in the initial charge/discharge capacity of 

the material while decreasing the capacity retention. 

It has been observed that Cr doped LT-LMR-NMC materials achieve their maximum 

capacity in lesser number of cycles compared to the parent LT-LMR-NMC. However, it 

reduces both capacity and capacity retention of the materials during cycling. The LT-LMR-

NMC (Cr 0.01) and (Cr 0.04) samples do not exhibit the increase in capacity associated with 

the activation of the Li2MnO3 component after the first cycle. Among the doped samples LT-

LMR-NMC (0.01 Cr) shows the best electrochemical performance both in terms of maximum 
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discharge capacity (170 mAhg
-1

) and capacity retention (85% per 50 cycles). The study 

concludes that it is critical to dope the optimum amount of Cr as a dopant. 

As an outcome of the work performed in this project it can be anticipated that the findings 

would be a useful addition in the understanding of the LMR oxides properties and their 

potential use in Li ion rechargeable batteries. This can safely be said in particular to the 

methods employed and Al as a dopant. 

Future Prospects:   

The study establishes that the electrochemical properties of the doped material are highly 

dependent both on the synthetic methods and procedural conditions and on the dopant 

content. The effects first appear in the structural and morphological patterns and are 

responsible for the changes in the electrochemical performance. There exists a close 

relationship between the two aspects. Although significant efforts have been made in this 

study to optimize the synthetic procedure for the synthesis of LMR-NMC, however, a lot of 

work can be done in this direction particularly for this newly discovered class of LMR 

oxides. In this regard the choice of suitable synthesis method(s) will be the first step.  

Second aspect could be the nature and amount of the dopant. Keeping the results of current 

study in mind it would be an interesting idea to co-dope Al with other similar cations while 

changing their proportions to tune the properties of resultant material for better 

electrochemical performance. Once having a winning combination in terms of different 

cations in LMR mixed metal oxides next step could be the selection of low cost precursor 

materials. 

To study the reasons for the capacity and voltage fade in these materials in detail requires 

some additional techniques. This can further be explored by neutron diffraction studies to 

measure changes in bulk and surface enhanced Raman to probe the surface properties of the 

materials on cycling.   

Another, part that can be useful is the parallel computational studies of the material. As the 

LMR material is relatively new class of material therefore, there are high opportunities to run 

the computational simulation studies for the discovery of matched material as per 

requirement of the property under investigation.   
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