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Lithium-ion batteries have revolutionized the portable electronics market, and 

they are currently pursued intensively for vehicle applications and storage of renewable 

energies (solar and wind energy). Cost, safety, cycle life, and energy and power densities 

are the critical parameters for these applications. With this perspective, there has been 

immense interest to develop new cathode and anode materials as well as to develop novel 

synthesis and processing approaches. This dissertation explores the use of novel synthesis 

approaches to obtain high-performance, nanostructured phosphate and silicate cathodes 

and iron oxide nanowire anodes and investigates their structure-property relationships. 

First, a novel microwave-solvothermal (MW-ST) approach has been developed to 

synthesize phase-pure, highly crystalline LiFePO4 nanorods within 5 – 15 minutes at low 

temperatures of < 300 oC, without requiring reducing gas atmospheres. The LiFePO4 

nanorods, after forming a nanocomposite with conducting polymer or multi-walled 

carbon nanotubes or coating with conductive carbon, offer excellent cycle life and rate 
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performance when implemented as cathodes in lithium-ion cells. In addition, other 

LiMPO4 (M = Mn, Co, and Ni) olivine nanorods have also been synthesized by the MW-

ST approach and characterized.  

The MW-ST process has then been extended to prepare a new class of carbon-

coated, nanostructured silicates of the formula Li2MSiO4 (M = Fe and Mn). These 

materials have two times higher theoretical capacities (~ 330 mAh/g) than olivine 

phosphates (~ 170 mAh/g). Li2FeSiO4 exhibits practical discharge capacities of 148 

mAh/g at room temperature and 203 mAh/g at 55 oC, with good rate capability and stable 

cycle life. Li2MnSiO4, on the other hand, shows higher discharge capacities of 210 

mAh/g at room temperature and 250 mAh/g at 55 oC, but it exhibits poor rate 

performance and rapid capacity fade during cycling.  

In addition, carbon-coated olivine solid solution nano-particles of the formula 

LiM1-yMyPO4 (M = Fe, Mn, Co, and Mg), synthesized by a facile, high-energy 

mechanical milling process (HMME), have also been investigated. The electrochemical 

data reveal a systematic shift in the redox potential (open-circuit voltage) of the M2+/3+ 

couples in the LiM1-yMyPO4 solid solutions compared to those of the pristine LiMPO4. 

The shifts in the redox potentials have been explained by the changes in the M-O 

covalence (inductive effect), which are caused by changes in the electronegativity of M 

or the M-O bond length or M-O-M interactions.  

Finally, a two-step microwave-hydrothermal process has been developed to 

synthesize carbon-decorated, single-crystalline Fe3O4 nanowires. The resulting iron oxide 

nanowires exhibit capacity values > 800 mAh/g with stable cycle life and high rate 

performance as an anode in lithium-ion cells.  
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Chapter 1: Introduction 

1.1 NEED FOR BATTERIES 

Energy is a central societal issue, impacting our way of life, world economy, 

environment, and human health. As of now, fossil fuels are in high demand as they power 

almost all machines and are the major source for electricity generation. Considering the 

fact that global energy consumption is ever increasing, petroleum reserves may not last 

until the end of present century. Nearly one-third of the total energy consumption in the 

United States is by the transportation sector, and the internal combustion engines in 

automobiles are a significant contributor to green house gas emissions. The pressing need 

to decrease the dependence on oil and prevent green house gas emissions has provided 

the impetus for electric vehicles.  

Lithium-ion batteries have revolutionized the portable electronics market, and 

they are being intensively pursued for vehicle applications including hybrid electric 

vehicles (HEV), plug-in hybrid electric vehicles (PHEV), and electric vehicles (EV). 

They are also being seriously considered for the efficient storage and utilization of 

intermittent renewable energies like solar and wind. The attractiveness of lithium-ion 

batteries for these applications is due to their much higher energy density compared to the 

other rechargeable systems. The higher energy density is because of our ability to achieve 

at least 4 V per cell in practical systems due to the use of nonaqueous electrolytes 

compared to < 2 V normally realized with aqueous electrolyte-based systems (Figure 1.1) 

[1].  The use of nonaqueous electrolytes also offers an added advantage of a wider 

operating temperatures. However, the overall performance of lithium-ion batteries 

including energy density, power capability (charge-discharge rate), safety, and cost are 
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related to the properties and characteristics of the various components (anodes, cathodes, 

and electrolytes) used in the cell.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.1. Comparison of the energy densities of different battery systems 

1.2 HISTORY OF LITHIUM-ION BATTERY 

The concept of lithium primary battery was first introduced by Harris in 1958 and 

after further development, it was commercialized in the 1970s [2]. The most prominent of 

them were lithium/surfur dioxide (Li/SO2), lithium-thionyl chloride (Li/SOCl2), lithium-

polycarbon monofluoride (Li/(CFx)n), and lithium-manganese dioxide (Li/MnO2) 

batteries. The concept of rechargeable lithium batteries was first illustrated with a 

transition metal sulfide TiS2 as the cathode, metallic lithium as the anode, and a non-

aqueous electrolyte in the 1970s [3]. During discharge, the Li+ ions from the metallic 
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lithium anode are inserted into the empty octahedral sites of the layered TiS2 cathode, 

which is accompanied by a reduction of the Ti4+ ions into Ti3+ ions. During charge, 

exactly the reverse reaction occurs. The layered structure of TiS2 is maintained during the 

charge-discharge (lithium extraction/insertion) process, resulting in good reversibility. 

Following this, several other sulfides and chalcogenides with high capacities were 

investigated during the 1970s and 1980s as cathodes [4]. However, most of them 

exhibited a low cell voltage of < 2.5 V versus a metallic lithium anode. This limitation in 

cell voltage is due to the overlap of the higher valent Mn+:d band with the top of the 

nonmetal:p band. Figure 1.2, for example, illustrates the overlap of the Co3+:3d band with 

the top of the S2-:3p band in cobalt sulfide. Such an overlap results in an introduction of 

holes or removal of electrons from the S2-:3p band and the formation of molecular ions 

such as S2
2-. This results in an inaccessibility of the higher oxidation states of the Mn+ 

ions in a sulfide like MySz, leading to a limitation in cell voltage to < 2. 5 V.  

Recognizing this difficulty with chalcogenides, Goodenough’s group at the 

University of Oxford focused on oxide cathodes during the 1980s [5-7]. The larger 

Madelung energy in an oxide compared to that in a sulfide as well as the lying of the top 

of the O2-:2p band below that of the S2-:3p band make the higher valence states accessible 

in oxides. For example, while Co3+ can be readily stabilized in an oxide, it is difficult to 

stabilize Co3+ in a sulfide since the Co2+/3+ redox couple lies within the S2-:3p band as 

seen in Figure 1.2. Accordingly, several transition metal oxide hosts (e.g., LiCoO2 and 

LiMn2O4) providing ~ 4 V vs. Li/Li+ were identified as lithium intercalation cathodes 

during the past three decades. Although the cell voltage could be raised significantly with 

the oxide cathodes, rechargeable lithium cells based on metallic lithium anode could not 

be commercialized because of the safety problems associated with metallic lithium [8,9]. 

The inherent safety problem of metallic lithium anode and the dendrite formation during 
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the charge-discharge cycling eventually forced the use of intercalation compounds as 

anodes. This led to the commercialization of the lithium-ion battery technology by Sony 

in 1990 with LiCoO2 as the cathode and graphite as the anode. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.2. Relative energies of metal:d (for example, Co:3d) and nonmetal:p in a sulfide 
and an oxide. 

1.3 OPERATING PRINCIPLE OF LITHIUM-ION BATTERY 

Rechargeable lithium batteries involve a reversible insertion/extraction of lithium 

ions into/from a host electrode material during the charge/discharge process. The lithium 

insertion/extraction process, which occurs with a flow of ions through the electrolyte, is 

accompanied by an oxidation/reduction (redox) reaction of the host matrix assisted by a 

flow of electrons through the external circuit (Figure 1.3).  

The open-circuit voltage Voc of such a lithium cell is given by the difference in 

the lithium chemical potential between the cathode (µC) and the anode (µA) as,  

Voc = (µC - µA)/F  
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where F is the Faraday constant (F = 96485 C/mol). Figure 1.4 gives a schematic energy 

diagram of a lithium-ion cell at open circuit. The cell voltage is determined by the 

energies involved in both the electron transfer and Li+-ion transfer. While the energy 

involved in electron transfer is related to the redox potential of the ion involved in the 

cathode and anode, the energy involved in Li+-ion transfer is determined by the crystal 

structure and the coordination geometry of the site into/from which the Li+ ions are 

inserted/extracted [10]. The energy separation Eg between the lowest unoccupied 

molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) of the 

electrolyte defines the stability window of the electrolyte. Therefore, thermodynamic 

stability considerations require the redox energies of the cathode (µC) and anode (µA) to 

lie within the band gap Eg of the electrolyte, as shown in Fig. 3. An anode with an µA 

above the LUMO will reduce the electrolyte and a cathode with an µC below the HOMO 

will oxidize the electrolyte, unless an appropriate solid electrolyte interfacial (SEI) layer 

is formed to prevent such reactions. Thus, the electrochemical stability requirement 

imposes a limitation on the cell voltage as, 

Voc = (µC - µA)/F ≤ Eg 

However, when current is flowing, the voltage is affected in varying degrees by 

polarization, and the potential drops from the open circuit voltage by amounts referred as 

overpotential. The operating cell voltage is given by, 

Vop= Voc - η 

where η is the overpotential of the cell due to various polarization losses. Overpotential is 

given by,  

η = ηa + ηc + IR 

Here, Ohmic polarization (IR drop) is related to the internal impedance of the cell arising 

from the ionic resistance of the electrolyte, the electronic resistance of the electrodes, and 
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the contact resistance between the electrode and current collector. Activation polarization 

(ηa) is related to the kinetics of electrode reactions. It originates from the resistance to 

charge transfer across the electrode-electrolyte interface and it depends on the ability of 

the electrode to ionize. Concentration polarization (ηc) is related to the mass transfer 

problems that originate from the difference in the concentration of the reactants (and 

products) between the electrode surface and the bulk. 

 

 
Figure 1.3. Illustration of the charge/discharge process involved in a lithium-ion cell 
consisting of graphite as an anode and layered LiCoO2 as a cathode. 
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Figure 1.4. Schematic energy diagram of a lithium cell at open circuit. HOMO and 
LUMO refer, respectively, to the highest occupied molecular orbital and lowest 
unoccupied molecular orbital in the electrolyte. 

Theoretical capacity of any electrode can be calculated from Faraday’s laws as 

given below. One gram-equivalent weight of a material will deliver 96487 C or 26.8 Ah, 

and is termed as the Faraday constant. 

1 F = e * NA = 96487 C/mol = 26.8 Ah/mol 

where e is the electronic charge (1.602 x 10-19 C ) and NA is the Avogadro’s number 

(6.023 x 1023 atoms/mol). 

If a battery delivers a current of I amperes for t seconds, then the capacity of the 

battery is given by I*t coulombs or As and is given as, 

Q = I*t 
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The specific capacity of the battery Qsp is obtained by dividing the capacity Q of 

the cell by the mass or the volume of the cell and is given in units of Ah/kg (gravimetric 

capacity) or Ah/L (volumetric capacity). 

The specific energy density of the battery εsp is given by the product of the cell 

capacity Qsp and the average operating voltage Vop of the cell and is usually given in 

terms of Wh/kg (gravimetric energy density) or in Wh/L (volumetric energy density): 

εsp = QspVop 

The power Psp of the cell can be given by the product of the specific current Isp 

and the operating voltage Vop of the cell and is usually given in terms of W/kg or W/L: 

Psp = IspVop 

The rate at which a battery is charged or discharged is given by the C-rate. A C 

rate of τ implies that a nominal capacity Qn will be delivered in 1/τ hours at a constant 

discharge current Id. 

The coulombic efficiency qc of the battery is obtained by dividing the discharge 

capacity Qd by the charge capacity Qc of the cell. Lower efficiency qc < 1 implies an 

unwanted side reaction or electrolyte reaction occurring during the electrochemical 

charge. 

1.4 DESIGN CRITERIA FOR ELECTRODE MATERIALS 

The key requirements for successful cathode and anode materials in lithium-ion 

batteries are as follows: 

• The intercalation cathode LixMyXz (X = anion) should have a low lithium 

chemical potential and the intercalation anode should have a high lithium 

chemical potential to maximize the cell voltage. This implies that the transition 

metal ion Mn+ should have a high oxidation state in the cathode and low oxidation 

state in the anode. The chemical potential or redox energies of the cathode and 

anode could also be tuned by counter cations as illustrated by an increase in 
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voltage on going from an oxide to a polyanion cathode with the same oxidation 

state for the transition metal ions.   

• The intercalation compound should allow for insertion/extraction of a large 

number of lithium ions per formula unit to maximize the cell capacity. This 

depends on the number of available lithium sites and the accessibility of multiple 

valence states for M in the insertion host. 

• The lithium insertion/extraction should be reversible with minimal or no change 

in structure leading to good cycle life. 

• The intercalation compound should support mixed conduction. It should have 

good electronic conductivity and lithium-ion conductivity to minimize 

polarization losses during the charge/discharge process, thereby supporting high 

current density and power density. The conductivity depends on the crystal 

structure, arrangement of the MXn polyhedral geometry, interconnection of 

lithium sites, and the relative positions of the Mn+ and Xn- energies. 

• The redox energy of the cathode and anode should lie within the band gap of the 

electrolyte to avoid undesired oxidation/reduction reactions in the electrolyte. 

• The intercalation compound should be inexpensive, environmentally benign, and 

thermally and chemically stable. 

1.5 CATHODES 

1.5.1 Layered metal oxide cathodes 

Oxides with the general formula LiMO2 (M = V, Cr, Co and Ni) crystallize in a 

layered structure in which the Li+ and M3+ ions occupy the alternate (111) planes of the 

rock salt structure to give a layered sequence of -O-Li-O-M-O- along the c axis. The Li+ 

and M3+ ions occupy the octahedral interstitial sites of the cubic close-packed oxygen 

array as shown in Figure 1.5. This structure is also called the O3 layered structure, since 

the Li+ ions occupy the octahedral sites (O referring to octahedral) and there are three 

MO2 sheets per unit cell. This structure with covalently bonded MO2 layers allows a 
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reversible extraction/insertion of lithium ions from/into the lithium planes. The lithium-

ion movement between the MO2 layers provides a fast two-dimensional lithium-ion 

diffusion [11], and the edge-shared MO6 octahedral arrangement with a direct M-M 

interaction provides good electronic conductivity. As a result, the LiMO2 oxides have 

become attractive cathode candidates for lithium-ion batteries. 

1.5.1.1 Layered LiCoO2 

LiCoO2 is the most commonly used transition metal oxide cathode in commercial 

lithium-ion batteries because of its high operating voltage (~ 4 V), ease of synthesis, and 

good cycle life. Even though one Li+ ion per formula unit can be theoretically extracted 

from LiCoO2 with a capacity of ~274 mAh/g, only 50 % (~140 mAh/g) of its theoretical 

capacity can be utilized in practical lithium-ion cells due to structural and chemical 

instabilities at deep charge (x > 0.5 in Li1-xCoO2) [12,13]. Extraction of more than 0.5 Li+ 

ions from LiCoO2 leads to chemical instability due to the overlap of the Co3+/4+:t2g band 

with the top of the O2-:2p band as shown in Figure 1.6 The removal of a significant 

amount of electron density from the O2-:2p band will result in an oxidation of O2- ions 

and a slow loss of oxygen and cobalt from the lattice during repeated cycling [13,14]. A 

strong covalent mixing or hybridization of the O2-:2p and the Co3+/4+:3d orbitals may 

prevent a quick loss of oxygen during the first charge itself, instead the oxygen loss from 

the lattice or a consequent reaction with the electrolyte may occur slowly over a number 

of cycles, involving the loss of cobalt ions as well from the lattice.  

One way to suppress the chemical instability or reactivity with the electrolyte is to 

coat or modify the surface of the cathode with other inert oxides. In fact, surface 

modification of the layered LiCoO2 cathode with nanostructured oxides like Al2O3, TiO2, 

ZrO2, SiO2, MgO, ZnO, and MPO4 ((M = Al and Fe)) has been found to increase the 

reversible capacity of LiCoO2 from ~ 140 mAh/g to about 200 mAh/g, which 
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corresponds to a reversible extraction of ~ 0.7 lithium per formula unit of LiCoO2
 [15-

22]. However, the long-term performance of these nano-oxide coated cathodes will rely 

on the robustness of the coating. Even though the LiCoO2 cathode is widely used in 

small-format lithium-ion batteries employed in portable electronic devices, the safety 

concerns arising from the chemical stability at deep charge as well as the high cost and 

toxicity of Co necessitate the development of alternate cathode materials for vehicle and 

stationary storage applications. In this regard, other layered LiMO2 oxides with M = Ni 

and Mn and their solid solutions with LiCoO2 have become appealing in recent years due 

to the lower cost and better chemical stability of Mn and Ni.  

1.5.1.2 Layered LiNiO2  

LiNiO2 is isostructural with LiCoO2 and offers a cell voltage of ~ 3.8 V. 

However, it is difficult to synthesize LiNiO2 as a well-ordered stoichiometric material 

with pure Ni3+ because of the difficulty to stabilize Ni3+ at the high synthesis temperatures 

and the consequent volatilization of lithium [23-25]. It invariably forms as Li1-xNi1+xO2 

with some Ni2+, which results in a disordering of the cations between the lithium and 

nickel planes and poor electrochemical performance. In addition, charged Li1-xNiO2 

suffers from a migration of Ni3+ ions from the octahedral sites of the nickel plane to the 

octahedral sites of the lithium plane via the neighboring tetrahedral sites particularly at 

elevated temperatures due to a lower octahedral-site stabilization energy (OSSE) 

associated with the low-spin Ni3+:t2g
6e g

1 ions compared to that of the low-spin Co3+:t2g
6e 

g
0 ions [26,27]. While a moderate OSSE allows the Ni3+ ions to migrate through the 

tetrahedral sites under mild heat, the stronger OSSE of Co3+ hinders such a migration. 

Moreover, LiNiO2 also suffers from Jahn-Teller distortion (tetragonal structural 

distortion) associated with the low spin Ni3+:3d7 (t2g
6eg

1) ion. Also, Li1-xNiO2 electrodes 

are thermally less stable compared to the charged Li1-xCoO2 electrodes, an indication that 
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Ni4+ ions are reduced more easily than Co4+ ions [28,29]. As a result, LiNiO2 is not a 

promising material for lithium-ion cells. 

However, partial substitution of Co for Ni has been shown to suppress the cation 

disorder and Jahn-Teller distortion. For example, LiNi0.85Co0.15O2 has been found to 

show a reversible capacity of ~180 mAh/g with excellent cyclability [30,31].  The 

increase in the capacity of LiNi0.85Co0.15O2 compared to that of LiCoO2 can be 

understood by considering the qualitative band diagrams for the Li1-xCoO2 and Li1-xNiO2 

systems as shown in Figure 1.6. With a low-spin Co3+:3d6 configuration, the t2g band is 

completely filled and the eg band is empty (t2g
6e g

0) in LiCoO2. Since the t2g band overlaps 

with the top of the O2-:2p band, deep lithium extraction with (1-x) < 0.5 in Li1-xCoO2 

results in a removal of a significant amount of electron density from the O2-:2p band and 

consequently in chemical instability, limiting its practical capacity. In contrast, the 

LiNiO2 system with a low-spin Ni3+: t2g
6e g

1 configuration involves the removal of 

electrons only from the eg band. Since the eg band barely touches the top of the O2-:2p 

band, Li1-xNiO2 and LiNi1-yCoyO2 exhibit better chemical stability [12] than LiCoO2, 

resulting in higher capacity values. Recently, the mixed layered oxide 

LiMn1/3Ni1/3Co1/3O2 has become an attractive cathode material due to its high capacity, 

better thermal stability, and stable cycle performance [32,33]. In these mixed layered 

oxides, Ni, Mn, and Co exist as, respectively, Ni2+, Mn4+, and Co3+. 
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Figure 1.5. Crystal structure of layered LiCoO2. 

 

 

 

 

 

 

 

 
 
 
 

 

Figure 1.6. Comparison of the energy density diagrams of Li0.5CoO2 and Li0.5NiO2. 
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1.5.1.3 Layered Li[Li1/3Mn2/3]O2-LiMO2 solid solutions  

Recently, solid solutions between Li[Li1/3Mn2/3]O2 (commonly known as 

Li2MnO3) and LiMO2 (M = Mn0.5Ni0.5, Co, Ni and Cr) have become appealing as they 

exhibit a high reversible capacity of around 250 mAh/g with a lower cost and better 

safety than LiCoO2 cathodes [34-41].  Li2MnO3 has the layered structure similar to 

LiCoO2, but one-third of the transition metal planes are occupied by Li+ ions. Although 

xLi[Li1/3Mn2/3]O2 – (1-x)LiMO2 can be considered as a solid solutions on a macroscopic 

scale,  more detailed investigations with high resolution TEM and NMR have shown 

nanodomains consisting of layered Li2MnO3-like phases and layered LiMO2 phases 

[40,41].  

The high discharge capacity of these cathodes is due to the irreversible loss of 

oxygen from the lattice and removal of Li as Li2O above 4.5 V during the first charge as 

revealed by in-situ X-ray diffraction [42] and electrochemical mass spectroscopy [36], 

followed by a lowering of the oxidation state of the transition metal ions in the 

subsequent discharge compared to that in the initial material. Based on electrochemical 

mass spectroscopy and powder neutron diffraction data, it was also suggested that the 

oxygen vacancies formed at the end of first charge are eliminated to give a defect-free 

layered oxide lattice. Since the elimination of oxygen vacancies will also result in an 

elimination of a corresponding number of lithium sites from the lattice, a large difference 

between the first charge and discharge capacity values (irreversible capacity loss) occurs 

as part of the lithium extracted could not be put back into the layered lattice. However, it 

has subsequently been found that the irreversible capacity loss in the first cycle can be 

reduced significantly by coating these layered oxide cathodes with nanostructured Al2O3 

or AlPO4 [43,44]. 
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However, these high capacity layered oxide cathodes have to be charged up to 

about 4.8 V, so more stable, compatible electrolytes need to be developed to fully exploit 

their potential as high energy density cathodes. Moreover, oxygen is lost irreversibly 

form the lattice during first charge, and it may have to be vented appropriately during cell 

manufacturing. Also, the long-term cyclability of these high-capacity cathodes at elevated 

temperatures needs to be fully assessed.  

1.5.2 Spinel oxide cathodes 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7. Crystal structure of spinel LiMn2O4. 

Oxides with the general formula LiM2O4 (M = Ti, V and Mn) crystallize in the 

normal spinel structure (Figure 1.7) in which the Li+ and the M3+/4+ ions occupy, 

respectively, the 8a tetrahedral and 16d octahedral sites of the cubic close-packed oxygen 

array. A strong edge-shared octahedral [M2]O4 array permits reversible extraction of the 

Li+ ions from the tetrahedral sites without collapsing the 3-dimensional [M2]O4 spinel 
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framework. While an edge shared MO6 octahedral arrangement with direct M-M 

interaction provides good electrical conductivity, the interconnected interstitial (lithium) 

sites in the three-dimensional structure provide good lithium-ion conductivity. 

1.5.2.1 Spinel LiMn2O4 

Spinel LiMn2O4 has become an attractive cathode as Mn is inexpensive and 

environmentally benign compared to Co and Ni involved in the layered oxide cathodes. 

However, LiMn2O4 delivers only a limited capacity of around 120 mAh/g at an operating 

voltage of 4 V. Moreover, LiMn2O4 tends to exhibit capacity fade even in the 4 V region, 

particularly at elevated temperatures (55 oC). Several factors such as Jahn-Teller 

distortion under conditions of nonequilibrium cycling [45,46], manganese dissolution 

into the electrolyte [47,48], formation of two cubic phases in the 4 V region, loss of 

crystallinity [49], and development of micro-strain [50] during cycling have been 

suggested to be the source of capacity fade. Among these, dissolution of manganese is 

believed to be the main cause for capacity fade, especially at elevated temperatures. 

Manganese dissolution is due to the disproportionation of Mn3+ into Mn4+ (remains in the 

solid) and Mn2+ (leaches out into the electrolyte) in the presence of trace amounts of HF 

that is produced by a reaction of trace amounts of water in the electrolyte with the LiPF6 

salt. The Mn disproportionation reaction is given below as, 
                                                                 

2Mn3+    Mn2+ + Mn4+ 

Several strategies have been pursued to overcome the capacity fade of LiMn2O4, 

e.g., reducing the surface area by tuning the particle morphology and increasing the 

oxidation state of Mn ions via cationic substitutions in LiMn2-yMyO4 [51]. The most 

significant among them is cationic substitutions as in LiMn2-yMyO4 (M = Li, Cr, Co, Ni 

and Cu) to suppress Jahn-Teller distortion and Mn dissolution since Mn4+:3d3(t3
2ge0

g) has 

a cubic octahedral coordination and does not disproportionate [52-56]. Another strategy 

that has been pursued to improve the cyclability of the LiMn2O4 spinel is surface 
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modification or coating of its surface with other oxides such as LiCoO2, ZrO2, SiO2, 

V2O5, Al2O3, or MgO with an aim to minimize the contact of the cathode surface with the 

electrolyte and thereby suppress the dissolution of manganese. 

1.5.2.2 5 V Spinel oxides 

Initially, cation substituted LiMn2-xMxO4 spinel oxides were studied to improve 

the capacity retention in the 4 V region as discussed earlier. However, such substitutions 

to give LiMn2-xMxO4 (M = Ni, Fe, Co and Cr) lead to a 5 V plateau in addition to the 4 V 

plateau, which was first recognized by Amine et al. [57] and Dahn et al. [58] in 1997. 

The 4 V region in LiMn2-xMxO4 corresponds to the oxidation of Mn3+ to Mn4+, while the 

5 V region corresponds to the oxidation of M3+ to M4+ or the oxidation of M2+ to M3+ and 

then to M4+. It is interesting to note that while the M = Co3+/4+ and Ni3+/4+ couples offer 

around 4 V corresponding to the extraction/insertion of lithium from/into the octahedral 

sites of the layered LiMO2, they offer 5 V corresponding to the extraction/insertion of 

lithium from/into the tetrahedral sites of the spinel LiMn2-xMxO4. The 1 V difference is 

due to the differences in the site energies between octahedral and tetrahedral sites. 

With a higher operating voltage and theoretical capacities of around 145 mAh/g, 

LiMn1.5Ni0.5O4 has emerged as an attractive cathode candidate. In comparison to 

LiMn2O4, here Mn predominantly remains in the +4 oxidation state during cycling, 

avoiding the normal Jahn-Teller distortion of Mn3+ ions, while Ni2+ first oxidizes to Ni3+ 

and then to Ni4+. However, the LiMn1.5Ni0.5O4 spinel encounters the formation of NiO 

impurity during synthesis and the ordering between Mn4+ and Ni2+ leads to inferior 

performance compared to the disordered phase [59]. It has been found that the formation 

of the NiO impurity phase and ordering can be suppressed by appropriate cation 

substitutions such as LiMn1.5Ni0.42Zn0.08O4 and LiMn1.42Ni0.42Co0.16O4 [60]. One major 
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concern with the spinel LiMn1.5Ni0.5O4 cathode is the chemical stability in contact with 

the electrolyte at the higher operating voltage of 4.7 V. 

1.5.3 Polyanion-containing cathodes 

Although simple oxides such as LiCoO2, LiNiO2, and LiMn2O4 with highly 

oxidized redox couples (Co3+/4+, Ni3+/4+, Mn3+/4+ respectively) were able to offer high cell 

voltages of ~ 4 V in lithium-ion cells, they are prone to release oxygen from the lattice in 

the charged state at elevated temperatures due to the chemical instability of highly 

oxidized species such as Co4+ and Ni4+. One way to overcome this problem is to work 

with lower-valent redox couples like Fe2+/3+. However, a decrease in the oxidation state 

raises the redox energy of the cathode and lowers the cell voltage. Recognizing this, and 

to keep the cost low, oxides containing polyanions such as XO4
2- (X = S, Mo, and W) 

were proposed as lithium insertion hosts in the 1980s by Manthiram and Goodenough 

[61,62]. Although the Fe2+/3+ couple in a simple oxide like Fe2O3 would normally operate 

at a voltage of < 2.5 V vs. Li/Li+, surprisingly the polyanion-containing Fe2(SO4)3 host 

was found to exhibit 3.6 V vs Li/Li+, while both Fe2(MoO4)3 and Fe2(WO4)3 were found 

to operate at 3.0 V vs Li/Li+ (Figure 1.8). The remarkable increase in cell voltage on 

going from a simple oxide such as Fe2O3 to the polyanion hosts Fe2(XO4)3 and a 

difference of 0.6 V between the isostructural Fe2(SO4)3 and Fe2(MoO4)3 polyanion hosts, 

all operating with the same Fe2+/3+ couple, was attributed to an inductive effect and 

consequent differences in the location of the Fe2+/3+ redox levels relative to the Li/Li+ 

redox level as seen in Figure 1.8. In the Nasicon-related Fe2(SO4)3 and Fe2(MoO4)3 hosts 

with corner-shared FeO6 octahedra and XO4 tetrahedra and Fe-O-X-O-Fe (X = S, Mo, or 

W) linkages, the strength of the X-O bond can influence the Fe-O covalence and thereby 

the relative position of the Fe2+/3+ redox energy. The stronger the X-O bonding, the 

weaker the Fe-O bonding, and consequently the lower the Fe2+/3+ redox energy relative to 
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that in a simple oxide like Fe2O3. The net result is a higher cell voltage on going from 

Fe2O3 to Fe2(MoO4)3 or Fe2(SO4)3. Comparing Fe2(MoO4)3 and Fe2(SO4)3, the S-O 

covalent bonding in Fe2(SO4)3 is stronger compared to the Mo-O bonding in Fe2(MoO4)3, 

leading to a weaker Fe-O covalence in Fe2(SO4)3 than in Fe2(MoO4)3, resulting in a 

lowering of the Fe2+/3+ redox energy in Fe2(SO4)3 compared to that in Fe2(MoO4)3 and a 

consequent increase in cell voltage by 0.6 V. Thus, the replacement of simple O2- ions by 

XO4
n- polyanions was recognized as a viable approach to tune the position of redox levels 

in solids and consequently to realize higher cell voltages with chemically more stable, 

lower valent redox couples like Fe2+/3+. 

 

 

 

 

 

 

 

 

 

 

 
Figure. 1.8. Positions of the Fe2+/3+ redox energies relative to that of Li/Li+ in various Fe-
containing lithium insertion hosts and consequent changes in cell voltages, illustrating the 
role of polyanions. 
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1.5.3.1 Phospho-olivine LiMPO4 

Although the above findings in the late 1980s demonstrated an important 

fundamental concept in tuning the redox energies in solids, the cathode hosts pursued did 

not contain any lithium, so they could not be combined with the carbon anode in a 

lithium-ion cell. Following this initial concept, several phosphates have been investigated 

[63-65] and in 1997, Goodenough’s group identified LiFePO4 crystallizing in the olivine 

framework (Figure 1.9) as a facile lithium extraction/ insertion host that could be 

combined with a carbon anode in lithium-ion cells [65]. They also identified other 

olivines of the general formula LiMPO4 (M = Mn, Co, and Ni) as lithium 

insertion/extraction hosts. Since its identification as a potential cathode, LiFePO4 has 

created intensive studies both from scientific and technological points of view. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure. 1.9. Structure of olivine LiFePO4.  

The initial work was able to extract only less than 0.7 lithium ions per formula 

unit of LiFePO4 even at very low current densities, which corresponds to a reversible 
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capacity of < 120 mAh/g [65]. The lithium extraction/insertion occurred via a two-phase 

mechanism with LiFePO4 and FePO4 as end members without much solid solubility. The 

limitation in capacity was attributed to the diffusion-limited transfer of lithium across the 

two-phase interface and poor electronic conductivity due to the corner shared FeO6 

octahedra. Nevertheless, because Fe is abundant, inexpensive, and environmentally 

benign, olivine LiFePO4 attracted immense interest as a potential cathode. Recognizing 

that the limited reversible capacity and low rate capability may be linked to the poor 

electronic conductivity, researchers focused on improving the electronic conductivity by 

coating the LiFePO4 powder with conductive carbon [66]. However, LiFePO4 is a one-

dimensional lithium ion conductor with the lithium-ion diffusion occurring along edge-

shared LiO6 chains (b axis). So it has been suggested that both intimate contact with 

conductive carbon and particle size minimization are necessary to optimize the 

electrochemical performance [67,68]. Consequently, with a reduction in particle size and 

coating with conductive carbon, reversible capacity values of ~ 160 mAh/g could be 

realized. Subsequently, doping of LiFePO4 with supervalent cations like Ti4+, Zr4+, and 

Nb5+ and organometallic precursors of the dopants was reported to increase the electronic 

conductivity by a factor of 108 [69]. Although this report attracted significant interest, 

subsequent investigations suggested that the formation of a percolating nano-network of 

metallic iron phosphides may play a role in enhancing the electronic conductivity [70]. 

Recognition of the importance of both the decrease in particle size and 

improvement in electronic conductivity has generated a flurry of activities on the 

solution-based synthesis of LiFePO4 to minimize the particle size and coating the 

LiFePO4 particles with conductive species such as carbon and conducting polymers [71-

76]. Particularly, nanosize LiFePO4 particles have been shown to exhibit excellent 
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performance with high rate capability due to a shortening of both the electron and 

lithium-ion diffusion path lengths within the particles.  

Although the initial work by Goodenough’s group revealed a two-phase reaction 

mechanism with LiFePO4 and FePO4 as end members, subsequent investigations have 

indicated several interesting observations [77-80]. For example, the miscibility gap 

between the two phases has been found to decrease with increasing temperature [77], and 

the occurrence of a single-phase solid solution LixFePO4 with 0 ≤ x ≤ 1 has been reported 

at 450 oC. Similarly, the miscibility gap has been found to decrease with decreasing 

particle size, and complete solid solubility between LiFePO4 and FePO4 at room 

temperature has been reported for 40 nm size particles [79,80]. Thus, what was originally 

found to be a two-phase reaction mechanism with micrometer-sized particles has now 

turned into a single-phase reaction mechanism with nano-sized particles. This is a clear 

demonstration of how nanoparticles can behave entirely differently from their 

micrometer-sized counterparts. Defects caused by the existence of cationic vacancies in 

the samples prepared at low temperatures have been suggested to contribute to the unique 

behavior of the nano-sized particles. 

1.5.3.2 Other polyanion-containing cathodes 

Polyanion containing compounds other than LiMPO4 such as Li3M2(PO4)3 (M = 

V, Fe or Ti), LiVPO4F, Li5V(PO4)2, and LiVOPO4 have also attracted a great deal of 

interest in recent years because of their high thermal stability and attractive 

electrochemical properties [81-85]. For example, LiVPO4F is isostructural with the 

mineral tavorite (LiFePO4OH) and has been shown to exhibit a capacity of ~ 156 mAh/g 

with a flat voltage (two-phase reaction) at 4.2 V corresponding to the V3+/4+ redox couple. 

The main drawbacks of these materials are their poor electronic conductivity and 

consequently slow reaction kinetics. 
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Recently LiFeSO4F synthesized by a non-aqueous solvothermal process 

employing ionic liquids (iono-thermal) has been shown to deliver capacities around 140 

mAh/g at 3.6 V [86]. Even though the theoretical specific capacity of LiFeSO4F (151 

mAh/g) is slightly lower than that for LiFePO4 (170 mAh/g), the material is proposed to 

provide better ionic and electronic conductivities, which eliminates the need for carbon 

coating or nanoparticles, both of which might lower the material packing density. 

Recently, a new class of silicates such as Li2MSiO4 (M = Fe, Mn, and Co) has been 

introduced, which offers the possibility of reversibly extracting/inserting two lithium ions 

per formula unit with a theoretical capacity of around ~ 333 mAh/g [87-90]. However, 

these materials also suffer from poor electronic conductivity and consequent slow 

reaction kinetics. So various synthetic routes such as sol-gel and refluxing methods have 

been employed to prepare nanostructured materials, and coating with electronically 

conductive agents has been carried out to improve their electrochemical performance.   

1.6 ANODES 

1.6.1 Carbon based anodes 

Carbon-based anodes are attractive because of the abundance of carbon, high 

chemical stability, and wide electrochemical potential windows [91]. Graphite with a low 

atomic weight, redox energy close to that of lithium, and a theoretical capacity of ~ 372 

mAh/g is the most commonly used anode in commercial lithium-ion cells. The lithium 

insertion/extraction reaction can be written as  

6C + Li+ + e- <==> LiC6    

The insertion of lithium at very low potentials (< 100 mV) results in electrolyte 

reduction with subsequent formation of solid-electrolyte interfacial (SEI) layer at the 

surface of graphite anode during first charge. The SEI layer prevents further reaction of 
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graphite anode during cycling and also inhibits exfoliation of graphite layers. However, 

the low operating potential may potentially plate lithium on the graphite anode surface, 

resulting in serious safety issues and poor cycle performance of the cell. SEI layer 

formation also causes irreversible capacity loss during first cycle. The fraction of lithium 

irreversibly trapped requires an additional mass of cathode materials.  

Recently nanostructured high surface area carbon architectures such as carbon 

nanotubes and graphene have been shown to exhibit two times higher lithium storage 

capacity (~ 800 mAh/g) than graphite when used as an anode in lithium-ion cells [92-95]. 

However, the sloping voltage profile during the charge-discharge is undesirable and a 

huge voltage difference occurs between the lithium insertion and extraction processes 

(hysteresis loss), resulting in a decrease in the efficiency of the energy storage reaction. 

1.6.2 Metal oxide anodes 

Titanium oxides have attracted a lot of attention as an alternative, low cost, non-

toxic anode material, with a discharge-charge voltage well above the lithium plating 

region. In particular Li4Ti5O12 with the spinel structure exhibits excellent lithium 

insertion/extraction properties with little volume change (zero strain material), which is 

desirable for long-term cycling [96-98]. The three dimensional network of channels for 

lithium-ion diffusion in the spinel lattice makes it attractive for high rate applications. It 

can be cycled over the compositional range 0 ≤ x ≤ 3 in Li4+xTi5O12 with a flat charge-

discharge voltage of about 1.5 V vs. Li+/Li. The higher operating voltage eliminates the 

SEI layer formation and lithium plating problems, rendering the material much safer than 

graphite. However, the main drawback with Li4Ti5O12 is that it exhibits a much lower 

capacity of around 175 mAh/g at a much higher voltage of 1.5 V vs. Li+/Li, resulting in a 

significant reduction in energy density of the lithium-ion cells. 
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Electrodes based on classical intercalation/de-intercalation as in graphite and 

Li4Ti5O12 are limited in capacity because of the limited number of lithium ions that can 

be accommodated within the insertion host. It has been shown that lithium can react with 

a range of transition metal oxides, sulfides, nitrides, and phosphides by a conversion 

reaction, forming composites consisting of nanometal particles and LimX (X = O, S, N, or 

P) matrix [99-103]. The generalized reaction with lithium can be written as, 

MxXy + n e- + n Li+ <==> x M0 + y LimX (m = n/y)              

Such reactions show good reversibility, providing almost four times higher 

capacity than graphite anodes. However, its application in practical lithium-ion batteries 

is hindered due to its poor reaction kinetics and poor cycling stability resulting from 

volume expansion occurring during cycling.   

1.6.3 Metal alloy anodes 

Metals or nonmetals that undergo alloying reaction and store lithium are among 

the most appealing anode candidates for lithium-ion batteries as they offer much higher 

capacities than carbon. Lithium is known to form alloys (LixM) with various metals and 

nonmetals such as Mg, Al, Si, Ge, Sn, Sb, Bi, Zn [104-107]. When polarized to a 

sufficient negative potential, these metals or nonmetals undergo reversible alloying 

reaction with lithium as follows, 

x Li+ + x e- + M <==> LixM 

The theoretical capacities of some alloy anodes are 10 times higher than that of 

the commercially used graphite anodes. Another important feature of alloying reaction is 

that it operates at a higher operating potential (1 – 0.3 V) than graphite anodes. This will 

eliminate or minimize the safety hazards associated with the SEI layer formation and 

lithium plating. Also, they do not suffer from solvent co-intercalation, unlike the graphite 

anode. 
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Unfortunately, the accommodation of such a large amount of lithium results in a 

huge volume expansion-contraction (100 – 300 %) during the discharge-charge process. 

The huge volume change leads to rapid deterioration (cracking) and eventual 

pulverization of the active materials, resulting in a failure of the alloy anodes after a few 

charge/discharge cycles. Significant research effort has been devoted to overcome this 

problem, and one of the most attractive approaches is to reduce the particle size into the 

nanometer range and encapsulating it with a shell of carbon coating, resulting in 

improved cycle life. 

1.7 ELECTROLYTES 

Electrolyte conducts lithium ions, acting as a carrier between the cathode and the 

anode when a battery passes an electric current through an external circuit. Lithium-ion 

batteries uses non-aqueous electrolytes, since water based electrolytes have a limited Eg = 

1.23 V (voltage window). The main requirements of the electrolytes are high lithium-ion 

conductivity (> 10-4 S/cm), low electronic conductivity (> 10-10 S/cm), and high chemical 

and thermal stabilities. They should also be non-flammable, inexpensive, and non-toxic.  

Propylene carbonate (PC) based electrolytes were widely used in lithium primary 

batteries, but they decompose on graphite anodes in lithium-ion batteries, leading to 

exfoliation of graphite [108,109]. Ethylene carbonate (EC) based electrolytes form a 

stable solid electrolyte interface at the graphite anode during first cycle and are widely 

used in lithium-ion batteries. Commercial electrolytes in lithium-ion batteries consist 

mostly of lithium salts, such as LiPF6, LiBF4 or LiClO4 in an organic solvent such as 

ethylene carbonate, and they are stable up to 4.5 V.  However, these organic electrolytes 

are flammable and have limited potential window. So alternate electrolytes like ionic 

liquids, solid polymer electrolytes, and hybrid electrolytes are being pursued for next 

generation, safe lithium-ion batteries. 
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1.8 SEPARATORS 

The separator is generally a film-like material, made of electrically insulating 

polymer that prevents electrons from flowing directly from anode to cathode, allowing 

them instead to flow through the external circuit. These separators have to be porous as 

well, to allow lithium ions to pass through. On the other hand, they are also critical 

determinant of the safety of the batteries. Most commercial lithium-ion batteries use 

polypropylene or polyethylene separators. 

1.9 NANOSTRUCTURED ELECTRODE MATERIALS 

Various anode and cathode materials have been studied for lithium-ion batteries 

(Figure 1.10) [110-112]. However, further breakthroughs in electrode materials or 

improvements in existing electrode materials are critical to realize the full potential of the 

lithium-ion technology. Nanostructured materials present an attractive opportunity in this 

regard as they could offer several advantages such as fast reaction kinetics, high power 

density, and good cycling stability with facile strain relaxation compared to their bulk 

counterparts [113-118]. The advantages and disadvantages of nanostructured electrode 

materials are given below. 

1.9.1 Advantages 

• The smaller particle size increases the rate of lithium insertion/extraction because 

of the short diffusion length for lithium-ion transport within the particle, resulting 

in enhanced rate capability 

• The smaller particle size enhances the electron transport in the electrode, resulting 

in enhanced rate capability 

• The high surface area leads to enhanced utilization of the active materials, 

resulting in higher capacity 
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• The smaller particle size aids a better accommodation of the strain during lithium 

insertion/extraction, resulting in improved cycle life 

• Smaller particle size enables reactions that could not otherwise occur with 

micrometer size particles, resulting in new lithium insertion/extraction 

mechanisms and improved electrochemical properties and performances  

1.9.2 Disadvantages 

• Complexities involved in the synthesis methods employed could increase the 

processing cost, resulting in higher manufacturing cost 

• High surface area may lead to enhanced side reactions with the electrolyte, 

resulting in high irreversible capacity loss and capacity fade during cycling 

• The smaller particle size and high surface to volume ratio could lead to low 

packing density, resulting in low volumetric energy density 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 1.10. Comparison of the energy densities of known anodes and cathodes. 
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1.10 OBJECTIVES 

There has been enormous interest in employing lithium-ion batteries in large-scale 

applications such as electric vehicles. Most of the commercial lithium-ion batteries used 

in portable electronics employs the layered oxide LiCoO2 as the cathode and graphite as 

the anode. There are a few obstacles that prevent the implementation of the current 

technology for large-scale applications, and these include safety concerns due to the 

chemical instability at deep charge, high cost, and toxicity of the currently used layered 

LiCoO2 cathode. In this context, olivine LiFePO4 has attracted considerable attention 

because iron is inexpensive, abundant, and environmentally benign, and the covalently 

bonded PO4 groups along with the stable Fe2+/3+ redox couple impart excellent safety. 

However, the major issues with LiFePO4 are poor lithium-ion transport and electronic 

conductivity. There have been considerable efforts in recent years to overcome the 

electronic and ionic transport limitations through cation doping, decreasing the particle 

size, and coating the material with electronically conductive agents. However, these 

techniques require long reaction times or further post heat-treatment processing, often 

requiring temperatures as high as 800 oC with reducing gas atmospheres, to achieve a 

high degree of crystallinity and uniform carbon coating. Such tedious processes not only 

increase the manufacturing cost, but also contribute to unwanted particle growth. 

The objective of this dissertation is to develop a cost-effective, facile synthesis 

approach to prepare high-performance LiFePO4 cathodes. A novel microwave-

solvothermal (MW-ST) approach has been developed to synthesize highly crystalline 

LiFePO4 nanorods within 5 – 15 minutes at temperatures as low as 300 oC. To improve 

the electrochemical performance of the as-synthesized LiFePO4, subsequently 

nanocomposites have been formed with either a conducting polymer or multi-walled 

carbon nanotubes or carbon has been coated on the nanorods. Following this, the MW-ST 
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approach has also been adopted for the other olivine LiMPO4 (M = Mn, Co, and Ni) 

cathodes. The results obtained are presented in Chapter 3 after the introduction in Chapter 

1 and the general experimental procedures in Chapter 2. In Chapter 4, the MW-ST 

approach is extended to synthesize carbon-coated Li2MSiO4 (M = Fe and Mn) silicates. 

This new class of cathodes is promising due to the possibility of reversibly 

extracting/inserting up to two lithium ions per formula unit with a theoretical capacity of 

~ 330 mAh/g. 

In Chapter 5, a high energy mechanical milling (HEMM) approach is presented to 

synthesize carbon-coated nano-LiM1-yMyPO4 solid solutions (M = Fe, Mn, Co, and Mg).  

Systematic investigations of the structure, electrochemical performance, and equilibrium 

potential of the LiM1-yMyPO4 solid solution cathodes have been carried out. In Chapter 6, 

a two-step microwave-hydrothermal process developed to synthesize carbon-decorated, 

single-crystalline Fe3O4 nanowires is presented.  
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Chapter 2: Experimental Procedures 

2.1 MATERIALS SYNTHESIS 

The synthetic procedures used to prepare the nanostructured electrode materials are 

described in respective chapters in detail. 

2.2 MATERIALS CHARACTERIZATION TECHNIQUES 

2.2.1 X-ray diffraction (XRD) 

The incident beam of X-ray interferes with the atomic planes of crystals causing 

the diffraction of X-rays by the crystals. The X-ray diffraction (XRD) pattern is a finger 

print for different crystal structures and is used for identification and analysis of 

structures, lattice parameters, orientation, and crystallite size. In this study, XRD patterns 

were collected with Philips X-ray diffractometer with Cu Kα radiation using a variable 

slit. The patterns were collected using a coupled scan from 10 to 80o with a scan rate of 

0.02o per 5 s. The lattice parameters were determined by refining the X-ray patterns with 

the CelRef software. 

2.2.2 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) uses a high energy electron beam in a raster 

scan pattern to create detailed 3-dimensional images of an object by detecting the 

secondary electrons scattered by the interaction of the primary electron beam with the 

surface atoms of the sample. In this work, all the SEM analyses were carried out with 

either a Hitachi S-5500 Ultrahigh Resolution FE SEM or a JEOL-JSM5610 SEM. 
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2.2.3 Transmission electron microscopy (TEM) 

Transmission electron microscopes (TEM) are capable of imaging at a high 

resolution of ~ 0.2 nm. In TEM, the electrons are transmitted through an ultra thin 

specimen, resulting in an interaction with the specimen. An image is formed from the 

interaction and is magnified and focused onto an imaging device, such as a fluorescent 

screen, photographic film, or CCD camera. TEM analysis in this dissertation was carried 

out with a JOEL JEM-2010F TEM operated at 200 keV to study the morphology and 

crystal orientation of nanocrystals. 

2.2.4 Inductively coupled plasma analysis (ICP) 

Inductively coupled plasma - optical emission spectroscopy (ICP-OES) is an 

analytical technique used for the detection of trace metals in samples. In plasma emission 

spectroscopy (OES), a sample solution is introduced into the core of inductively coupled 

argon plasma (ICP), which generates temperature of ~ 8000 °C. At this temperature, all 

elements become thermally excited and emit light at their characteristic wavelengths. The 

intensity of light is collected by the spectrometer and converted to an elemental 

concentration by comparison with calibration standards. The ICP analyses in the 

dissertation are carried out with a Varian 715-EIS. The sample solution was prepared by 

dissolving ~ 40 mg of the sample in concentrated HCl and then heating at around 60 oC 

for 30 minutes to completely dissolve the samples, followed by diluting to the required 

concentration with deionized water. The instrument was calibrated with a standard 

solution containing a known amount of the element being analyzed.  

2.2.5 Raman spectroscopy 

Raman spectroscopy is used to study vibrational, rotational, and other low-

frequency modes in a system. It relies on inelastic scattering or Raman scattering of 
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monochromatic light from a laser source. Light from the laser interacts with phonons in 

the sample, resulting in a shifting of the energy of the laser photons up or down. The shift 

in energy gives information about the phonon modes in the system. In this dissertation, 

Raman spectroscopic analysis was performed with a Renishaw InVia system utilizing a 

514.5 nm incident radiation and a 50 x aperture (N.A = 0.75), resulting in approximately 

a 2 µm diameter sampling cross section. 

2.2.6 Charge-discharge measurement 

Charge-discharge measurements were obtained with CR2032 coin cells and an 

Arbin battery cycler. The test electrodes were prepared by mixing active materials with 

appropriate amount of conductive carbon and binder. The coin cells were finally 

assembled in an argon-filled glove box with the test electrode as the working electrode, 

metallic lithium as the counter and reference electrodes, 1 M LiPF6 in 1:1 diethyl 

carbonate/ethylene carbonate electrolyte, and Celgard polypropylene separators.  

2.2.7 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance of a cell is measured by applying a small amplitude 

AC potential to an electrochemical cell and measuring the current through the cell. The 

current measured over a broad frequency range is used to determine the resistive, 

capacitive, and inductive behavior of an electrochemical cell, which can be associated 

with various polarization losses. EIS measurements were carried out using a two 

electrode coin cell assembly at room temperature with a Volta Lab potentiostat over the 

frequency range between 100 kHz and 10 mHz and applying an AC signal of 10 mV. 

2.2.8 Thermo gravimetric analysis (TGA) 

A NETZSCH STA 449 thermogravimetric analyzer (TGA) was used to study the 

change in the mass of the samples with increasing temperature. 
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2.2.9 Thermal stability studies 

Thermal stability of the charged cathode was analyzed using the Netzsch STA 449 

F3 differential scanning calorimeter.  The cell was first charged to the upper cutoff 

voltage and then carefully opened in a dry glove box to recover the cathode material.  

The electrode soaked in the electrolyte was then transferred to a stainless steel sealing 

pan with a gold foil disk and sealed in the glove box.  The sample was then analyzed at a 

heating rate of 10 oC/min with nitrogen as the purge gas. 
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Chapter 3:  Rapid Microwave-Solvothermal Synthesis of LiMPO4 (M = 
Mn, Fe, Co, and Ni) Nanorods 

3.1 INTRODUCTION 

Since its discovery, LiFePO4 has generated immense interest both from 

technological and scientific points of view as Fe is inexpensive and environmentally 

benign, and the covalently bonded PO4 groups along with the chemically more stable 

Fe2+/3+ couple impart excellent safety. However, the major drawback with LiFePO4 is the 

poor lithium ion and electronic conductivities, resulting in limited power capability, a 

performance parameter critical for HEV and PHEV applications [119-121]. 

Consequently, tremendous efforts have been made to overcome the electronic and ionic 

transport limitations by cationic doping, decreasing the particle size, and coating with 

electronically conducting agents [66-76,122-131]. Nanosize LiFePO4 has been 

synthesized by soft chemistry procedures such as precipitation, sol–gel [128], refluxing, 

and hydrothermal methods [129,130] as they provide intimate mixing of the component 

elements in solution, allowing the formation of finer particles by rapid homogeneous 

nucleation of LiFePO4. However, these methods often involve longer reaction times to 

realize the formation of highly crystalline phases. More importantly, they require post 

heat-treatment processing at temperatures as high as 700 oC in reducing atmospheres (e.g. 

argon-hydrogen mixture) for longer periods of time (~ 24 h) to achieve a high degree of 

crystallinity and subsequent coating with conductive carbon. Such tedious processes not 

only increase the manufacturing cost and lead to unwanted particle growth, but may also 

necessitate strict quality control measures that increase cost for large volume production 

needed for automotive applications.  
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In this regard, a novel microwave-solvothermal approach has been developed to 

synthesize highly crystalline LiFePO4 nanorods with controlled size in a short time (< 5 

min) at temperatures as low as 300 oC without requiring an inert atmosphere or post 

annealing at elevated temperatures in reducing gas atmospheres. Subsequently, the 

LiFePO4 nanorods are mixed with a conducting polymer (p-TSA doped PEDOT) or 

multi-walled carbon nanotubes or coated with conductive carbon to improve their 

electrochemical performance. Furthermore, the MW-ST approach is extended to 

synthesize other LiMPO4 (M = Mn, Co, and Ni) phospho-olivine cathodes. 

3.2 EXPERIMENTAL 

3.2.1 Microwave-solvothermal synthesis of LiMPO4 

LiMPO4 (M = Mn, Fe, Co, and Ni) nanorods were prepared by a rapid MW-ST 

approach as described below. Lithium hydroxide (Fisher) and the respective acetates of 

Mn, Fe, Co or Ni [Manganese (II) acetate tetrahydrate (ACROS Organics), Iron (II) 

acetate (GFS-Chemicals), Cobalt (II) acetate tetrahydrate (Alfa Aesar), Nickel (II) acetate 

tetrahydrate (ACROS Organics)] were dissolved in tetraethyleneglycol (TEG) (ACROS-

Organics) in a quartz vessel suitable to be used in the microwave system. H3PO4 (85%, 

Fisher) was then added drop wise to the reaction mixture at room temperature to realize a 

Li: M: P molar ratio of 1:1:1. While the reaction mixtures were acidic for M = Mn and 

Fe, they were kept basic for M = Co and Ni by adding ammonium hydroxide. The 

homogeneous gels were sealed in closed quartz vessels, which were fitted with a pressure 

and temperature probe housed in a sturdy thermowell and protected from chemical attack. 

The rotor containing the closed quartz vessels was then placed on a turntable for uniform 

heating in an Anton Paar microwave synthesis system (Synthos-3000). The desired 

exposure time and temperature were programmed with the Anton Paar, Synthos-3000 
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software. The automatic temperature and pressure control system allowed continuous 

monitoring and control of the internal temperature (± 1 oC). The preset profile (desired 

time, temperature, and pressure) was followed automatically by continuously adjusting 

the applied power (0- 600 W) and pressure (up to 80 bar). The system was operated at a 

frequency of 2.45 GHz and a power of 600 W, and the sample temperature was ramped to 

300 oC and kept at 300 oC for 5 - 15 minutes under the solvothermal condition. 

Precipitation of LiMPO4 took place inside the reactor during this solvothermal process, 

and the reactor was then cooled to room temperature by a built-in cooling fan capability 

in the Synthos-3000 system. The supernatant TEG solvent was carefully decanted, and 

the resulting LiMPO4 powders were washed repeatedly by acetone until the washings 

were colorless to ensure the complete removal of TEG. The obtained powder was then 

dried in a vacuum-oven at 250 oC for an hour. The reactant concentrations were kept at 

0.15 M each of Li+, M2+, and (PO4)3- in TEG.  

The size of the LiFePO4 nanorods was controlled by varying the concentration of 

the reactants. The long nanorods of ~ 40 nm width and a length of up to 1 µm were 

obtained with a higher reactants concentration of 0.30 M each of Li+, Fe2+, and (PO4)3- in 

TEG. The small nanorods of ~ 25 nm width and a length of up to 100 nm were obtained 

with a lower reactants concentration of 0.15 M each of Li+, Fe2+, and (PO4)3- in TEG. 

3.2.2 Synthesis of LiFePO4/PEDOT nanocomposite  

Appropriate quantities of p-TSA and 3,4-ethylenedioxythiophene (EDOT) 

monomer were added to a mixture of methanol and water (1:1 by volume), and the 

polymerization reaction was initiated by adding under constant stirring the oxidant, 

ammonium persulfate (Fisher) dissolved in a minimum amount of water; the molar ratio 

of EDOT and ammonium persulfate was 1:1. After 24 h of the polymerization reaction at 

30 oC, the supernatants were carefully decanted, and the resulting dark blue conducting 
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PEDOT was washed several times with a 1:1 mixture of methanol and water until the 

washings were colorless to ensure the complete removal of the unreacted monomer and 

oxidant. The as-prepared PEDOT was dispersed in ethanol to form a colloidal solution. 

An appropriate amount of the as-synthesized LiFePO4 nanocrystals was mixed with the 

dark blue colored colloidal solution of p-TSA doped PEDOT by magnetic stirring for a 

few minutes at ambient temperature to ensure complete coating of the LiFePO4 

nanocrystals by the p-TSA doped PEDOT to form an organic-inorganic nanohybrid, 

which was then dried in a vacuum oven at 80 oC. The weight ratio of LiFePO4 and p-TSA 

doped PEDOT was 92:8. 

3.2.3 Synthesis of LiFePO4/MWCNT nanocomposite 

MWCNTs with a diameter of 20-30 nm were synthesized by a CVD process 

[132]. The as-synthesized MWCNTs were refluxed in a 1:1 mixture of 98% H2SO4 and 

78% HNO3 for 24 h at 60 oC to oxidize the graphitic sp2 carbon into –COOH and -OH 

groups on the side walls of the nanotubes. The acid-treated MWCNTs were filtered 

through a polytetrafluoroethylene (PTFE) membrane, washed thoroughly with deionized 

water, suspended in toluene, and sonicated for a few minutes. An appropriate amount of 

the MWCNT in toluene was then mixed with the LiMPO4 powder synthesized by the 

MW-ST process by magnetic stirring for a few minutes at ambient temperature. The 

mixture was then dried in a vacuum oven for an hour to evaporate the solvents. The 

weight percent of LiFePO4 nanorods to MWCNT in the mixture was 92:8. 

3.2.4 Synthesis of LiFePO4/C nanocomposite 

The LiFePO4 nanocrystals obtained by the microwave assisted-solvothermal 

process were mixed with 18 wt. % sucrose powder and carbonized in a flowing 2 % H2 – 

98 % Ar at 700 oC for 1 h to achieve the carbon coating. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Synthesis of LiMPO4 by microwave-solvothermal approach 
 

Figure 3.1. Schematic illustration of the MW-ST process to synthesize LiMPO4 (M = 
Mn, Fe, Co, and Ni) nanorods. 

The microwave-solvothermal approach used here to synthesize LiMPO4 has 

several advantages compared to the conventional procedures, the most important of them 

being the short reaction time, energy efficiency, and cleanliness. The use of a highly 

viscous, high boiling TEG as a non-aqueous solvent not only provides a reducing 

environment to prevent the oxidation of M2+ to M3+, but also helps to inhibit particle 

growth and agglomeration of the nanoparticles. A schematic representation of the MW-

ST synthesis process to obtain LiMPO4 (M = Mn, Fe, Co, and Ni) is shown in Figure 3.1. 

During the MW-ST process, the microwave induces rotation of the dipoles within the 

TEG solvent, causing the polar molecules to align and relax in the field of the oscillating 

electromagnetic radiation. The energy dissipated from the dipole rotations causes the 

TEG to become hot. Thus, the heat is produced within the liquid and not transferred from 
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the vessel unlike in the conventional autoclave heating methods. This efficient heating 

leads to an increase in the reaction rates of LiMPO4 formation. 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 3.2. XRD patterns of the MW-ST synthesized LiMPO4 (M = Mn, Fe, Co, and Ni) 
samples. 
 
 

 

 

 
 
Table 3.1. Lattice parameters of the LiMPO4 (M = Mn, Fe, Co, and Ni) samples. 
 

Figure 3.2 shows the X-ray diffraction patterns for the as-synthesized LiMnPO4, 

LiFePO4, LiCoPO4, and LiNiPO4. All the reflections could be indexed on the basis of the 

orthorhombic olivine structure (space group: Pnma), indicating the formation of phase 

pure samples. The sharp diffraction peaks illustrate the highly crystalline nature of 

Compound a (Å) b (Å) c (Å) V (Å3)
LiMnPO4 10.446 6.106 4.746 302.71
LiFePO4 10.321 6.000 4.695 290.74
LiCoPO4 10.216 5.923 4.704 284.64
LiNiPO4 10.047 5.862 4.681 275.64
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LiMPO4 achievable by the MW-ST process within a short reaction time without post 

annealing at elevated temperatures. The XRD peaks in Figure 3.2 shift gradually to 

higher angles on going from M = Mn to Fe to Co to Ni due to a decrease in the ionic 

radius. The lattice parameter values were obtained by refining the XRD data with the 

CELREF software, and they were found to match with the literature values [133-135]. 

Also, the lattice parameters and unit cell volume (Table 3.1) decrease as we go from M = 

Mn to Ni in LiMPO4 due to the decreasing ionic radius of the M2+ ions.   

3.3.2 TEM characterization of LiMPO4 nanorods 

To better understand the structure and morphology of the LiMPO4 produced, 

transmission electron microscopy (TEM) observations of all samples were performed 

(Figure 3.2). As seen in the first column of Figure 3.3 (images a, d, g, and j), the 

synthesis method adopted for LiMPO4 produces nanorod-like shapes with variations in 

size and aspect ratio. These nanostructures can be more clearly seen at higher 

magnifications in the second column of Figure 3.3 (images b, e, h, and k). In addition, 

phase contrast high-resolution TEM images of the nanorods, which are shown in the third 

column of Figure 3.3 (images c, f, i, and l), revealed that each nanorod is a single crystal 

for all the four LiMPO4 samples. A more detailed analysis of the high-resolution images 

and the respective Fast Fourier Transforms (FFT) (an example is shown in Figures 3.3(m) 

and (n) for LiMnPO4) revealed that all the nano thumb-like LiMPO4 structures exhibit 

preferential growth along the [001] direction, i.e. the long axis of the nanorods. In 

addition, from the diffraction information provided by the FFTs, we could further 

confirm that the long axis and the width of the nanorods correspond, respectively, to the 

c-crystallographic axis [001] and the a-crystallographic axis [100], while the b-

crystallographic axis of the orthorhombic olivine structure (lithium diffusion direction) is 

parallel to the electron beam direction [010].  
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Figure 3.3. (a) - (m) TEM images of LiMPO4 (M= Mn, Fe, Co, Ni) nanorods prepared by 
the MW-ST method within 5 to 15 min at 300 oC.  (n) FFT image of the LiMnPO4 shown 
in Fig. 3 (m). The beam direction is B = [010]. The subscript ‘DD’ refers to double 
diffraction spots. 

Recent computational models on LiMPO4 have shown that in the orthorhombic 

olivine structure, the lowest Li+ migration energy is found for the pathway along the 

[010] channel, indicating one dimensional lithium-ion mobility along the b-axis during 
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the charge-discharge process [136,137]. Experimentally, while Richardson et al. [138] 

have observed the movement of Li+ ions in the b-direction at the phase boundary by 

electron microscopy, Yamada et al. [139] have pointed out a curved one-dimensional 

chain for Li+ ion motion along the [010] direction by combining high-temperature 

powder neutron diffraction and the maximum entropy method. Consequently, there is 

enormous interest in synthesizing nanostructured phospho-olivines with the b-axis along 

the shortest dimension of the crystallites. The dimensionally modulated, LiMPO4 

nanorods presented here by the MW-ST approach exhibits a unique and favorable 

morphology since the b-axis is one of the two short dimensions of the nanostructures, 

resulting in a shorter lithium-ion diffusion path length – an important criterion for 

achieving high power performance.  

3.3.3 LiFePO4/PEDOT nanocomposite 

Decreasing the particle size to nanometer level by microwave-solvothermal 

approach has been able to reduce the diffusion length of lithium ions and overcome the 

lithium-ion transport limitations in LiFePO4. Nevertheless, the pristine LiFePO4 nanorods 

still suffer from poor electronic conductivity. In this context, electronically conducting 

interconnects with better wetting properties would be appealing. With an aim to improve 

the electronic and lithium-ion transport without employing any high temperature post 

annealing process, the LiFePO4 nanorods obtained by the microwave-solvothermal 

process were encapsulated with 8 wt. % p-TSA doped PEDOT at ambient temperature to 

obtain an organic-inorganic nanocomposite. PEDOT is an attractive conducting polymer 

due to its high environmental stability, superior thermal stability, redox behavior over a 

wide range of potentials, and high electronic conductivity in its doped state compared to 

other commonly available conducting polymers [140-143]. The SEM images and EDS 

analysis of the LiFePO4 nanorods before and after encapsulating within the p-TSA doped 
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PEDOT are shown in Figure 3.4. It is apparent that the as-synthesized LiFePO4 in Figure 

3.4a consists of bundles of nanorods, which are not a simple aggregation of small 

crystallites, but are composed of nanorods as we could see with high resolution TEM. 

The SEM image shown in Figure 3.4b illustrates an encapsulation of the LiFePO4 

nanorods by the doped PEDOT with no bulk deposition or agglomeration of the polymer 

on the surface of the LiFePO4 nanorods. EDS analysis in SEM, as seen in Figure 3.4b, 

indicated the presence of sulfur on the surface of the LiFePO4 nanorods, confirming the 

coating of the nanorods by the sulfur-containing doped PEDOT.  

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 3.4. (a) SEM image of LiFePO4 nanorods and their corresponding EDS elemental 
analysis showing the presence of Fe and P and (b) SEM image of the LiFePO4 nanorods 
after encapsulating within p-TSA doped PEDOT and their corresponding EDS elemental 
analysis showing the presence of Fe, P, and S. 
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The TEM images shown in Figures 3.5a and b reveal well-defined crystalline 

nanorod morphology with different sizes. The width and length of the nanorods depend 

on the synthesis conditions (e.g., reactant concentration). While Figure 3.5a shows long 

nanorods with a width of ~ 40 nm and a length of up to 1 µm (obtained with a higher 

reactants concentration of 0.3 M), Figure 3.5b shows short nanorods with a width of ~ 25 

nm and a length of up to 100 nm (obtained with a lower reactants concentration of 0.15 

M). More clearly, the TEM image of the LiFePO4/PEDOT nanocomposite shown in 

Figure 3.5c reveals a uniform and smooth encapsulation of the LiFePO4 nanorods 

(crystalline fringe region) by PEDOT (amorphous region).  

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 3.5. (a) TEM image of the long LiFePO4 nanorods obtained by the MW-ST 
method with reactants concentration of 0.30 M each of Li+, Fe2+, and (PO4)3- in TEG (b)  
TEM image of the short LiFePO4 nanorods obtained by the MW-ST method with 
reactants concentration of 0.15 M each of Li+, Fe2+, and (PO4)3- in TEG, and (c) high 
resolution TEM image of the short LiFePO4 nanorods after encapsulating within p-TSA 
doped PEDOT. 
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Figures 3.6a and b show the first charge-discharge profiles and cyclability of the 

LiFePO4 and LiFePO4/PEDOT nanocomposite. The as-prepared pristine LiFePO4 

exhibits a discharge capacity of ~ 145 mAh/g with a significant voltage difference 

between the charge and discharge curves and capacity fade. The charge-discharge profile 

shown in Figure 3.6a reveals that the LiFePO4/PEDOT nanocomposite exhibits high 

discharge capacity (166 mAh/g) close to that of the theoretical value (170 mAh/g) with 

little difference between the charge and discharge curves. The data in Figure 3.6b 

demonstrate excellent cyclability with ~ 3 % fade in 50 cycles for the LiFePO4/PEDOT 

nanocomposite. The remarkable electrochemical performance of the LiFePO4/PEDOT 

nanocomposite compared to the as-synthesized LiFePO4 can be attributed to the mixed 

electronic-ionic conductivity of the p-TSA doped PEDOT.  

 
 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 3.6. (a) First charge-discharge profiles and (b) cyclability of the LiFePO4 
nanorods before and after coating with p-TSA doped PEDOT. 
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Figure 3.7. (a) Rate performance of the long and (b) short LiFePO4 nanorods before and 
after coating with p-TSA doped PEDOT. 

Figures 3.7a and b compare the rate capability of pristine LiFePO4 and the 

LiFePO4/PEDOT nanocomposite at C/10 to 10C rates. The LiFePO4/PEDOT 

nanocomposite exhibits superior rate capability compared to the pristine LiFePO4. More 

importantly, the shorter LiFePO4 nanorods show better rate capability than the large size 

(a)

(b)
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LiFePO4 nanorods demonstrating that the smaller size helps to enhance the lithium 

diffusion rate and consequently the rate performance.  

3.3.4 LiFePO4/MWCNT nanocomposite 

Nanoscale networking of the LiFePO4 nanorods obtained by the MW-ST method 

with multi-walled carbon nanotubes (MWCNT) has also been pursued as the MWCNT 

can provide suitable surface interactions with LiFePO4 in the nano-domain enabling 

inter-particle contact of the active material. While carbon coating can dramatically 

enhance the electrical conductivity and rate capability of LiFePO4, it requires processing 

at higher temperatures (> 600 oC) in reducing atmospheres, resulting not only in particle 

growth but also higher processing and manufacturing cost. Moreover, too thick a carbon 

coating could block lithium ion diffusion at high charge/discharge. We believe this 

MWCNT networking can increase the electronic conductivity significantly without 

blocking lithium-ion transport during cycling. Also, MWCNTs are used here as the 

conductive additive because of their remarkable thermal and mechanical stabilities and 

high electronic conductivity.  

The SEM images shown in Figure 3.8 indicate an efficient integration and 

nanoscale networking of MWCNT with LiFePO4 in the LiFePO4/MWCNT 

nanocomposites. MWCNT connects the nanorods in close proximity, providing a highly 

conductive channel for the mobility of electrons during the lithiation/delithiation process. 

The TEM images shown in Figure 3.9 illustrate the nanoscale networking of the 

MWCNT over the highly crystalline LiFePO4 nanorods. 
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Figure 3.8. SEM images of the (a) pristine long LiFePO4 nanorods,  
(b) LiFePO4/MWCNT nanocomposite with long LiFePO4 nanorods, (c) pristine short 
LiFePO4 nanorods, (d) LiFePO4/MWCNT nanocomposite with short LiFePO4 nanorods. 

 
Figure 3.9. TEM and high resolution TEM images of the (a) LiFePO4/MWCNT 
nanocomposite with long LiFePO4 nanorods and (b) LiFePO4/MWCNT nanocomposite 
with short LiFePO4 nanorods. 

(c) 

(d) (b) 

(a) 
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Figure 3.10 shows the Raman spectra of the pristine LiFePO4, MWCNT, and 

LiFePO4/MWCNT nanocomposite. The bands in the region 600–1100 cm-1 correspond to 

the intra-molecular stretching modes of the PO4 groups in LiFePO4 [144]. Figures 3.10b 

and c show the ‘D’ and ‘G’ bands of MWCNT as marked. In the first order Raman 

spectra, all graphite-like materials including MWCNT show a strong, sharp peak around 

1576 cm-1 (G-band), which is assigned to the E2g stretching vibration of sp2 carbon bonds 

[145-147]. The other strong, sharp peak at 1344 cm-1 (D-band) is due to an activation of 

an otherwise symmetry forbidden set of modes by the defects in the sp2 network. The 

exact positions of the bands depend on the laser frequency and the details of the 

electronic and phonon energy dispersion. The Raman spectrum of the LiFePO4/MWCNT 

nanocomposite in Figure 3.10 shows the characteristic bands for both MWCNT and 

LiFePO4, suggesting the coverage by MWCNT. 

 
 

 

 

 

 

 

 

 

 

 
Figure 3.10. Raman spectra of (a) LiFePO4 nanorods, (b) MWCNT, and (c) 
LiFePO4/MWCNT nanocomposite.  
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Figure 3.11. Impedance spectra of the LiFePO4 nanorods and LiFePO4/MWCNT 
nanocomposite recorded in the frequency range of 100 kHz - 10 mHz. 

Figure 3.11 shows the electrochemical impedance spectra (EIS) of the pristine 

LiFePO4 and LiFePO4/MWCNT nanocomposite. The EIS data were collected with a two 

electrode coin cell after activation (i.e., after subjecting the coin cell to one charge - 

discharge cycle). The initial activation is to suppress the lithium-electrolyte interfacial 

resistance arising from the passivating film formed on the lithium metal in contact with 

the electrolyte. The Nyquist plots of the pristine LiFePO4 and LiFePO4/MWCNT 

nanocomposite in Figure 3.11 show a semicircle followed by a sloping line at low 

frequencies. The impedance spectra can be explained on the basis of an equivalent circuit 

with electrolyte resistance (Re), charge transfer resistance (Rct), double layer capacitance 

(Cdl), and Warburg impedence (Zw) [148,149] as indicated in Figure 3.11.  While the 

high-frequency intercept of the semicircle gives the ionic resistance of the electrolyte 
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(Re), the low-frequency intercept of the semicircle gives the resistance related to the 

charge transfer between the electrolyte and the active material (Rct). Rct is related to the 

impedance associated with particle-particle contacts in the composite electrode and the 

electrochemical reaction at the electrode-electrolyte interface [150]. The sloping line in 

the very low frequency region is attributed to the Warburg impedance, which is 

associated with the lithium-ion diffusion in the electrode. A significant decrease in the 

charge transfer resistance from ~ 1 Ω/mg in the pristine LiFePO4 to ~ 0.6 Ω/mg in the 

LiFePO4/MWCNT nanocomposite is related to the improvement in electronic 

conductivity provided by a nanoscale networking of MWCNT on the LiFePO4 nanorods. 

This is also supported by the changes in the charge-discharge profiles as discussed below. 

The first charge-discharge profiles and cyclability of the long LiFePO4 nanorods 

and the corresponding LiFePO4/MWCNT nanocomposite are shown in Figure 3.12. As 

seen in Figure 3.12, the networking of the LiFePO4 nanorods with MWCNT leads to an 

increase in the discharge capacity to ~ 161 mAh/g with a significant reduction in the 

polarization loss, which is consistent with the impedance data. The LiFePO4/MWCNT 

nanocomposite also exhibits excellent capacity retention during cycling due to good 

contact among particles and between the particles and the current collector.  
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Figure 3.12. (a) First charge-discharge profiles of the pristine LiFePO4 nanorods and 
LiFePO4/MWCNT nanocomposite at C/10 rate, and (b) comparison of the cyclability of 
the pristine LiFePO4 nanorods and LiFePO4/MWCNT nanocomposite. 
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Figure 3.13. Cyclability of the (a) long LiFePO4 nanorods and (b) short LiFePO4 
nanorods at different discharge rates from C/10 to 10C before and after networking with 
MWCNT. The charging rate was kept constant at C/10 for all the samples. 
 

Figures 3.13a and b compare the discharge capacity at various C-rates for the long 

and short LiFePO4 nanorods before and after networking with MWCNT. The rate 

performance is significantly improved in the LiFePO4/MWCNT nanocomposite when 

compared to the pristine LiFePO4. With both the pristine and MWCNT nanocomposite 

samples, the shorter LiFePO4 nanorods exhibit higher discharge capacity at a given C-

rate than the long nanorods due to a faster lithium-ion diffusion arising from a shorter 

diffusion length. As seen in the plots, the capacity is restored when the discharge rate is 
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decreased from 5C to C/2 for all the samples, indicating that the loss in capacity at higher 

rates is due to a diffusion-limited phenomenon.  

3.3.5 LiFePO4/C nanocomposite 

An ex situ coating of carbon was also obtained by heating the nanostructured 

LiFePO4 with sucrose in 2 % H2 – 98 % Ar at 700 oC for 1 h. Figures 3.14a and b show 

the XRD pattern of the as-synthesized LiFePO4 and LiFePO4/C nanocomposite. All the 

reflections in both the samples could be indexed on the basis of an orthorhombic olivine-

type LiFePO4 structure without any detectable impurity phases. No detectable reflections 

corresponding to carbon could be seen in Figure 3.14b due to its low content or its 

amorphous structure. TGA analysis of the product confirmed the carbon content to be 5 

wt. % in the LiFePO4/C nanocomposite.  

 

 

 

 

 

 

 

 

 

 

Figure 3.14. XRD patterns of (a) the as-synthesized LiFePO4 nanorods and (b) 
LiFePO4/C nanocomposite.  
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The TEM images of the LiFePO4/C nanocomposite shown in Figure 3.15, 

indicates a uniform carbon nanocoating (amorphous region) on the LiFePO4 nanorods 

(crystalline fringe region). The images illustrate a “core-shell” structure with a 5 - 12 nm 

carbon shell on the LiFePO4 core. Moreover, the high temperature (700 oC) treatment 

does not alter the particle size and morphology significantly, suggesting that the carbon 

coating inhibits the crystallite growth normally encountered during high temperature heat 

treatment.  

 
Figure 3.15. (a) TEM and (b) high resolution TEM images of the LiFePO4/C 
nanocomposite. 

Figure 3.16 shows the Raman spectra of the LiFePO4/C nanocomposites obtained 

by an ex situ coating of carbon at 700 oC on the MW-ST LiFePO4. The presence of bands 

corresponding to both the PO4 group at 948 cm-1 and the characteristic carbon D and G 

bands at 1337 cm-1 and 1607 cm-1 confirms the uniform coating of carbon on the surface 

of LiFePO4 nanorods. The ID/IG value (the peak intensity ratio between the 1340 and 

1605 cm-1 peaks) generally provides a useful index for comparing the degree of 

crystallinity of various carbon materials, i.e., smaller the ratio of ID/IG, higher the degree 
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of ordering in the carbon materials.  The carbon coating produced by heating the 

nanorods with sucrose to 700 oC shows a higher ID/IG ratio of 1.78 in Gaussian peak 

fitting, demonstrating the amorphous nature of the carbon formed. In general carbons 

produced at 700 oC usually contain a significant amount of amorphous carbon and the 

Raman spectrum substantiates the amorphous carbon coating observed in TEM analysis. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.16. Raman spectrum of LiFePO4/C nanocomposite. 

Figure 3.17 compares the first charge-discharge profiles and cyclability of 

LiFePO4 and LiFePO4/C nanocomposite obtained by the MW-ST method. The as-

synthesized LiFePO4 obtained by the MW-ST method exhibits a discharge capacity of 

146 mAh/g with a significant voltage difference between the charge and discharge curves 

as seen in Figure 3.17. However, the LiFePO4/C nanocomposite exhibits a high discharge 
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capacity of 162 mAh/g, which is close to the theoretical value of 170 mAh/g with little 

difference between the charge and discharge curves as seen in Figure 3.17a. It also 

exhibits excellent cyclability with no noticeable fade in 30 cycles as seen in Figure 3.17b. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.17. Comparison of the (a) first charge-discharge profiles and (b) cyclability of 
the as-synthesized LiFePO4 nanorods and the LiFePO4/C nanocomposite. 
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Figure 3.18. Comparison of the rate capabilities of the (a) as-synthesized LiFePO4 
nanorods and (b) LiFePO4/C nanocomposite. 

Figure 3.18 compares the rate capabilities (at C/10 to 10C rates) of LiFePO4 and 

LiFePO4/C nanocomposite obtained by the MW-ST method. The LiFePO4/C 

nanocomposite obtained by heating at 700 oC exhibits better rate capability compared to 

the as-synthesized LiFePO4. Thus, the conductive carbon coating along with the faster 

lithium-ion conduction play a critical role in improving the electrochemical properties of 

LiFePO4.  

3.3.6 LiMPO4 (M = Mn and Co)/MWCNT nanocomposite 

Replacing the transition metal ion Fe2+ ions with Mn2+, Co2+ and Ni2+ increases 

the redox potential significantly from 3.45 V in LiFePO4 to 4.1, 4.8 and 5.1V in 
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LiMnPO4, LiCoPO4, and LiNiPO4 respectively because of the change in Fermi energy 

with different transition metal ion substitution. However, these materials also suffer from 

poor electronic conductivity problems. So, the as-synthesized LiMnPO4 and LiCoPO4 

were mixed with MWCNT to improve their electrochemical performance. Figures 3.19 

and 3.20 compare the rate performance and cyclability of the LiMPO4 (M = Mn, and Co) 

nanorods before and after networking with MWCNT.  

LiMnPO4 is of particular interest to the battery community because of the ideal 

location of the Mn2+/3+ couple at 4.1 V vs Li/Li+, which is compatible with the presently 

available commercial electrolytes. However, due to the extremely low intrinsic electronic 

conductivity (~ 10-14 S/cm) compared to that of LiFePO4 (~ 10-9 S/cm) [151,152] and the 

heavy polaronic holes localized on the Mn3+ sites, LiMnPO4 exhibits inferior 

electrochemical performance with a low capacity and a sloping voltage profile arising 

from a huge polarization loss even at the low C-rates of C/100. Although the nano 

networking of LiMnPO4 with MWCNT increases the capacity value and improves the 

cyclability, the capacity value is still low to be considered for practical cells. 

Realization of near theoretical capacity in materials like LiCoPO4 that has a 

higher operating voltage of ~ 4.8 V can enhance the energy and power densities 

significantly, appealing for next generation lithium ion cells. However, the LiCoPO4 

nano-thumbs offer a discharge capacity of ~ 120 mAh/g, and the LiCoPO4-MWCNT 

nanocomposite offers higher rate capability with lower polarization loss compared to the 

pristine LiCoPO4. We believe the lower capacity value and the capacity fade on cycling 

(Figure 3.20) are due to the lack of compatible electrolyte to operate at the high voltage 

of 4.8 V, and development of more stable electrolyte compositions has the potential to 

improve the performance of LiCoPO4 further.  
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Figure 3.19. Discharge profiles recorded at different C-rates of the pristine LiMPO4 (M = 
Mn and Co) prepared by the MW-ST method and the LiMPO4/MWCNT nanocomposites.  
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Figure 3.20. Cyclability of the LiMPO4/MWCNT (M = Mn and Co) nanocomposites. 

3.4 CONCLUSION 

In summary, a novel microwave-solvothermal approach has been developed to 

synthesize single-crystalline LiMPO4 (M= Mn, Fe, Co, and Ni) nanorods within a short 

reaction time (5-15 min) without requiring any elevated temperature post processing in 

reducing gas atmospheres, significantly lowering the manufacturing cost. Furthermore, 

the lithium diffusion direction (b axis) along the thickness of the nanorods offers 

particular advantage to achieve fast lithium-ion diffusion and high power capability 

necessary for automotive applications. Subsequent formation of LiFePO4/PEDOT, 

LiFePO4/MWCNT, and LiFePO4/C nanocomposites offers high capacity with excellent 

rate capability and cyclability. Also, the rate capability is found to increase with 

decreasing size of the LiFePO4 nanorods, demonstrating that the lithium-ion conduction 

plays a critical role in the power capability of phospho-olivine cathodes. 

However, both LiMnPO4/MWCNT and LiCoPO4/MWCNT show inferior 

electrochemical performances with a low capacity due to, respectively, the low electronic 

conductivity and lack of stable electrolytes at the high operating voltage of 4.8 V. With a 
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theoretical voltage of 5.1 V vs Li/Li+, LiNiPO4 poses even a tougher challenge on the 

electrolyte oxidation issue and therefore, we were not able to carry out the 

electrochemical tests on the synthesized LiNiPO4 nano-thumbs with the available 

conventional electrolytes (1 M LiPF6 in 1:1 diethyl carbonate). 
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Chapter 4:  Microwave-Solvothermal Synthesis of Nanostructured 
Li2MSiO4/C (M = Mn and Fe) Cathodes 

4.1 INTRODUCTION 

Even though LiFePO4 has become successful due to its low cost and good safety 

characteristics, its energy density is limited due to the lower operating voltage (3.4 V), 

lower theoretically capacity (~170 mAh/g), and lower crystallographic density. In this 

regard, polyanion-containing frameworks that can reversibly insert/extract two lithium 

ions per formula unit would help to increase the capacity and energy density while 

benefiting from the highly stable covalently bonded XO4 groups.  

Recently, the silicate Li2FeSiO4 that is based on the LISICON (lithium super ionic 

conductor) structure has become appealing as it could theoretically insert/extract two 

lithium ions per formula unit with a theoretical capacity of ~ 330 mAh/g [87]. Following 

this, silicates with the general formula Li2MSiO4 (M = Mn, and Co) have also been 

identified as potential lithium insertion/extraction hosts [89,153,154]. Among them, 

Li2FeSiO4 has drawn the most attention as it exhibits a stable cycle life with a reversible 

practical capacity of around 160 mAh/g [88,155,156]. However, this practical capacity 

corresponds to an extraction/insertion of only one lithium per formula unit. Similarly, 

preliminary experiments with Li2MnSiO4 indicated a reversible insertion/extraction of 

less than 0.5 lithium ions per formula unit [89]. The low practical capacity was attributed 

to the poor electronic conductivity of Li2MnSiO4, and with a reduction in particle size 

and coating with conductive carbon, capacities close to 200 mAh/g have been realized 

recently [157] 

The major drawback of the silicate family is their characteristically low electronic 

conductivity, which has been shown to be up to three orders of magnitude lower than that 
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of LiFePO4 [158]. To overcome this obstacle, various solution-based synthesis methods 

such as sol-gel assisted hydrothermal and refluxing methods have been pursued to obtain 

nanoparticles of Li2MSiO4. However, obtaining a phase-pure material by these methods 

is a challenge as most of the synthesis methods produce impurities such as Li2SiO3, 

Fe3O4, and Mn2SiO4, resulting in low capacities [156,159]. 

In this regard, hydrothermal and solvothermal approaches are appealing as they 

could produce phase-pure materials with unique nanomorphologies. Chapter 3 showcased 

the synthesis of olivine LiMPO4 (M = Mn, Fe, Co, and Ni) by microwave-assisted 

solvothermal (MW-ST) and hydrothermal (MW-HT) methods at < 300 oC within a 

relatively short reaction time of 5-15 minutes. This approach not only decreases the 

manufacture time, but also allows the creation of unique nanomorphologies. With an aim 

to obtain phase-pure samples, this Chapter presents the microwave-solvothermal 

synthesis and characterization of carbon-decorated nanostructured Li2FeSiO4 and 

Li2MnSiO4. 

4.2 EXPERIMENTAL 

4.2.1 Microwave-Solvothermal Synthesis of Li2MSiO4  

Li2FeSiO4 and Li2FeSiO4 were prepared by a microwave-solvothermal approach 

as described below. Appropriate quantities of tetraethyl orthosilicate (TEOS) (Acros 

Organics), lithium hydroxide (Fisher), and iron (II) acetate (STREM Chemicals) or 

anhydrous manganese (II) acetate tetrahydrate (Acros Organics) were first dissolved in 

30 mL of tetraethyleneglycol (TEG) (ACROS-Organics) and transferred into a quartz 

vessel suitable to be used in the microwave system. The concentrations of the reactants 

were kept at 0.30 M for Li+ and 0.15 M each for Fe2+/Mn2+, and (SiO4)4- in TEG. The 

homogeneous solutions were then sealed in quartz vessels and placed on a turntable for 
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uniform heating in an Anton Paar microwave irradiation system (Synthos-3000) equipped 

with a wireless pressure and temperature sensor. With an operating frequency of 2.45 

GHz and a constant power of 600 W for 25 min, the temperature reached the maximum 

set value of 300 oC after 20 min. Precipitation of Li2MSiO4 took place inside the reactor 

during this solvothermal process, and the reactor was then cooled to room temperature 

after maintaining at 300 oC for 5 min. The supernatant TEG solvent was carefully 

decanted and the resulting Li2MSiO4 powder was washed repeatedly with acetone until 

the washings were colorless to ensure a complete removal of TEG. Because of the 

sensitivity of the material in air, the obtained powder was then transferred to an argon-

filled glove box. 

4.2.2 Synthesis of Li2MSiO4/C nanocomposites  

The Li2MSiO4 nanocrystals obtained by the microwave-assisted solvothermal 

process were mixed with 30 wt. % sucrose powder and carbonized in a flowing argon 

atmosphere at 650 °C for 6 h to achieve the carbon coating. The carbon content in the 

composite thus obtained was determined to be ~12 wt. % from thermogravimetric 

analysis (TGA). The Li2MSiO4 samples heated  in Ar atm at 650 oC with and without 

sucrose were analyzed by heating to 700 oC in air atm (heating and cooling rates of 2 
oC/min) in TGA, and the carbon content was calculated from the difference in weight loss 

between the two samples. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Structural analysis 

Figure 4.1 shows the XRD patterns of the as-synthesized and carbon-coated 

Li2FeSiO4 and Li2MnSiO4. The XRD patterns of the as-synthesized samples obtained 

after the MW-ST reaction indicates the formation of monoclinic Li2FeSiO4 and 
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Li2MnSiO4. However, it is apparent that the peaks are not well defined, indicating the 

incomplete formation of Li2MSiO4. In addition, the as-synthesized samples show Fe3O4 

and Mn2SiO4 impurities, respectively, in the cases of Li2FeSiO4 and Li2MnSiO4. The 

XRD patterns of the Li2MSiO4/C nanocomposites obtained after heating at 650 oC for 6 h 

show marked improvement in crystallinity, and all the reflections could be indexed on the 

basis of the monoclinic structure with the space group P21. Thus, heating at 650 oC 

eliminates the impurity phases and produces a single-phase material. 

Li2MSiO4 adopts a 3-dimensional structure in which the lithium ions occupy the 

tetrahedral sites between the layers consisting of chains of alternating corner-shared FeO4 

and SiO4 trigonal pyramids as shown in Figure 4.2. The lattice parameter values were 

obtained by refining the XRD data with the CELREF software. The lattice parameter 

values of a = 8.237 Å, b = 5.012 Å, c = 8.256 Å, and β = 99.11 obtained for Li2FeSiO4 

and a = 8.228 Å, b = 4.983 Å, c = 8.265 Å, and β = 98.41 obtained for Li2MnSiO4 are in 

close agreement with the literature values [88]. The XRD peaks are broad even after 

heating to 650 oC due to the nanocrystalline nature of Li2MSiO4/C. Further analysis of 

the XRD data using the Scherrer’s formula revealed an average crystallite size of 

approximately 20 nm for both Li2FeSiO4/C and Li2MnSiO4/C samples. The XRD patterns 

do not show any peaks corresponding to carbon due to its amorphous nature and low 

content. Elemental analysis of the heated Li2FeSiO4
 and Li2MnSiO4 samples by ICP for 

lithium, iron, and manganese contents gave a Li/M (M = Fe or Mn) ratio of 2:1, 

confirming the formation of samples with the Li2MSiO4 stoichiometry. 
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Figure 4.1. XRD patterns of the as-synthesized and carbon-coated Li2FeSiO4 and 
Li2MnSiO4. 
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Figure 4.2. Crystal structure of Li2FeSiO4. 

4.3.2 Morphological analysis 

The morphology of the Li2MSiO4/C nanocomposites was examined with ultra 

high resolution field emission scanning electron microscopy (FE-SEM) and high 

resolution transmission electron microscopy (HR-TEM). Figures 4.3a - d show the SEM 

images of the Li2FeSiO4/C and Li2MnSiO4/C nanocomposites. Li2FeSiO4/C exhibits 

nanosphere-like morphology with a particle diameter of approximately ~ 150 nm as seen 

in Figure 4.3a. However, looking at the magnified SEM image shown in Figure 4.3b, it 

becomes apparent that the nanospheres are a result of an agglomeration of the 

nanoparticles of Li2FeSiO4 with an average particle size of around 20 nm. Nevertheless, 

the nanosphere-like morphology is beneficial for increasing the tap density as the larger 

size of the secondary particles (~ 150 nm) allows for a denser packing, while the smaller 

size of the primary particles (~20 nm) improves the lithium-ion and electronic 

conduction. While Li2FeSiO4/C shows nanosphere-like morphology, LiMn2SiO4/C shows 
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partially agglomerated nanoparticles with an average particle size of ~ 20 nm as seen in 

Figures 4.3c and d. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3. (a) Low and (b) high magnification FE-SEM images of the Li2FeSiO4/C 
nanocomposite and (c) low and (d) high magnification FE-SEM images of the 
Li2MnSiO4/C nanocomposite. 

Figures 4.4a - d show the TEM and HR-TEM images of the Li2FeSiO4/C and 

Li2MnSiO4/C nanocomposites. Figures 4.4a and c show the low-magnification TEM 

images of Li2FeSiO4/C and Li2MnSiO4/C. Consistent with the SEM images, Li2FeSiO4/C 

adopts a nanosphere-like morphology, while Li2MnSiO4/C comprises partially 

agglomerated nanoparticles. The HR-TEM images in Figures 4.4b and d show 

amorphous carbon coating on the Li2FeSiO4 and Li2MnSiO4 nanoparticles. The MW-ST 

method is able to produce nanoparticles because the highly viscous, high boiling point 

TEG solvent used in the synthesis not only provides a reducing environment to prevent 
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the oxidation of M2+ to M3+, but also hinders particle growth during the solvothermal 

synthesis. The small particle size of Li2MSiO4 provides short pathways for rapid lithium-

ion and electron conduction within the nanoparticles, while the uniform carbon coating 

connects the nanoparticles in close proximity, providing a highly conductive channel for 

the electron mobility between adjacent Li2MSiO4 nanoparticles. 

 
Figure 4.4. (a) TEM and (b) HRTEM images of the Li2FeSiO4/C nanocomposite and (c) 
TEM and (d) HRTEM images of the Li2MnSiO4/C nanocomposite. 
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4.3.3 Raman spectroscopy  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.5. Raman spectrum of the Li2FeSiO4/C nanocomposite. 

Raman spectroscopy has emerged in recent years as a powerful tool to 

characterize sp2 bonded carbons. Figure 4.5 shows the Raman spectrum of the 

Li2FeSiO4/C nanocomposite. While the fundamental D and G bands of carbon occur at 

around, respectively, 1351 and 1603 cm-1, the characteristic bands for Li2FeSiO4 are 

visible around 800 cm-1, all of which attest to carbon-coated Li2FeSiO4. The peaks 

around 800 cm-1 correspond to the symmetric stretching internal vibrational modes of the 

SiO4 anions in Li2FeSiO4 [160]. The carbon spectrum could be deconvoluted into four 

Gaussian bands at 1603, 1505, 1351, and 1199 cm-1, which are referred to as, 
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respectively, G, D'', D, and I bands, following the convention of Bonhomme et al [161] 

used for peak fitting. The peak intensity ratio between the D and G bands (ID/IG) 

generally provides a useful index for comparing the degree of crystallinity of various 

carbon materials, i.e., a smaller ratio of ID/IG corresponds to a higher degree of ordering 

in the carbon material. The ID/IG ratio for Li2FeSiO4 was found to be 1.63, demonstrating 

that the carbon formed is fairly amorphous due to the low annealing temperature of 650 
oC. Thus, the Raman data agree with the TEM images, validating that the carbon coating 

is amorphous on the Li2FeSiO4 nanoparticles. Raman analysis of Li2MnSiO4/C also 

produced similar results. 

4.3.4 Electrochemical analysis  

Galvanostatic charge-discharge measurements were carried out with lithium cells 

at C/20 rate to evaluate the electrochemical properties of the Li2MSiO4/C nanocomposite 

cathodes. Figure 4.6 shows the first and second charge-discharge profiles of the 

Li2FeSiO4/C and Li2MnSiO4/C nanocomposites at room temperature. The Li2FeSiO4/C 

nanocomposite delivers a first discharge capacity of around 148 mAh/g, which is close to 

the value expected for the extraction of one lithium per formula unit (166 mAh/g) and the 

oxidation of Fe2+ to Fe3+. The extraction of the second lithium corresponding to the 

oxidation of Fe3+ to Fe4+ has been notably absent in previous investigations as well. As 

seen in Figure 4.6, the first charge profile shows a nearly flat region around 3.1 V for 

Li2FeSiO4, which occurs at considerably lower potential than that in LiFePO4 (3.43 V). 

It is interesting to note that the second charge curve is different from the first 

charge curve. This phenomenon has been ascribed to structural rearrangements involving 

the exchange of lithium and iron between their sites during first charge as indicated by in-

situ XRD measurements [155]. In addition, the voltage plateau of the second charge is 

lower than that of the first charge plateau. However, the first and second discharge curves 
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are similar, implying that there is no major structural change occurring after the first 

charge. While only close to one lithium ion per formula can be extracted/inserted 

from/into Li2FeSiO4/C, more than one lithium ion per formula could be extracted/inserted 

from/into Li2MnSiO4/C. As seen in Figure 4.6, Li2MnSiO4/C delivers a high first 

discharge capacity of around 210 mAh/g at C/20 rate at room temperature. Like 

Li2FeSiO4, Li2MnSiO4 also shows a decrease in the voltage on going from first charge to 

second charge, indicating a structural rearrangement in Li2MnSiO4 during first charge.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Charge-discharge profiles recorded at C/20 rate and room temperature of 
Li2FeSiO4/C and Li2MnSiO4/C. 
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Figure 4.7. (a) Charge-discharge profiles recorded at C/20 rate and at 55 oC and (b) 
dQ/dV vs. voltage plots of Li2FeSiO4/C and Li2MnSiO4/C. 
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Figure 4.7a shows the charge-discharge profiles of Li2FeSiO4/C and Li2MnSiO4/C 

at 55 oC. Interestingly, the first charge profile of Li2FeSiO4/C exhibits two voltage 

plateaus corresponding to the Fe2+/3+ couple at ~ 3.1 V and the Fe3+/4+ couple at ~ 4.7 V. 

Also, the discharge capacity increases significantly from 148 mAh/g at room temperature 

to 204 mAh/g at 55 oC, demonstrating the ability to extract/insert an additional lithium 

involving the Fe3+/4+ couple at high temperatures. The increase in capacity and lithium 

extraction at high temperatures can be attributed to enhanced kinetics. As seen in Figure 

4.7a, Li2MnSiO4/C also delivers a high charge capacity of around 335 mAh/g and a high 

discharge capacity of around 250 mAh/g at 55 oC, corresponding to a reversible 

extraction and insertion of, respectively, about 2 and 1.5 lithium ions per formula unit. 

Additionally, the polarization loss (voltage difference between the charge and discharge 

curves) is significantly decreased at high temperatures compared to that at room 

temperature.  

Figure 4.7b shows the dQ/dV vs. voltage plots for Li2FeSiO4/C and Li2MnSiO4/C. 

The peaks correspond to the voltage plateaus of the M2+/3+ and M3+/4+ redox couples. 

Interestingly, Li2FeSiO4 shows two cathodic peaks during first charge, one at ~ 3.1 V and 

the other at ~ 4.7 V, which correspond to the redox reaction involving 

Li2FeSiO4/LiFeSiO4 (Fe2+/3+) and LiFeSiO4/Li1-xFeSiO4 (Fe3+/4+). In contrast, 

Li2MnSiO4/C shows a single cathodic peak at ~ 4 V corresponding to both the Mn2+/3+ 

and Mn3+/4+ redox couples. Figure 4.7b also shows the shift in the cathodic peak from 3.1 

V for the first charge to 2.8 V for the second charge in Li2FeSiO4, with the anodic peak 

occurring at the same potential for both the first and second discharges. However, 

Li2MnSiO4/C does not exhibit a sharp peak during discharge, possibly due to structural 

rearrangements and conversion of the crystalline Li2MnSiO4 into an amorphous phase 

during the first charge [157]. 
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Figure 4.8. Crystal field splitting and 3d-orbital energy level diagram for the high-spin 
Fe2+ and Mn2+ in Li2MSiO4. The electrons involved in the redox reaction are shown with 
a dashed arrow. 

This disparity as to why the oxidation of Fe2+ to Fe3+ and Fe3+ to Fe4+ occur in 

two different voltage steps while the oxidation of Mn2+ to Mn3+ and Mn3+ to Mn4+ occurs 

at the same voltage in Li2MSiO4 can be explained by considering the energy level 

diagram shown in Figure 4.8 [27]. As seen in Figure 4.8, while the first and second 

electrons corresponding to the oxidation of Mn2+ to Mn3+ and Mn3+ to Mn4+ are removed 

from the same low-lying Mn:eg orbital (even though a higher oxidation state will lead to a 

lowering of the eg orbital, lowering seems too small to cause a noticeable shift in the 

redox potential on going from the Mn2+/3+ to Mn3+/4+ redox couple), the first electron 

corresponding to the oxidation of Fe2+ to in Fe3+ is removed from the upper-lying Fe:t2g 

orbital and the second electron corresponding to the oxidation of Fe2+ to Fe4+ is removed 

from the low-lying Fe:eg orbital. This difference seems to lead to a significant increase in 

redox voltage from 3.1 V for the Fe2+/3+ couple to 4.7 V for the Fe3+/4+ couple in 

Li2FeSiO4. Additionally, it is worth noting that the Fe2+/3+ couple in Li2FeSiO4 exhibits a 

lower voltage (3.1 V) than the Mn2+/3+ couple in Li2MnSiO4 (4.0 V) despite Fe being 
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more electronegative than Mn as the electron is removed from the upper-lying t2g orbital 

of Fe2+: t2g
4eg

2 (due to the paring of the sixth electron in the t2g orbital) in Li2FeSiO4 while 

it is removed from the lower-lying eg orbital of Mn2+: t2g
3eg

2 in Li2MnSiO4 (Figure 4.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 4.9. Cyclability data of Li2FeSiO4/C and Li2MnSiO4/C at (a) 25 oC and (b) 55 oC.  
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Figure 4.10. Discharge profiles recorded at different C rates of Li2FeSiO4/C and 
Li2MnSiO4/C, illustrating the rate capability. 

Figures 4.9a and b show the cyclability of the Li2FeSiO4/C and Li2MnSiO4/C 

nanocomposite cathodes at room temperature and at 55 oC. Li2FeSiO4/C exhibits a stable 

cycle life with 100 % capacity retention at both room temperature and 55 oC, 

demonstrating its good reversibility and structural integrity during cycling. In contrast, 

Li2MnSiO4/C exhibits drastic capacity fade, especially at 55 oC, and it retains only 50 % 

of its initial capacity at room temperature and 15 % of its initial capacity at 55 oC after 20 

cycles. This poor capacity retention of Li2MnSiO4/C is due to the presence of Mn3+ ions, 

which could encounter dynamic Jahn-Teller distortion and manganese dissolution as in 

the case of LiMn2O4 spinel cathodes. The poor cycle performance of Li2MnSiO4 can also 

be ascribed to the structural instability of the de-lithiated phase, which converts into an 
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amorphous state after the first charge as indicated by recent ex-situ XRD measurements 

[157]. 

Figure 4.10 shows the discharge profiles of Li2FeSiO4/C and Li2MnSiO4/C at 

various C-rates to illustrate their rate capability. The profiles were recorded by charging 

the cathodes at the same rate of C/50 and discharging at different rates ranging from C/50 

to 2C at room temperature. While Li2FeSiO4/C retains about 70 % of its capacity on 

going from C/50 to 2C rate, Li2MnSiO4/C retains only around 40 % of its capacity. The 

rate performance of Li2MnSiO4/C is worse than that of Li2FeSiO4/C due to its lower 

electronic conductivity (~ 10-16 S/cm) compared to that of Li2FeSiO4 (~ 10-14 S/cm in) 

[158]. The Li2FeSiO4/C sample synthesized by the MW-ST approach exhibits impressive 

rate performance despite its poor electronic conductivity due to the synergistic effect of 

short lithium diffusion path length in the small nanoparticles (< 20 nm) and the uniform 

conductive matrix provided by the carbon. 

4.3.5 Thermal stability analysis  

When designing battery electrodes, safety is an important factor to consider. 

Differential scanning calorimetry (DSC) is a useful technique for comparing the behavior 

of different electrodes under the conditions of thermal runaway, thus quantifying the 

relative safety of the electrode. Accordingly, the cells were charged to 4.7 V prior to 

analysis because higher states of charge are known to be less stable due to the de-

intercalated lattice [162]. Figure 4.11 shows the DSC plots for Li2-xFeSiO4 and Li2-

xMnSiO4. For Li2-xFeSiO4, two peaks are observed at 216 and 344 oC, with a total 

exothermic heat flow of 330 J/g. Li2-xMnSiO4 exhibits three peaks at 208, 235, and 344 
oC with a total exothermic heat flow of 1,060 J/g.  
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Figure 11. DSC profiles of the charged (to 4.7 V) Li2-xFeSiO4/C and Li2-xMnSiO4/C. 

This sizeable difference in heat flow between Li2-xFeSiO4 and Li2-xMnSiO4 can be 

attributed to the fact that there is a high fraction of the higher oxidation state Mn4+ in the 

fully charged Li2-xMnSiO4, whereas the fully charged Li2-xFeSiO4 contains predominantly 

Fe3+ as evidenced by the differences in the charge capacities in Figure 4.6. The poor 

thermal stability of Li2-xMnSiO4 can also be further rationalized by considering the 

structural instability of its de-lithiated phase. For a comparison, LiFePO4 is reported to 

have two peaks in the range of 240 – 360 oC with an exothermic heat flow of 210 J/g 

[163]. While the thermal stability of Li2FeSiO4 is slightly worse than that of LiFePO4, it 

is much better than that of Li2MnSiO4 and layered oxide cathodes. Depending on the 

composition, layered oxide cathodes have been reported to exhibit peak temperatures 

between 200 and 310 oC, but the enthalpy of reaction typically ranges from over 1,000 to 
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3,300 J/g [164,165]. Consequently, Li2FeSiO4 is an attractive candidate for large-scale 

applications due to its good thermal stability and safety characteristics.  

4.4 CONCLUSION 

In summary, this chapter demonstrates the synthesis of carbon-decorated 

Li2FeSiO4 and Li2MnSiO4 nanostructures by a novel microwave-solvothermal approach. 

The nanostructured samples obtained by the MW-ST process provide short pathways for 

rapid lithium-ion and electronic conduction within the nanoparticles and the uniform 

carbon coating improves the electronic conductivity. More importantly, while only one 

lithium ion has been shown to be reversibly extracted/inserted from/into Li2FeSiO4 in 

previous reports, more than one lithium could be extracted from our Li2FeSiO4/C sample 

at 55 oC, as evidenced by an increase in the discharge capacity to 204 mAh/g. The 

Li2FeSiO4/C sample is also found to exhibit excellent cyclability and rate capability along 

with good safety characteristics. Although Li2MnSiO4/C displays high capacities of 

around 210 mAh/g at 25 oC and 250 mAh/g at 55 oC, it exhibits poor rate performance 

and drastic capacity fade during cycling.  The poor rate performance can be ascribed to 

its low electronic conductivity, and the capacity fade could be related to Jahn-Teller 

distortion and structural instability. Additionally, Li2MnSiO4 displays poor thermal 

stability as shown by the DSC data.  
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Chapter 5:  Understanding the shifts in the redox potentials of olivine 
LiM1-yMyPO4 (M = Fe, Mn, Co, and Mg) solid solution cathodes 

5.1 INTRODUCTION 

Replacing the transition-metal ion Fe2+ in olivine LiMPO4 by Mn2+, Co2+, and 

Ni2+ increases the redox potential significantly from 3.45 V in LiFePO4 to 4.1, 4.8, and 

5.1 V, respectively, in LiMnPO4, LiCoPO4, and LiNiPO4 because of the changes in the 

positions of the various redox couples. LiMnPO4 is of particular interest because of the 

environmentally benign manganese and the favorable position of the Mn2+/3+ redox 

couple at 4.1 V vs Li/Li+, which is compatible with most of the electrolytes. However, it 

has been shown to offer very low practical capacity even at low currents due to the lower 

electronic conductivity (~10-14 S/cm) of the insulating LiMnPO4 compared to LiFePO4 (~ 

10-9 S/cm) [151,152]. On the other hand, the flat voltage profile at 4.8 V of LiCoPO4 is 

attractive to increase the energy density. However, its full theoretical capacity (~ 167 

mAh/g) has not been realized in practical cells so far, and the cycle life of LiCoPO4 is 

also poor due to the instability of the commonly used LiPF6 in EC: DEC electrolyte at 

these high operating voltages [166,167]. The redox potential of LiNiPO4 is even higher at 

5.1 V, which makes it hard to test with the currently available electrolytes. Recently, the 

mixed transition-metal olivine systems have attracted considerable interest [168-171]. 

Among them, the LiFe1-yMnyPO4 solid solution system has drawn much attention as it 

exhibits higher energy density and improved redox kinetics due to improved electronic 

conductivity compared to their end members. On the other hand, the LiMn1-yCoyPO4 and 

LiFe1-yCoyPO4 solid solutions are appealing due to their high operating voltage arising 

from the Co2+/3+ redox couple.  



 84

The reaction behavior of olivine phosphates has been studied in detail recently, 

showcasing several interesting observations. Although the initial work revealed a two-

phase reaction mechanism with LiFePO4 and FePO4 as end members, subsequent 

investigations by Yamada et al. [77] have indicated that the reaction involves two narrow 

mono-phase end members LiαFePO4 and Li1-βFePO4, where the values of α and β have 

been found to be dependent on temperature [78], particle size [79,80], and doping. 

Studies on the reaction behavior of the LiMn1-yFeyPO4 solid-solution have also revealed 

several interesting and contrasting observations. Earlier, a phase diagram for LiMn1-

yFeyPO4 was proposed in which the reaction behavior of the Fe2+/Fe3+ couple has been 

reported to change from two-phase behavior in LiFePO4 to single-phase behavior in 

LiMn1-yFeyPO4 (0.2 > y < 0.6),with the Mn3+/Mn2+ couple always showing a two-phase 

behavior [172,173]. However, recent in situ synchrotron X-ray diffraction studies have 

contradicted the above results, revealing a two-phase reaction mechanism for both the 

Fe2+/Fe3+ and Mn2+/Mn3+ redox couples in LiMn0.6Fe0.4PO4 with a solid solution domain 

occurring  in the intermediate region [174].  Recently, Kobayashi et al have reported a 

systematic shift in the redox potential of the Fe2+/3+ and Mn2+/3+ couples in the LiMn1-

yFeyPO4 solid solution compared to their pristine end members (LiFePO4 and LiMnPO4) 

[175]. However, measurements of the redox potentials and investigations of the reaction 

behaviors are not available for other solid solutions such as LiMn1-yCoyPO4, LiFe1-

yCoyPO4, and LiFe1/3Mn1/3Co1/3PO4. Understanding the reaction behavior of such solid 

solutions can help to improve the performance of olivine cathodes and the search for new 

cathode materials. 

With an aim to develop a broader understanding of the factors that influence the 

redox potentials, a systematic investigation of the structure, electrochemical performance, 

redox potential, reaction behavior, and self-discharge phenomenon of LiM1-yMyPO4/C (M 
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= Mn, Fe, Co, or Mg) solid solution cathodes (Figure 5.1) have been carried out on 

samples synthesized by an efficient high-energy mechanical milling (HEMM) method. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1. Phase diagram of the LiM1-yMyPO4 (M = Fe, Mn, or Co) solid solution 
system. The compositions studied are indicated by closed circles. 
 

5.2 EXPERIMENTAL 

5.2.1 Synthesis of LiM1-yMyPO4 solid solution 

LiFe1-yMnyPO4/C, LiFe1-yCoyPO4/C, LiMn1-yCoyPO4/C, LiFe1-yMgyPO4/C, and 

LiMn1-yMgyPO4/C with y = 0, 0.25, 0.50, 0.75, and 1.0 as well as LiFe1/3Mn1/3Co1/3PO4 

/C were prepared by a high-energy mechanical milling (HEMM) method (Figure 5.1), 

followed by heating as described below. Required amounts of lithium carbonate (Fisher), 

diammonium hydrogen phosphate (ACROS-Organics), and the divalent oxalate 

dihydrates of M (Alfa Aesar and M = Mn, Fe, Co, or Mg) were mixed with conductive 

super-p carbon to get a LiM1-yMyPO4 : C weight ratio of 80 : 20 in the final product. The 

precursors were loaded into a hardened stainless steel vial, with a ball to weight ratio of 1 
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: 20 (equal weights of 5 mm and 10 mm diameter balls) and sealed in an argon-filled 

glove box. The 80 ml volume steel vial was then subjected to high-energy ball milling for 

10 h at a speed of 500 rpm in a FRITSCH equipment. Crystalline LiM1-yMyPO4 samples 

were finally formed by heating the milled precursors at 550 oC for 6 h in Ar atmosphere 

in a tube furnace. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Structural and morphological analysis 

XRD patterns of the LiFe1-yMnyPO4, LiFe1-yCoyPO4, and LiMn1-yCoyPO4 solid 

solution systems with y = 0, 0.25, 0.50, 0.75, and 1.0 are shown in Figures 5.2a, 5.3a, and 

5.4a. As seen, the samples are single phase and all the reflections could be indexed on the 

basis of olivine structure with the space group Pnma. The enlarged patterns shown on the 

right side of Figures 5.2a, 5.3a, and 5.4a reveal a continuous shift in the positions of the 

(301), (311), and (121) reflections, confirming the formation of solid solutions. Figures 

5.2b, 5.3b, and 5.4b show the variations of lattice parameters and unit cell volume for the 

three solid solution systems. The systematic variations in lattice parameters and unit cell 

volume can be understood based on the ionic radii of the various M2+ cations (Mn2+: 0.83 

Å, Fe2+: 0.78 Å, and Co2+:0.75 Å) [176]. The linear variations in lattice parameters again 

confirm the formation of homogenous solid solutions. The XRD pattern of 

LiFe1/3Mn1/3Co1/3PO4 (Figure 5.5) also confirms the formation of single-phase solid 

solution with lattice parameters of a = 10.326, b = 6.009, and c = 4.712 Å, which match 

closely with the literature values [177]. An analysis of the XRD data by the Scherrer’s 

formula revealed an average crystallite size of 30 - 50 nm for all the solid solutions. Also, 

the XRD patterns did not show any peaks corresponding to impurity phases like Fe2P or 
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Co2P that are usually formed on heating at temperatures higher than 700 oC for longer 

periods of time in reducing gas atmospheres [178]. 

Morphological characterization of the synthesized samples was carried out by ultra 

high resolution field emission scanning electron microscopy (FE-SEM) and high 

resolution transmission electron microscopy (HR-TEM). Figures 5.6a and 5.6b show the 

low and high magnification FE-SEM images of the LiFe1/3Mn1/3Co1/3PO4/C 

nanocomposite.  The SEM image indicates the average particle size to be < 50 nm with 

some large agglomerates. The TEM image in Figure 5.6c confirms the formation of 

LiFe1/3Mn1/3Co1/3PO4 nanocrystals of ~ 50 nm diameter. The HR-TEM image in Figure 

5.6d shows the presence of carbon (light amorphous region) around the 

LiFe1/3Mn1/3Co1/3PO4 nanoparticles (dark crystalline fringe region). The HEMM 

approach used is able to produce nanometer size LiM1-yMyPO4 due to the low firing 

temperature used (550 oC) and the inhibition of the particle growth by the carbon present 

during the synthesis process. The smaller particle size is beneficial to enhance the 

electrochemical performance due to the shortening of both the lithium-ion and electron 

diffusion lengths within the particle, while the uniform carbon network formed during the 

mechanical milling of conductive carbon with the precursors improves the electronic 

conductivity of the electrode.  
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Figure 5.2. (a) XRD patterns of the LiFe1-yMnyPO4 solid solution, with the expanded 2θ 
region on the right showing the continuous shift in the positions of the reflections to 
lower angles with the substitution of larger Mn2+ for Fe2+ in LiFe1-yMnyPO4 and (b) 
variations of the unit cell parameters of LiFe1-yMnyPO4 with y. 
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Figure 5.3. (a) XRD patterns of the LiFe1-yCoyPO4 solid solution, with the expanded 2θ 
region on the right showing the continuous shift in the positions of the reflections to 
higher angles with the substitution of smaller Co2+ for Fe2+ in LiFe1-yCoyPO4 and (b) 
variations of the unit cell parameters of LiFe1-yCoyPO4 with y. 
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Figure 5.4. (a) XRD patterns of the LiMn1-yCoyPO4 solid solution, with the expanded 2θ 
region on the right showing the continuous shift in the positions of the reflections to 
higher angles with the substitution of smaller Co2+ for Mn2+ in LiMn1-yCoyPO4 and (b) 
variations of the unit cell parameters of LiMn1-yCoyPO4 with y. 
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Figure 5.5. XRD pattern of the LiFe1/3Mn1/3Co1/3PO4 solid solution. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 5.6. (a) Low and (b) high magnification FE-SEM images of 
LiFe1/3Mn1/3Co1/3PO4/C, and (c) TEM and (d) HRTEM images of 
LiFe1/3Mn1/3Co1/3PO4/C. 
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5.3.2 Electrochemical characterization 

Figure 5.7a shows the first discharge profiles of the LiFe1-yMnyPO4 solid solutions 

at C/20 rate. LiFePO4 delivers a high capacity of 162 mAh/g with a flat voltage of ~ 3.45 

V (close to its theoretical capacity of 170 mAhg-1), while LiMnPO4 delivers a low 

capacity of 91 mAh/g at ~ 4.1 V. The discharge profiles of the LiFe1-yMnyPO4 solid 

solution system exhibit voltage plateaus corresponding to both the Fe2+/3+ (3.45 V) and 

Mn2+/3+ (4.1 V) redox couples. The discharge capacity increases significantly from 91 

mAh/g in LiMnPO4 to 142 mAh/g in LiFe0.25Mn0.75PO4, and both LiFe0.50Mn0.50PO4 and 

LiFe0.75Mn0.25PO4 exhibit discharge capacity values close to 155 mAh/g. The increase in 

electrochemical activity on substituting Fe for Mn can be attributed to the improved 

electronic conductivity and lithium-ion conductivity compared to LiMnPO4. Figure 5.7b 

shows the cyclability of the LiFe1-yMnyPO4 solid solutions. Although LiMnPO4 exhibits 

slight capacity fade, all the LiFe1-yMnyPO4 solid solutions exhibit stable cycle 

performances. 

Figure 5.8a shows the discharge profiles of the LiFe1-yCoyPO4 solid solutions. 

LiCoPO4 delivers a discharge capacity of only ~ 93 mAh/g, which is much lower than its 

theoretical capacity of 167 mAh/g. The discharge capacity improves with iron doping, 

and LiFe1-yCoyPO4 delivers capacities of 160, 129, and 121 mAh/g, respectively, at y = 

0.25, 0.50, and 0.75. Figure 5.8b compares the cycle life of the LiFe1-yCoyPO4 solid 

solution cathodes. LiCoPO4 shows dramatic capacity fade during cycling, which is 

consistent with the previous reports, possibly due to the instability of the electrolyte at 4.8 

V [179]. However, both LiFe0.50Co0.50PO4 and LiFe0.75Co0.25PO4 exhibit excellent 

capacity retention because of a large contribution of the Fe2+/3+ redox couple to the 

capacity and the decrease in the operating voltage of the Co2+/3+ redox couple in the solid 

solution compared to that of pure LiCoPO4 (see the next section). Figures 5.9a and 5.9b 
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show the first discharge profile and cyclability of the LiMn1-yCoyPO4 solid solutions. The 

LiMn1-yCoyPO4 solid solution cathodes deliver low discharge capacities of around 120 

mAh/g with poor capacity retention during cycling.  The poor electrochemical 

performances of the LiMn1-yCoyPO4 solid solutions are in accordance with the poor 

electrochemical performances of their end members LiMnPO4 and LiCoPO4. Figures 

5.10(a) and 5.10(b) show the first discharge profile and cyclability of the 

LiFe1/3Mn1/3Co1/3PO4 solid solution cathode. LiFe1/3Mn1/3Co1/3PO4 delivers a discharge 

capacity of 141 mAh/g with three plateaus corresponding to the Fe2+/3+, Mn2+/3+, and 

Co2+/3+ couples present in the sample. However, LiFe1/3Mn1/3Co1/3PO4 exhibits some 

capacity fade during cycling. 

A comparison of the theoretical and experimental energy densities (at C/20 rate) of 

the LiFe1-yMnyPO4, LiFe1-yMnyPO4, LiFe1-yMnyPO4, and LiFe1/3Mn1/3Co1/3PO4 solid 

solutions is given in Figure 5.11.  The data show that even though LiMnPO4, LiCoPO4, 

and their solid solutions have higher theoretical energy density than LiFePO4 as a result 

of higher operating voltages, their experimental energy densities are lower or equal to 

that of LiFePO4 due to their lower capacity values and high polarization loss. Further 

improvements in high-voltage electrolytes could help to efficiently use the high-voltage 

Co2+/3+ redox couples and enhance the energy density. 
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Figure 5.7. (a) Discharge profiles (recorded at C/20 rate) and (b) cycle life of the LiFe1-

yMnyPO4 solid solution cathodes. 
 
 
 

 
Figure 5.8. (a) Discharge profiles (recorded at C/20 rate) and (b) cycle life of the LiFe1-

yCoyPO4 solid solution cathodes. 
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Figure 5.9. (a) Discharge profiles (recorded at C/20 rate) and (b) cycle life of the LiMn1-

yCoyPO4 solid solution cathodes. 
 
 

 
Figure 5.10. (a) Discharge profiles (recorded at C/20 rate) and (b) cycle life of the 
LiFe1/3Mn1/3Co1/3PO4/C solid solution cathode. 
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Figure 5.11. Comparison of theoretical and practical energy densities of (a) LiFe1-

yMnyPO4, (b) LiFe1-yCoyPO4, (c) LiCo1-yMnyPO4, and (d) LiFe1/3Mn1/3Co1/3PO4 solid 
solutions. 
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5.3.3 Equilibrium potential measurements 

The true redox potentials of the electrodes cannot be obtained precisely from the 

voltages measured under a current load as the measured voltages involve over-potentials 

due to various polarization losses. With an objective to fully understand the 

electrochemical reactions occurring during charge-discharge and obtain the equilibrium 

redox potentials of the LiM1-yMyPO4 solid solution cathodes at different stages of lithium 

de-intercalation, galvanostatic intermittent titrations (GITT) were carried out. The GITT 

measurements were carried out by applying a galvanic step (constant current at C/50 rate) 

corresponding to the removal of 0.05 Li (state of charge) and measuring the open-circuit 

voltage (OCV) of the cell for 48 h (relaxation time).  

Figure 5.12a shows the GITT measurements of the LiFe1-yMnyPO4 solid solution 

series, illustrating the voltage dependence on lithium content under load and rest. Here, 

the nearly flat region indicates the voltage measured during charging (load) and the 

relaxation spikes at a given state of charge or lithium content (1-x)  indicate the change in 

voltage during relaxation or equilibration. A short spike during relaxation characterizes a 

small polarization and a fast equilibration, while a long spike indicates a large 

polarization and slow equilibration. The equilibrium OCVs for the Fe2+/3+ and Mn3+/4+ 

couples in LiFePO4 and LiMnPO4 reveal nearly flat potentials of, respectively, 3.43 and 

4.13 V, indicating that the lithium extraction follows a two-phase reaction mechanism. 

LiMnPO4 exhibits higher over-potential (long spikes) than LiFePO4 due to its lower 

electronic conductivity.  In addition, the sluggish kinetics of LiMnPO4 could be partly 

related to a larger volume change (8.9 %) occurring between the two-phases LiMnPO4 

and MnPO4 compared to the 7 % volume change occurring between the two phases 

LiFePO4 and FePO4. However, the OCVs for the LiFe1-yMnyPO4 solid solutions show a 

slopping region on going from the Fe2+/3+ to Mn2+/3+ redox couple, which may imply a 
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single-phase region over a small lithium-content range. More interestingly, there is a 

notable and continuous upward shift in the OCV of the Fe2+/3+ couple with increasing 

substitution of Mn2+ for Fe2+ and a downshift in the OCV of the Mn2+/3 couple with 

increasing substitution of Fe2+
 for Mn2+ in LiFe1-yMnyPO4 as seen in Figure 5.12b, which 

will be discussed further later. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 5.12. Voltage vs. composition curves obtained for the LiFe1-yMnyPO4 solid 
solution from GITT measurement and (b) comparison of the shifts in the redox potentials 
(OCV) of the Fe2+/3+ and Mn2+/3+ couples in LiFe1-yMnyPO4. 
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Figure 5.13a shows the GITT profiles of LiFe1-yCoyPO4. As seen, the Fe2+/3+ couple 

in LiFe1-yCoyPO4 exhibits a nearly flat OCV profile and short relaxation spikes, revealing 

a two-phase reaction behavior and fast reaction kinetics. In contrast, the Co2+/3+ couple 

exhibits long spikes during the relaxation period, and the spikes become shorter with 

increasing lithium extraction. The long spikes or large drop in potential when the load is 

removed during the initial stages of lithium extraction associated with the Co2+/3+ couple 

may be related to self-discharge due to the reaction of the highly oxidative surface of the 

cathode with the electrolyte [167]. The self-discharge of the high voltage Co2+/3+ couple 

hinders the measurement of the equilibrium voltage. Therefore, the OCV of the Fe2+/3+ 

and Co2+/3+ couples were obtained from the dQ/dV plots of LiFe1-yCoyPO4 collected at a 

charge/discharge rate of C/20. Since the lithium extraction/insertion from/into LiFe1-

yCoyPO4 is a reversible electrochemical reaction, the mean point between the cathodic 

and anodic peaks in the dQ/dV plot can be taken as the equilibrium voltage (OCV) of the 

M2+/3+ redox couples. Figure 5.13b shows the dQ/dV plots for LiFe1-yCoyPO4, and the 

peaks in the plots correspond to the flat voltage profiles of the M2+/3+ redox reaction. 

Interestingly, LiCoPO4 shows two cathodic and two anodic peaks with the mean points at 

4.75 and 4.83 V corresponding to the phases LiCoPO4/Li0.7CoPO4 and Li0.7CoPO4/CoPO4 

during lithium extraction/insertion, which is different from the two-phase reaction 

mechanism seen for LiFePO4 and LiMnPO4. More interestingly, the redox potential 

(OCV) of the Fe2+/3+ couple shifts upwards with increasing substitution of Co2+ for Fe2+ 

and that of the Co2+/3+ shifts downwards with increasing substitution of Fe2+ for Co2+ in 

LiFe1-yCoyPO4 as seen in Figure 5.13c, which is similar to that observed for the LiFe1-

yMnyPO4 series in Figure 5.12b. 
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Figure 5.13. Voltage vs. composition curves obtained for the LiFe1-yCoyPO4 solid 
solution from GITT measurement and (b) comparison of the shifts in the redox potentials 
(OCV) of the Fe2+/3+ and Co2+/3+ couples in LiFe1-yCoyPO4. 
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Figure 5.14. Voltage vs. composition curves obtained for the LiMn1-yCoyPO4 solid 
solution from GITT measurement and (b) comparison of the shifts in the redox potentials 
(OCV) of the Mn2+/3+ and Co2+/3+ couples in LiMn1-yCoyPO4. 
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Figures 5.14a and 5.14b show the GITT measurements and dQ/dV plots of LiMn1-

yCoyPO4. While the OCV curves of the Mn2+/3+ regions show flat voltage profiles, the 

Co2+/3 couple experiences self-discharge as in the case of LiFe1-yCoyPO4. Figure 5.14c 

shows the change in the redox potentials of the Mn2+/3+ and Co2+/3+ couples in LiMn1-

yCoyPO4 with Co content. Similar to that found in LiFe1-yCoyPO4, substitution of Co2+ for 

Mn2+ shifts the voltage of the Mn2+/3+ couple up, while the substitution of Mn2+ for Co2+ 

shifts the voltage of the Co2+/3+ redox couple down.  

Figure 5.15a shows the GITT measurements of the LiFe1/3Mn1/3Co1/3PO4 cathode. 

The voltage vs. lithium content profile shows three plateaus corresponding to the Fe2+/3+, 

Mn2+/3+, and Co2+/3+ redox couples involved in the reaction. The OCV profiles of the 

Fe2+/3+ and Mn2+/3+ redox couples show sloping voltage profiles, revealing a single-phase 

reaction behavior for LiFe1/3Mn1/3Co1/3PO4 [177]. Figure 5.15b shows the dQ/dV plot, 

and the redox potential of the M2+/3+ couples in LiFe1/3Mn1/3Co1/3PO4 are shifted slightly 

compared to that of their pristine end members.  

 
Figure 5.15. (a) Voltage vs. composition curves obtained for the LiFe1/3Mn1/3Co1/3PO4 
solid solution from GITT measurement and (b) dQ/dV vs. voltage plots of the 
LiFe1/3Mn1/3Co1/3PO4 solid solution. 
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5.3.4 Understanding the shifts in the redox potentials of the M2+/3+ couples 

It is well known that the redox energies of metal ions can be tuned by the inductive 

effect introduced by the counter cations. For example, the voltage of the Fe2+/3+ couple 

increases from < 2.5 V in a simple oxide like Fe2O3 to 3.6 and 3. 0 V, respectively, in 

polyanion-containing Fe2(SO4)3 and Fe2(MoO4)3 [61,62]. The stronger S-O or Mo-O 

covalent bonds weakens the Fe-O covalency due to inductive effect and thereby lowers 

the position of the Fe2+/3+ couple, resulting in an increase in the cell voltage. The 600 mV 

increase on going from Fe2(MoO4)3 to Fe2(SO4)3 is due to an increase in the covalency of 

the S-O bond compared to the Mo-O bond. Thus, the electronegativity of X and the 

strength of the X-O bond play a role in controlling the redox energies of metal ions in 

polyanion-containing samples [180]. 

In the case of LiM1-yMyPO4 solid solutions, the polyanion PO4 is fixed, so the shifts 

in the redox potential can only be associated with the changes in the M2+ cations. From 

the OCV studies of the LiFe1-yMnyPO4, LiFe1-yCoyPO4, and LiMn1-yCoyPO4 solid 

solutions (Figures 5.12 - 5.14), it is found that the potential of the lower-voltage couple 

increases while that of the higher-voltage couple decreases with increasing substitution of 

one metal ion M2+ for the other in all the three LiM1-yMyPO4 solid solutions studied here 

compared to that in the pristine LiMPO4 end members (Figure 5.16). One could attempt 

to explain the shifts in the redox potentials by considering the changes in the covalency 

of the M-O bonds caused by the changes in the electronegativity of M or the M-O bond 

length.  For example, substitution of a less electropositive Co2+ for Fe2+ or Mn2+ in LiFe1-

yCoyPO4 and LiFe1-yCoyPO4 decreases the Fe-O and Mn-O covalence due to inductive 

effect and thereby lowers the Fe2+/3+ and Mn2+/3+ redox energies and increases the 

voltages of the Fe2+/3+ and Mn2+/3+ couples, while the substitution of a more 

electropositive Fe2+ or Mn2+ for Co2+ increases the Co-O covalence due to inductive 
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effect and thereby raises the Co2+/3+ redox energy and decreases the voltage of the Co2+/3+ 

couple (Figures 5.13, 5.14, and 5.16). However, the decrease in the unit cell parameters 

and cell volume (Figures 5.3b and 5.4b) due to the substitution of the smaller Co2+ (0.75 

Å) for the larger Fe2+ (0.78 Å) or Mn2+ (0.83 Å) will shorten and increase the covalence 

of the Fe-O and Mn-O bonds and thereby tend to raise the Fe2+/3+ and Mn2+/3+ redox 

energies and lower the voltages of the Fe2+/3+ and Mn2+/3+ couples. Similarly, the 

substitution of the larger Fe2+ (0.78 Å) or Mn2+ (0.83 Å) for smaller Co2+ (0.75 Å) will 

stretch and decrease the covalence of the Co-O bond and thereby tend to lower the 

Co2+/3+ redox energy and increase the voltage of the Co2+/3+ couple. Therefore, we can 

conclude that the changes in the electronegativity of M play a dominant role compared to 

the changes in the M-O bond lengths in the cases of LiFe1-yCoyPO4 and LiFe1-yCoyPO4 

solid solutions. 

However, in the case of LiFe1-yMnyPO4 solid solution, the shifts in redox energy 

(Figures 5.12 and 5.16) cannot be explained by considering the changes in the 

electronegativity of M since the substitution of the more electropositive Mn for Fe would 

be expected to increase the Fe-O covalence, raise the Fe2+/3+ redox energy, and lower the 

voltage of the Fe2+/3+ couple. Similarly, the substitution of less electropositive Fe for Mn 

would be expected to decrease the Mn-O covalence, lower the Mn2+/3+ redox energy, and 

increase the voltage of the Fe2+/3+ couple.  However, what we observe in Figure 5.12 is 

exactly the opposite. Thus, the changes in the lattice parameters and M-O bond lengths 

play a dominant role in this case. The increase in the unit cell parameters and cell volume 

(Figure 5.2b) due to the substitution of the larger Mn2+ (0.83 Å) for the smaller Fe2+ (0.78 

Å) stretches and decreases the covalence of the Fe-O bond and thereby lowers the Fe2+/3+ 

redox energy and increases the voltage of the Fe2+/3+ couple. Similarly, the shortening of 

the Mn-O bond due to the substitution of the smaller Fe2+ for Mn2+ increases the 
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covalence of the Mn-O bond, raises the Mn2+/3+ redox energy, and decreases the voltage 

of the Mn2+/3+ couple in LiFe1-yMnyPO4. Another interesting point is that LiFePO4 

exhibits a lower voltage (3.43 V) than LiMnPO4 (4.13 V) despite Fe being to the right of 

Mn in the periodic table as the upper-lying t2g of Fe2+: t2g
4eg

2 is the redox active band 

(due to the paring of the sixth electron in the t2g orbital) compared to the lower-lying eg of 

Mn2+: t2g
3eg

2 (Figure 5.17). The difference between the covalences of the Fe-O and Mn-O 

bonds is rather small, so the difference between the electronegativities of Fe and Mn 

plays a much weaker role than the changes in the M-O bond lengths in the case of LiFe1-

yMnyPO4. 

Another point to consider is the destabilization (increase in the redox energy) of the 

high-voltage couple (MH
2+/3+) in the presence of a low-voltage couple (ML

2+/3+) due to the 

super-exchange interaction of ML
3+ – O – MH

2+.1 Thus, the decrease in the voltage of the 

high-voltage couple in all the three LiM1-yMyPO4 (M = Mn, Fe, and Co) solid solutions 

could be understood on this basis as well. However, the increase in the voltage of the 

lower-voltage couple cannot be accounted for on this basis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.16. Positions of the M2+/3+ redox energies relative to that of Li/Li+ in LiMPO4 
and LiM1-yMyPO4 (M = Mn, Fe, and Co) solid solutions and consequent changes in cell 
voltages, illustrating the effect of cationic substitutions on the cell voltage. 
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Figure 5.17. Crystal field splitting and 3d-orbital energy level diagram for the high-spin 
Mn2+, Fe2+, and Co2+ ions in olivine LiMPO4. The electron involved in the redox reaction 
is shown with a dashed arrow. 

With an aim to develop further understanding of the shifts in redox energies of the 

olivine solid solutions, we then focused on the LiM1-yMgyPO4 (M = Fe and Mn) solid 

solutions in which the non-transition metal ion Mg2+ without any redox behavior is 

substituted for the transition-metal ions with redox behavior. LiMgPO4 crystallizes in the 

olivine structure, [181] and the XRD patterns and lattice parameter variations (Figures 

5.18 and 5.19) of LiFe1-yMgyPO4 and LiMn1-yMgyPO4 confirm the formation of solid 

solutions with the olivine structure. Figures 5.20a and 5.21a show the GITT 

measurements of LiFe1-yMgyPO4 and LiMn1-yMgyPO4 (y = 0, 0.25, 0.50, and 0.75) solid 

solutions. The amount of lithium that can be extracted decreases with increasing 

magnesium content due to the electrochemical inactivity of Mg2+ and decrease in the 

content of electrochemically active Fe2+ and Mn2+. Interestingly, the voltages of Fe2+/3+ 
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and Mn2+/3+ couples shift up with the substitution of Mg2+ for Mn2+ or Fe2+ as seen in 

Figures 5.20b and 5.21b.  If we consider the changes in the electronegativity of M similar 

to that discussed earlier with the LiFe1-yCoyPO4 and LiMn1-yCoyPO4 systems, then the 

substitution of the more electropositive Mg2+ ions for Mn2+ and Fe2+ in LiM1-yMgyPO4 

would be expected to lower the voltages of the Fe2+/3+ and Mn2+/3+ couples. Similarly, the 

substitution of the smaller Mg2+ (0.72 Å) for larger Fe2+ (0.78 Å) or Mn2+ (0.83 Å) would 

be expected to shorten and increase the covalence of the Fe-O or Mn-O bonds and lower 

the voltages of the Fe2+/3+ and Mn2+/3+ couples. Since we observe exactly the opposite, the 

substitution of redox inactive Mg2+ appears to stabilize the redox active Fe2+/3+ and 

Mn2+/3+ couples through the M2+ – O – Mg2+ interaction. Nevertheless, more detailed 

theoretical studies by first-principle calculations can help to further our understanding of 

the factors influencing the shifts in redox energies of the M2+/3+ couples in the LiM1-

yMyPO4 solid solutions. 

Another interesting observation is that the LiFe0.25Mg0.75PO4 and 

LiMn0.25Mg0.75PO4 solid solutions exhibit sloping voltage profiles throughout the lithium 

composition (Figures 5.20a and 5.21a), revealing a single-phase reaction behavior unlike 

the other LiM1-yMyPO4 (M = Mn, Fe, and Co) solid solution systems, which follow a 

two-phase reaction behavior except near the intermediate region where the transition 

from one redox couple to another occurs.  
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Figure 5.18. (a) XRD patterns of the LiFe1-yMgyPO4 solid solution, with the expanded 2θ 
region on the right showing the continuous shift in the positions of the reflections to 
higher angles with the substitution of smaller Mg2+ for Fe2+ in LiFe1-yMgyPO4 and (b) 
variations of the unit cell parameters of LiFe1-yMgyPO4 with y. 
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Figure 5.19. (a) XRD patterns of the LiMn1-yMgyPO4 solid solution, with the expanded 
2θ region on the right showing the continuous shift in the positions of the reflections to 
higher angles with the substitution of smaller Mg2+ for Mn2+ in LiMn1-yMgyPO4 and (b) 
variations of the unit cell parameters of LiMn1-yMgyPO4 with y. 
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Figure 5.20. (a) Voltage vs. composition curves obtained for the LiFe1-yMgyPO4 solid 
solution from GITT measurement and (b) comparison of the shifts in the redox potentials 
(OCV) of Fe2+/3+ in LiFe1-yMgyPO4. 
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Figure 5.21. (a) Voltage vs. composition curves obtained for the LiMn1-yMgyPO4 solid 
solution from GITT measurement and (b) comparison of the shifts in the redox potentials 
(OCV) of Mn2+/3+ in LiMn1-yMgyPO4. 
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5.3.5 Self discharge phenomenon in LiM1-yCoyPO4  

To gain further understanding of the self-discharge phenomenon of the LiM1-

yCoyPO4 solid solutions, EIS analysis were carried out on a representative sample 

LiFe0.50Co0.50PO4. The EIS measurements were carried out after charging to 25 % state of 

charge (Li0.75Fe0.50Co0.50PO4, where the redox reaction involves only the Fe2+/3+ couple) 

and after 75% state of charge (Li0.25Fe0.50Co0.50PO4, where redox reaction involves the 

Co2+/3+ couple). The impedance spectra were recorded right after charging and during 

their relaxation at various time intervals (6, 24 and 48 h). 

Figure 5.22a compares the EIS spectra of Li0.75Fe0.50Co0.50PO4 (25% SOC) at 

various time intervals. Each spectrum consists of a semicircle followed by a small 

slopping region at high frequency. The impedance spectra can be explained on the basis 

of an equivalent circuit with the uncompensated Ohmic resistance of the working 

electrode (RU), charge transfer resistance (Rct), double layer capacitance (Cdl), and 

Warburg impedance (Zw) as indicated in the inset of Figure 5.22b. The intercept of the 

semicircle at the high frequency gives the uncompensated resistance (RU), which is 

negligible in almost all cases, while the diameter of the semicircle corresponds to the 

charge transfer resistance, which is related to the reaction at the electrode-electrolyte 

interface and particle-particle contact. As seen in Figure 5.22a, the charge transfer 

resistance almost remains constant for the Li0.75Fe0.50Co0.50PO4 (25% SOC) electrodes 

after charging and during the relaxation time, indicating a stable electrode-electrolyte 

interface. The legend in Figure 5.22a indicates the potential measured before each 

impedance measurement for the Li0.75Fe0.50Co0.50PO4 (25% SOC) electrodes during 

relaxation. The OCV stabilizes within a short time of 6 h implying a fast equilibration 

exhibited by the Li0.75Fe0.50Co0.50PO4 electrode. 
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Figure 5.22b compares the EIS spectra of the Li0.25Fe0.50Co0.50PO4 (25% SOC) 

cathode at various time intervals. In the case of Li0.25Fe0.50Co0.50PO4, the charge transfer 

resistance increases with the relaxation time accompanied by a drop in the measured 

OCV as indicated in the legend in Figure 5.22b. This linear increase in charge transfer 

resistance implies a change in the electrode-electrolyte interface at the charged cathode 

with increasing relaxation time. This increase in charge transfer resistance is possibly due 

to the formation of solid-electrolyte interfacial (SEI) layer during relaxation. The SEI 

layer could be formed by electrolyte decomposition at the surface of the cathode due to 

the lithium insertion (self-discharge) from the electrolyte into the charged 

Li0.25Fe0.50Co0.50PO4. The self-discharge of the Co2+/3+ couple can be attributed to the 

highly oxidative surface (4.8 V) of the cathode and its thermodynamic instability in 

contact with the electrolyte. Therefore, development of more stable high-voltage 

electrolytes will be necessary to fully exploit the LiM1-yCoyPO4 cathodes for practical 

applications. 
 

 
Figure 5.22. Electrochemical impedance spectra (EIS) of (a) Li0.75Fe0.50Co0.50PO4 (25% 
SOC) and (b) Li0.25Fe0.50Co0.50PO4 (75% SOC) after freshly charging, and 6, 24, 48 h of 
relaxation time.   
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5.4 CONCLUSION 

LiM1-yMyPO4/C nanocomposites have been synthesized by a facile HEMM 

approach. The electrochemical performances of the LiM1-yMyPO4 solid solutions depend 

strongly on the nature and amount of cation substitution. The LiMn1-yFeyPO4 solid 

solutions deliver high capacity and stable cycle life due to the improvement in the 

kinetics of phase transformation and electronic conductivity compared to that in 

LiMnPO4. The LiFe1-yCoyPO4 solid solution also delivers improved capacity and cycle 

life compared to LiCoPO4 due to enhanced kinetics. On the other hand, the LiMn1-

yCoyPO4 solid solution delivers low capacity and poor cycle life. A comparison of the 

experimental energy density reveals that LiFePO4 still delivers the optimum energy 

density compared to the LiM1-yMyPO4 solid solutions due to its high capacity (~ 162 

mAh/g) and low polarization during cycling. 

A systematic shift in the redox potential (open-circuit voltage) of the M2+/3+ 

couples has been observed in the LiM1-yMyPO4 (Mn, Fe, and Co) and LiM1-yMgyPO4 (M 

= Fe and Mn) solid solutions compared to those of the pristine LiMPO4. The potential of 

the lower-voltage couple increases, while that of the higher-voltage couple decreases in 

the LiM1-yMyPO4 solid solutions compared to that of the pristine LiMPO4. The shifts in 

the redox potentials have been explained by the changes in the M-O covalence (inductive 

effect) caused by the changes in the electronegativity of M or M-O bond length as well as 

by the influence of the M-O-M interactions in the solid solutions. It is also found that 

while both the Fe2+/3+ and Mn2+/3+ couples are stable, the Co2+/3+ couple in LiM1-yMyPO4 

undergo self discharge, limiting its use in practical cells.  
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Chapter 6:  Microwave-hydrothermal synthesis of carbon decorated 
Fe3O4 nanowire anode  

6.1 INTRODUCTION 

Electrodes based on classical intercalation/de-intercalation as in graphite and 

Li4Ti5O12 are limited in capacity because of the limited number of lithium ions that can 

be accommodated within the insertion host. Metals and metal oxides like Si, Ge, Sn, 

Co3O4, and SnO2 that utilize alloying and conversion reactions with lithium exhibit a very 

large reversible capacity. However, these anodes suffer from a large volume change 

during cycling that result in pulverization of the active materials and breakdown of 

electrical contact between adjacent nanoparticles, leading to rapid capacity fading.  

In this context, using nanowire architecture have shown to offer high capacity and 

improved cyclic stability because of their high interfacial contact area with the 

electrolyte, better accommodation of strain and volume change without any structural 

change or fracture [182-187]. Moreover, the one-dimensional nanowire morphology is 

beneficial for achieving high rate performance since it facilitates better electron and 

lithium-ion transport than in the electrodes comprising small nanoparticles, where the 

electrons and lithium-ions have to move through particles and are limited by the inter 

particle contacts. Among the transition metal oxides like CuO, NiO, Co3O4, and MnO2 

working on displacement reaction with lithium, Fe3O4 is an attractive candidate because 

of its environmental friendliness, high capacity, natural abundance, and high electronic 

conductivity (σ = 2×102 Scm-1) [185,188,189]. However its application in practical 

lithium-ion batteries is hindered due to its low rate performance related to its kinetic 

limitations and poor cycling stability resulting from large volume expansion occurring 

during repeated cycling. Recently, Tarascon et al [185] have overcome these problems by 
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designing a nano-architecture in which Fe3O4 nanoparticles were electrodeposited onto 

copper nanorod arrays, demonstrating high rate performance and stable cycle 

performance. However, the synthesis method was quite complex with the additional 

inactive weight of Cu metal decreases the specific capacity of the anode. Furthermore, 

mesoporous Co3O4 nanowire arrays have also shown to offer improved performance 

recently [187]. In this context, development of a facile approach to synthesize one-

dimensional Fe3O4 nanowires is of significant importance. In addition, the synthesized 

one-dimensional magnetite nanowires have potential application in a wide variety of 

fields such as data storage, magnetic resonance, gas sensors, spintronic devices, and 

biomedical treatments [190].  

Various solution approaches such as co-precipitation, reverse micelle, thermal 

decomposition and hydrothermal methods have been used in the literature for the 

synthesis of Fe3O4 nanostructures [190-197]. Magnetite nanocrystal with irregular 

morphologies has also been synthesized recently by microwave assisted sol-gel methods 

[198]. In this chapter, we extend the facile microwave-assisted hydrothermal (MW-HT) 

approach to synthesize one-dimensional Fe3O4 nanowires within 15 minutes using PEG-

400 as a soft template in water at temperatures as low as 150 oC. To improve their 

electrochemical performance, we also decorate carbon on the as-synthesized Fe3O4 

nanowires by an in-situ MW-HT method.  

6.2 EXPERIMENTAL 

6.2.1 Synthesis of Fe3O4 nanowires 

In a typical synthesis, 8 mmol FeSO4.7H2O (Fisher Scientific) and 4 mmol 

Na2S2O3.5H2O (Fisher Scientific) were dissolved in 10 mL of de-ionized water, followed 

by the addition of 5 mL of PEG-400 (Alfa Aesar) under magnetic stirring. The mixture 
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was stirred for a few minutes, followed by the addition of 4 g of NaOH dissolved in 5 mL 

of de-ionized water. The reaction precursors were then transferred and sealed in quartz 

vessels, which were fitted with a pressure and temperature probe. The rotor containing 

the closed quartz vessels was then placed on a turntable for uniform heating in an Anton 

Paar microwave synthesis system (Synthos-3000). The desired exposure time and 

temperature were programmed with the Synthos-3000 software. The automatic 

temperature and pressure control system allowed continuous monitoring and control of 

the internal temperature (± 1 oC) and pressure (up to 80 bar). The system was operated at 

a frequency of 2.45 GHz and a power of 600 W, the sample temperature was ramped to 

150 oC, and kept at 150 oC for 15 minutes under the hydrothermal condition. After the 

MW-HT process, the reactor was cooled to room temperature by an in-built cooling fan 

capability in the Synthos-3000 system. The black Fe3O4 precipitate formed after the 

reaction was repeatedly washed with ethanol and de-ionized water and dried at 70 oC 

under vaccum. 

6.2.2 Synthesis of carbon-decorated Fe3O4 nanowires 

The Fe3O4 nanowires (0.5 g) synthesized as explained above were dispersed in 20 

mL of de-ionized water and sonicated for a few minutes, followed by the addition of 0.5 

g of D-glucose (Fisher Scientific). The reaction mixtures were then transferred to a quartz 

vessel and subjected to microwave-hydrothermal treatment at 180 oC for 15 minutes. The 

resulting material was isolated by centrifugation and further carbonized under Ar flow at 

400 oC for 3 h.  
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6.3 RESULTS AND DISCUSSION 

6.3.1 Strategy for the preparation of Fe3O4 nanowires 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 6.1. Schematic illustration of the microwave-hydrothermal synthesis of Fe3O4 
nanowires and subsequent carbon decoration. 

As shown in Figure 6.1, our synthetic strategy involves using polyethylene glycol 

(PEG-400) as a soft template for the synthesis of one-dimensional Fe3O4 nanowires by 

the MW-HT method. In a typical experiment, ferrous sulfate and sodium thiosulfate were 

dissolved in a solvent mixture composed of PEG and H2O in a ratio of 1:3.  After the 

addition of sodium hydroxide, ferrous sulfate reacts with NaOH yielding Fe(OH)2, which 

gets oxidized to Fe(OH)3 by reaction with the dissolved oxygen in the solvent. However, 

Na2S2O3 in the reaction mixture acts as a weak reducing agent limiting the oxidation of 

Fe(OH)2 exactly to the Fe3+/Fe2+ ratio of 2:1, resulting in the formation of phase-pure 

Fe3O4 instead of the thermodynamically favorable hematite (Fe2O3) phase during the 

MW-HT treatment. It is worthwhile to note that the short chain polymer (PEG-400) 
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preferentially adsorbs on the surface of a growing colloid during the synthesis confining 

the colloid in some areas, leading to an anisotropic growth of the nanocrystals [199]. This 

template action of PEG plays a major role in the formation of one-dimensional Fe3O4 

nanowires, and using PEG as a soft template for the growth of one-dimensional nanowire 

has merits such as ability to synthesize bulk quantities of nanowires, without requiring 

any complex procedures or specialized hard templates. 

6.3.2 Carbon coating of Fe3O4 nanowires 

Carbon coatings have been recently shown to offer improved electrochemical 

performance in nanostructured anodes and cathodes because of their high electronic 

conductivity, good lithium permeability, and electrochemical stability [200,201]. 

Accordingly, the Fe3O4 nanowires were decorated with carbon by a two-step procedure. 

In the first step, the as-synthesized Fe3O4 nanowires are coated with glucose-derived 

carbon-rich polysaccharide (GCP) by sonicating with glucose solution and then 

subjecting them to MW-HT reaction at 180 oC for 15 minutes. Typically, hydrothermal 

carbonization involves the initial dehydration of carbohydrate followed by subsequent 

polymerization and carbonization. It is well known that GCP can be easily carbonized 

and structurally ordered by heating in an inert atmosphere at lower temperatures [202]. 

Eventually, the carbon-decorated Fe3O4 nanowires were obtained after heating the GCP 

coated Fe3O4 at 400 oC for 3 h in Ar atmosphere. The carbon content in the composite 

was readily determined to be ~10 wt.% from thermogravimetric analysis (TGA). It 

should be mentioned here that our efforts to synthesize carbon-coated Fe3O4 in one step 

by adding glucose to the initial precursor solution did not yield Fe3O4 nanowires, 

probably due to the change in the favorable environment for nanowire growth and the 

well-known encapsulating effect of GCP, resulting in the formation of Fe3O4 

nanoparticles. 
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6.3.3 Morphological and structural analysis 
 

 
Figure 6.2. (a) low and (b) high magnification FE-SEM images of as-synthesized Fe3O4 
nanowires, (c) FE-SEM image of carbon-decorated Fe3O4 nanowires, (d) TEM and (e) 
HRTEM images showing crystalline Fe3O4 nanowires surrounded by amorphous carbon, 
and (f) FFT image of single crystalline Fe3O4 nanowire. The subscript DD refers to 
double diffraction. 

We examined the structural morphology of the as-synthesized Fe3O4 with ultra 

high resolution field emission scanning electron microscopy (FE-SEM) and high 

resolution transmission electron microscopy (HRTEM). Figures 6.2a and b show the 

representative SEM images of the as-synthesized Fe3O4, showing uniform nanowire-like 

morphology with the diameters ranging from 20 to 50 nm and a length of several 

micrometers. As shown in Figure 6.2c, the nanowire morphology is maintained even after 

the MW-HT carbonization and subsequent heat treatment at 400 oC. The robust nanowire 

structure is not damaged or expanded during the heat treatment, possibly because of the 

protective action of carbon nano-layer formed on the Fe3O4 nanowires during the MW-

HT carbonization. Further detailed morphological investigations were carried out by 
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TEM, and Figures 6.2d and e show the overall view and high resolution transmission 

electron microscopy images of the carbon-decorated Fe3O4 nanowires. HRTEM image 

and fast Fourier transform (FFT) shown in Figures 6.2e and f reveal that the Fe3O4 

nanowires are single crystalline and they preferentially grow along the [110] direction, 

which is one of the easy magnetic axis of Fe3O4 [203]. Moreover, selected area diffraction 

analysis carried throughout the length of several nanowires at different spots confirmed 

the single crystalline nature all through the Fe3O4 nanowires formed by the MW-HT 

approach. Figure 6.2d clearly shows the amorphous carbon nano-coating on the surface 

of the highly crystalline Fe3O4 nanowire and the thickness of the carbon layer is found to 

be ~ 4 nm. Such a one dimensional, high surface area Fe3O4 - carbon ‘core-shell’ 

nanostructure should be very interesting for lithium storage because the carbon coating 

not only provides a high electronically conductive network between the nanowires, but 

also forms a protective layer around the Fe3O4 nanowire with sufficient elasticity to 

withstand the strain and stress occurring during lithium insertion/deinsertion while 

preventing the side reactions with the electrolyte.  

Figure 6.3a shows the XRD patterns of the as-synthesized and carbon-coated 

Fe3O4 nanowires. The XRD patterns can be indexed to the pure cubic phase (space group: 

Fd3m) of magnetite with a lattice parameter of 8.382 Å. Interestingly, the sharp 

diffractions peaks illustrate the highly crystalline nature of Fe3O4 obtained within a few 

minutes by the MW-HT method. The carbon-decorated Fe3O4 did not show any impurity 

peaks or peaks corresponding to carbon due to its amorphous nature or low content. 

Figure 6.3b compares the Raman spectrum of the as-synthesized and carbon-coated 

Fe3O4 nanowire samples, and a clear difference can be observed between the two 

samples. The Raman spectrum of the pristine Fe3O4 nanowire shows the characteristic 

peaks of magnetite at 331, 524 and 670 cm-1 attributed to the Eg, T2g and A1g vibration 
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modes respectively, and it confirms that the as-synthesized nanowires are composed of 

pure magnetite Fe3O4 [204]. On the other hand, the Raman spectrum of carbon-decorated 

Fe3O4 nanowire contains the characteristic peaks for both Fe3O4 and the fundamental D 

and G bands for carbon at around 1365 and 1590 cm-1 respectively. The G band is usually 

assigned to the E2g stretching vibration in the D4
6h symmetry group of graphite crystal 

plane and the D band corresponds to a Raman inactive A1g
 mode, ascribed to the 

breakage of symmetry occurring at the edges of graphite sheets. The carbon spectra 

cannot be deconvoluted into just two Gaussian or Lorentzian shapes. Accordingly, four 

Gaussian bands at 1590, 1487, 1365, and 1223 cm-1 referred to as G, D'', D, and I, 

following the convention of Bonhomme et al [161] were used for peak fitting. Here, the 

D'' has been designated as an indicator of graphene layer stacking, while I band has been 

ascribed to the presence of heavily disordered carbon. Effectively, G and D bands are the 

most intense of the spectral features and the integrated Raman intensity ID and IG are 

proportional to the number of scattering disordered and ordered sp2 bonding carbon 

atoms present in the sample. The peak intensity ratio between D band and G band (ID/IG) 

value generally provides a useful index for comparing the degree of crystallinity of 

various carbon materials, i.e., smaller the ratio of ID/IG, higher the degree of ordering in 

the carbon material. The ID/IG ratio was found to be 1.03 for the carbon coating achieved 

on Fe3O4 nanowire by the hydrothermal carbonization followed by subsequent heating at 

400 oC for 3h, demonstrating that the carbon formed is fairly ordered which will be 

beneficial for achieving better electronic conduction between adjacent nanowires. 
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Figure 6.3. (a) X-ray diffraction and (b) Raman spectrum of Fe3O4 nanowires 
before and after carbon decoration. 
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6.3.4 Electrochemical performance 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.4. (a) Galvanostatic charge–discharge curves of as-synthesized and carbon-
decorated Fe3O4 nanowires in lithium cells (charged at various C-rates from 0.1C to 5C 
but discharged at a constant rate of 0.1C) and (b) cycling performances of the Fe3O4 
nanowires before and after carbon decoration at 0.1C rate. For a comparison, data for a 
natural graphite electrode is also shown. 
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Galvanostatic discharge-charge experiments were carried out in lithium half cells 

to evaluate the electrochemical performances of the Fe3O4 nanowires. Figure 6.3a shows 

the first charge-discharge profile of Fe3O4 and carbon-decorated Fe3O4 nanowires 

charged at various current rates from C/10 to 5C with a constant discharge rate of C/10.  

During the first discharge in both the samples, the potential suddenly drops and reaches a 

plateau at around 0.75 V and then follows a sloping profile until it reaches the lower cut 

off voltage of 0.01V. For the as-synthesized Fe3O4 nanowires, the first discharge capacity 

was found to be around 1240 mAh/g, corresponding to the insertion of almost 11 Li per 

formula weight of Fe3O4. On the following charge, only about 8 Li can be removed 

reversibly, providing a charge capacity of about 922 mAh/g, and the reaction occurring 

with lithium can be summarized as below, 

Fe3O4 + 8e- + 8Li+                  3Fe0 + 4Li2O 

The initial columbic efficiency was around 73%, which corresponds to an 

irreversible loss of 3 Li per Fe3O4 molecule. The low columbic efficiency in the first 

cycle can be attributed to electrolyte reduction and formation of solid-electrolyte 

interfacial layer (SEI). Nevertheless, after the initial cycle, the columbic efficiency is 

increased and is above 95% in the subsequent cycles. Also, a notable hysteresis loss 

inherent to conversion reaction mechanism is observed between the charge-discharge 

curves. As shown in Figure 6.3a, the second discharge curves were different from the 

first discharge curve due to drastic structural and chemical modifications occurring 

during the conversion reaction with lithium. However, the second charge curve is similar 

to the first charge curve, demonstrating a similar electrochemical behavior in the 

following cycles. Importantly, realization of near theoretical capacity is possible in the 

single crystalline Fe3O4 nanowires synthesized by the MW-HT method due to the 

reduced lithium-ion diffusion length and enhanced surface reactivity achieved because of 
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a larger portion of the atoms residing on the surface of the one-dimensional nanostructure 

and in contact with the electrolyte. However, as seen from Figure 6.3b, the as-synthesized 

magnetite nanowires show a gradual fade in capacity during cycling, retaining only 65% 

of their initial capacity after 30 cycles. This suggests that the one-dimensional nanowire 

morphology alone is not adequate for achieving good cycle performance in Fe3O4 

nanowires obtained by the MW-HT method. However, the Fe3O4 nanowires after 

decorating with carbon deliver a capacity of ~ 830 mAh/g without any observable 

capacity loss during cycling in lithium half cell.  Although the initial capacity value is 

slightly lower than that of the as-synthesized Fe3O4 because of the presence of ~ 10 wt.% 

inactive carbon on the surface of the Fe3O4 nanowires, it exhibits excellent cycling 

performance. 

The enhanced cycling performance of the carbon-coated samples is due to the 

presence of the carbon buffer layer around the Fe3O4 nanowires, preventing direct contact 

among the adjacent nanowires, which is expected to minimize the aggregation of the 

nanowires during electrochemical cycling. The carbon nano-coating also provides an 

elastic inactive matrix that can absorb the massive volume expansion and contraction on 

reaction with lithium during cycling.  

These beneficial effects of carbon possibly help in maintaining the mechanical 

integrity between the adjacent Fe3O4 nanowires and also with the current collector, 

leading to improved cycling performance. More importantly, the carbon-decorated Fe3O4 

nanowires exhibit improved rate performance compared to the as-synthesized sample. 

For example, at the high rate of 5C in Figure 6.3a, the carbon-decorated Fe3O4 nanowires 

can still deliver a high capacity of 600 mAh/g. In other words, the charge process can be 

finished in about 12 minutes while still obtaining 73% of the initial capacity of the anode. 

Whereas at such a high charge rate of 5C, only 12% of the initial capacity is retained for 
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the as-synthesized Fe3O4 nanowires. Herein, the improvement in rate capability is mainly 

attributed to the conductive carbon coating layer formed on the magnetite nanowire. 

Thus, the carbon-decorated single-crystalline Fe3O4
 nanowire shows promising cycle life 

and rate performance for application in next generation lithium-ion batteries. Moreover, 

Fe3O4 with a theoretical capacity of 926 mAh/g delivers three times higher capacity than 

the currently used graphite anodes and with the magnetite having two times higher 

density (5.22 gcm-3) than carbon (2.22 gcm-3), it provides almost 6 times higher capacity 

than carbon per unit volume of the electrode. 

6.4 CONCLUSION 

In summary, a facile microwave-assisted hydrothermal synthesis approach has 

been developed to prepare single crystalline Fe3O4 nanowires and carbon-coated Fe3O4 

nanowires. The use of a MW-HT method significantly reduces the reaction time, cost, 

and energy required compared to the conventional solution routes, and it can be 

employed for large scale synthesis of the technologically important magnetite nanowires 

for data storage, spintronic device, and biomedical applications. The Fe3O4 nanowires 

after decorating with carbon provide excellent capacity retention and high rate capability 

when used as an anode in lithium-ion battery. Thus, the carbon-decorated Fe3O4 nanowire 

offers an attractive possibility to be used as high capacity anode material for next 

generation lithium-ion batteries with high energy and power densities. 
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Chapter 7: Summary 

This dissertation explored the use of novel synthesis approaches to obtain high-

performance, nanostructured phosphate and silicate cathodes as well as iron oxide 

nanowire anodes and investigated the structure-property relationship of these electrode 

materials.  

Microwave-solvothermal approach has been shown to be an effective method for 

obtaining single-crystalline LiFePO4 nanorods with controlled particle size within a short 

reaction time (15 min) without requiring post processing at elevated temperatures or 

reducing gas atmospheres. The dimensions of the nanorods could be controlled by 

varying the concentrations of the reactants in the reaction medium. Fortuitously, the MW-

ST process produces nanorods with the short lithium diffusion direction (b axis) 

perpendicular to the length of the nanorods, offering unique advantages to enhance the 

rate capability. Subsequent mixing with conducting polymer, multi-walled carbon 

nanotubes, and conductive carbon (LiFePO4/PEDOT, LiFePO4/MWCNT, and LiFePO4/C 

nanocomposites) gives rise to high capacities with excellent cyclability and rate 

capability. Furthermore, the rate capability was found to increase with decreasing size of 

the LiFePO4 nanorods, demonstrating that the lithium-ion conduction plays a critical role 

in the power capability of phospho-olivine cathodes. The short reaction time of these 

microwave-assisted solvothermal processes can potentially lower the manufacturing cost 

and provide significant energy saving. The MW-ST approach has also been used to 

synthesize other LiMPO4 (M = Mn, Fe, Co, and Ni) phospho-olivines with nanorod 

morphology. 

Following this, carbon-coated Li2MSiO4 (M = Fe, Mn) nano-particles have been 

synthesized by the MW-ST process at 300 oC for 20 min, followed by heating at 650 oC 
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for 6 h in Ar atmosphere. The MW-ST process produced nanostructured Li2MSiO4, 

which provide short pathways for rapid lithium-ion diffusion, and the uniform carbon 

coating improves the electronic conductivity. More importantly, while only one lithium 

ion has been shown to be reversibly extracted/inserted from/into Li2FeSiO4 in previous 

reports, more than one lithium could be reversibly extracted with our Li2FeSiO4/C sample 

at 55 oC, as evidenced by an increase in discharge capacity to 203 mAh/g. The 

Li2FeSiO4/C sample was also found to exhibit excellent cyclability and rate capability as 

well as good safety characteristics. Although Li2MnSiO4/C displayed high capacities of, 

respectively, around 210 mAh/g and 250 mAh/g at 25 oC and 55 oC, it exhibits poor rate 

performance and drastic capacity fade during cycling. The poor rate performance can be 

ascribed to low electronic conductivity while the capacity fade could be due to Jahn-

Teller distortion and structural instability. Additionally, Li2MnSiO4 displays poor thermal 

stability as indicated by the DSC studies.  

In addition, a facile high-energy mechanical milling process has been developed 

to synthesize carbon-coated LiM1-yMyPO4 solid solution nanoparticles. The 

electrochemical performances of the LiM1-yMyPO4 solid solutions depend strongly on the 

nature and amount of the cation substitution. The LiMn1-yFeyPO4 solid solutions deliver 

high capacity and stable cycle life due to the improvement in the kinetics of phase 

transformation and electronic conductivity compared to that in LiMnPO4. The LiFe1-

yCoyPO4 solid solution also delivers improved capacity and cycle life compared to 

LiCoPO4 due to enhanced kinetics. On the other hand, the LiMn1-yCoyPO4 solid solution 

delivers low capacity and poor cycle life. A comparison of the experimental energy 

density reveals that LiFePO4 still delivers the optimum energy density compared to the 

LiM1-yMyPO4 solid solutions due to its high capacity (~ 162 mAh/g) and low polarization 

during cycling. A systematic shift in the redox potential (open-circuit voltage) of the 
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M2+/3+ couples has been observed in the LiM1-yMyPO4 (Mn, Fe, and Co) and LiM1-

yMgyPO4 (M = Fe and Mn) solid solutions compared to those of the pristine LiMPO4. 

The potential of the lower-voltage couple increases, while that of the higher-voltage 

couple decreases in the LiM1-yMyPO4 solid solutions compared to that of the pristine 

LiMPO4. The shifts in the redox potentials have been explained by the changes in the M-

O covalence (inductive effect), which is caused by changes in the electronegativity of M 

or M-O bond length, or M-O-M interactions. It was also found that while both the Fe2+/3+ 

and Mn2+/3+ couples are stable, the Co2+/3+ couple in LiM1-yMyPO4 appears to undergo 

self discharge, limiting its use in practical cells.  

Lastly, a two-step microwave-hydrothermal approach has been developed to 

synthesize single-crystalline Fe3O4 nanowires within 15 min at 150 oC. The synthetic 

strategy involves the use of PEG-400 as a soft template for the synthesis of Fe3O4 

nanowires. The Fe3O4 nanowires, after decorating with carbon, exhibit high capacity (> 

800 mAh/g), excellent cyclability, and good rate performance as an anode in lithium-ion 

cells.  

Overall, novel energy efficient, fast synthetic methodologies have been developed 

to synthesize nanostructured LiMPO4 and Li2MSiO4 cathodes and Fe3O4 anode, 

exhibiting high rate performance and stable cycle life suitable for high power lithium-ion 

battery applications. Future experiments could focus on extending these synthetic 

methodologies to synthesize novel cathode and anode compositions with different nano-

morphologies to further increase the energy density of lithium-ion batteries. 
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