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SUMMARY 

 

The transition metal oxides (TMO) currently used as cathode materials are 

expensive, strategically scarce, toxic and have environmental implications. The crystal 

structure of these materials sets an upper bound on the amount of lithium they can 

intercalate which limits the energy density of the device. Consequently, there is intense 

effort to develop novel and better cathode materials.  

Carbon based materials present a promising alternative because carbon is 

inexpensive, abundant and environmentally friendly. While the domain of carbon based 

materials is quite extensive, the high stability and electron affinity of C60 make C60 based 

materials attractive for positive electrode applications in lithium ion batteries (LIBs). The 

rich chemistry of carbon allows fullerene based materials to be doped and functionalized 

and thereby their properties can be tailored in a specific direction. Recently, devices 

based on functionalized CNTs and showing high energy and power densities have been 

fabricated. In these devices, the unique combination of properties has been attributed to 

the presence of oxygen containing functional groups.  

In this work, we have systematically explored the domain of fullerene based 

materials for possible applications in Li-ion batteries. The electrochemical and electronic 

properties of pristine fullerene and highly reduced fullerene anions have been 

investigated using density functional theory. Because battery environment is complex and 

contains an electrolyte, solvation effects are important. Therefore, we have systematically 

studied the effect of solvation on the stability and redox potential of highly reduced 

fullerene anions. It has been reported that the redox potential of quinone derivatives is 
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reduced with increasing lithium adsorption thereby degrading cell potential. 

Correspondingly, the evolution of redox potential of C60 with increasing lithium 

adsorption is of interest and has been investigated in this work.  

The effect of doping and functionalization on the redox and electronic properties 

of fullerene based materials has been studied. Our computation results show that some 

dopants and functional groups are quite effective in increasing the redox potential of C60. 

Using DFT, we have quantitatively explored whether doping and functionalization have 

synergistic effect. The correlation between electronic properties and redox potentials of 

doped and functionalized C60 based materials has been investigated so as to be able to 

rapidly screen functionalized and doped fullerene based materials for cathode 

applications.   
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                                                 CHAPTER 1 

INTRODUCTION 

 

 Energy on demand is a basic input for the sustenance of our technology dependent 

civilization and consequently the importance of energy producing and energy storage 

devices cannot be overemphasized.  Although conventional energy producing devices 

vary considerably in scale from hydroelectric dams to solar cells, all such devices have in 

common that they convert energy from one form to another. At their cores, they are 

energy conversion devices. The dependence on fossil fuels, which are a finite natural 

resource, as a primary source of energy, has climatic1 and geopolitical implications. This 

has led to an accelerated effort for development of cleaner and more efficient energy 

storage and conversion devices. Windmills, watermills and hydroelectric turbines have 

been providing clean energy for over a century. But the emergence of commercial 

electronic devices such as laptops and cell phones has required the development of 

portable, high energy density and high power density devices such as batteries and 

capacitors. 

 A battery is an energy conversion device that stores energy in the chemical form 

and transforms the stored chemical energy into electrical energy on demand1. The 

Galvanic cell was probably the earliest and the simplest prototype of a battery. Another 

example is the lead acid battery which has been extensively used in automobiles because 

of its low cost 2. All batteries share a common feature in that they consist of a positive 

electrode called cathode and a negative electrode called anode which are physically 

separated but electrically connected through an electrolyte1. Oxidation and reduction 

 



reactions take place at anode and cathode respectively. The electrolyte serves as a 

medium for transport of ionic species from one electrode to another, electrically 

connecting the two electrodes and maintaining charge neutrality for the uninterrupted, 

continuous working of the battery. The source of energy in the battery is the reduction in 

Gibbs free energy which appears in the form of electromotive force (emf) that drives 

current in the external circuit. Although inexpensive, lead acid batteries have low energy 

density2 (energy to volume ratio) and specific energy (energy to weight ratio) and cannot 

be efficiently used for consumer electronics applications such as cell phones. Multiple 

commercial battery technologies such as NiMH, NiCd and Li-ion exist as possible 

alternatives to lead acid batteries, with their own advantages and limitations. Of these, Li-

ion has the highest specific energy in the range2 of 120-200 Wh/kg as shown 3 in Figure 1 

and accordingly they have been extensively used in consumer electronics applications.  

 

 

Figure 1: Energy density and specific energy of commercial battery technologies (source 
of graphic: Tarascon et al.3)  
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 Owing to intensive research and development,  Li-ion battery technology has 

matured and become easily affordable. The energy density of Li-ion battery has been 

more than doubled4 and they are ten times cheaper4 since 1991 when the first commercial 

Li-ion battery was sold by Sony Corp. In 2013, consumers purchased an estimated 5 

billion Li-ion cells4 indicating that Li-ion battery technology has been a commercial 

success. 

 Li batteries are classified into primary and secondary batteries. If the electrode 

reactions are reversible, a discharged Li-ion battery can be reused i.e. it is rechargeable; 

otherwise it is non-rechargeable. Non-rechargeable and rechargeable batteries are also 

called primary and secondary batteries respectively.  

 A schematic1 of a rechargeable Li-ion battery is shown in Figure 2. 

 

 

Figure 2: Schematic of a rechargeable Li-ion battery (source of graphic: Goodenough et    
                al.1) 
 

The anode is made of graphite which is a layered structure. Lithium is intercalated 

between the graphite layers. On discharge, Li+ ions from anode are transported through 
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the electrolyte to the CoO2 cathode where they are intercalated to give LiCoO2. The 

reaction at the cathode is termed as the insertion reaction. During the recharging of the 

battery, the reverse reaction occurs and lithium is deposited back at the anode and this 

cycle is repeated.  

 The current high performance of Li ion batteries is the result of extensive 

modifications in battery materials since the early stages of Li-ion battery development5, 6. 

A timeline for the evolution of energy density, a key performance parameter 

characterizing a battery, for several commercial batteries including Li-ion is shown 4 in 

Figure 3.  

 

                 Figure 3: Timeline for evolution of energy density of commercial battery         
                 technologies(source of graphic: Van Noorden4) 
 

Although Li ion batteries perform much better than their other commercial competitors, it 

is expected that they will reach their peak performance4 unless some novel advances are 
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made. Consequently, extensive research effort is in progress to improve the performance 

of Li-ion batteries by exploring new electrode materials7. 

 Carbon allotrope materials such as fullerene (C60), carbon nanotubes (CNTs), 

graphene and their derivatives are relatively recent materials8 that hold promise as 

potential electrode materials9-12. The utility of carbon allotropes and their derivatives as 

possible electrode materials derives from multiple possible hybridization schemes for 

carbon, high chemical and mechanical stability of C-C bond, rich surface chemistry and 

the ability to form strong bonds with the adsorbed species13. Owing to these 

characteristics of the C-C bond, these allotropes of carbon and their derivatives have 

novel combinations of electronic, mechanical and thermal properties, a combination that 

is difficult to find in any other single component material. For example, single layer 

graphene has a thermal conductivity14 of 5000 W/mK compared to 385 W/mK for 

copper. Since graphene is known to intercalate lithium 15, it an attractive electrode 

material with potential for further improvement with doping and functionalization . 

 The electrochemical environment inside the battery is complex16. Frequently, 

trade-offs in properties are required to design an optimum material for a given chemical 

environment and electrochemical specification. Although carbon allotropes and their 

derivatives have novel properties13, a better understanding of their behavior and 

characteristics in the electrochemical aspect is highly desirable for practical applications. 

Experiments can be performed but they are tedious, expensive and sometimes may not be 

possible with the currently available instrumentation, especially while exploring new 

materials which may be unstable.  
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 Computational studies can help narrow down the search space to be explored by 

experiments and cut cost. Ab-initio methods and atomistic simulations allow the material 

properties to be predicted and explained at the electronic and atomic level respectively. 

Such investigations also provide valuable inputs on values and trends for material 

properties such as diffusion coefficients, for modeling at systems level, which has direct 

commercial implications.  

 The focus of this work is to explore fullerene based materials and their derivatives 

using ab-initio density functional theory17 (DFT).  Such studies are important in their own 

right and  also provide useful input for  studies at higher temporal and spatial scales such 

as for Molecular Dynamics18 (MD) simulation methodology at atomistic scale, 

Dissipative Particle Dynamics19 (DPD) at mesoscale and Finite Difference Methods20 

(FDM) at continuum scale. It is anticipated that this approach will help in better 

understanding and improving the material selection and design process for electrodes in 

lithium ion batteries. 

 DFT has been used to model thermodynamic21, kinetic22 and electrochemical 

aspects23 of batteries. Besides, batteries have been modeled at higher temporal and spatial 

scales24, underscoring the complexity and multiscale nature of chemical, thermal and 

mechanical phenomenon underlying battery operation. A review of literature pertaining 

to these modeling studies will be presented in the next chapter. 
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CHAPTER 2 

LITERATURE REVIEW 

 

 In order to improve the performance characteristics and safety of Li-ion batteries, 

many materials have been investigated for electrode and electrolyte  applications7. An 

overview of the typical ranges of the average discharge potentials and specific capacity of 

some electrode materials from Nitta et al.25, is presented in an Ashby chart26 in Figure 4.  

 

 

Figure 4: Range of average discharge potential as a function of specific capacity for (a) 
intercalation type cathodes (experimental) (b)conversion type cathodes (theoretical) (c) 
conversion type anode (experimental) (d)cumulative of a, b and c for all 
electrodes(source of graphic: Nitta et al.25) 
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Several electrolyte materials have also been investigated. A schematic representation of 

some of the common electrolyte and electrode materials27 considered for Li-ion battery 

applications is shown in a cell sandwich in Figure 5. 

 

Figure 5: Electrode and electrolyte materials investigated for lithium ion battery 
applications (source of graphic: Bhatt et al.27) 
 

 It is evident from Figure 4 and Figure 5 that the range of candidate materials 

currently under investigation for possible lithium ion battery applications is very 

extensive and is an ongoing and expanding area of research. Lithium ion batteries have 

been investigated across several temporal and spatial scales. The existence of such 

studies, in different spatial and temporal regimes, emphasizes that multiple aspects of 

their behavior at different scales need to be understood and correlated in order to fully 

understand their behavior and develop functional predictive capabilities. A complete 

survey of the available literature on materials and modeling for lithium ion batteries 

would fill several volumes.  So, a focused survey of literature, which will cover the 
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current trends in computational and experimental investigations of lithium ion battery 

materials, relevant to this thesis, will be presented 

  2.1 Density functional theory studies on Li ion batteries 

 Functionally, battery materials can be subdivided into electrode and electrolyte 

materials. Electrode materials28 have been investigated using DFT17 for phase stability29-

34, intercalation phenomenon35-38, crystal structure39-43, electronic properties44-47 and 

thermodynamic behavior48-51. Layered transition metal oxides are currently used as 

cathodes in lithium ion batteries. Kim et al.52 investigated the increase in stability of 

LiNiO2 (LNO) when doped with Co. They found that the formation energy of lithium and 

oxygen vacancies in LNO was smaller than that in LiCoO2 (LCO). In addition, DFT study 

of the local configuration of vacancies showed that the energy of oxygen vacancy 

increased as the distance to the Co atom was decreased. The study also showed that the 

Ni-O bond strength was smaller than Co-O bond strength thus explaining the higher 

stability of LCO relative to LNO Hence, doping of LNO with Co increased the lithium 

and oxygen vacancy formation energy in LNO. The investigation of thermodynamics of 

lithium and oxygen vacancy formation carried out in this work is important as it suggests 

a way of increasing the stability of LNO by doping it with CoO, an insight useful from 

the industrial point of view.  

 Ceder et al.53 used DFT54 coupled with cluster variation method55 to study the 

phase behavior of LixCoO2. Density functional theory was used to determine the energy 

of the ground state as well as the relative energies of the various possible structures of 

LixCoO2. Cluster variation method, utilizing DFT input,54, 55 was used to generate a free 

energy model for finite temperature calculations and predict the stability of various 

phases of layered and spinel LixCoO2 as a function of lithium content. This allowed the 
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generation of a phase diagram for the layered and spinel forms of LixCoO2. The 

calculated free energies of the layered and spinel form of LixCoO2 demonstrated the 

possibility of a phase transition from layered to spinel structure with increasing lithium 

concentration at 300 K. They also investigated the ability of specific transition metals to 

form stable spinel and layered structures by calculating the formation energies LiM2O4 

(where M = Li, Cr, Mn, Fe or Ni). It was found that Mn formed the most stable spinel 

structure while Fe formed the most stable layered structure. Free energy calculations 

demonstrated that the layered structure was metastable around lithium mole fraction of 

0.5 and there was a tendency to change to a spinel structure, the lower energy state. 

Calculated phase diagrams for LiFePO4
56, Li-Mn-O system57 and Li-Ni-O58 system have 

also been reported. These works illustrate the application of DFT for predicting phase 

relationships in lithium ion battery materials at finite temperatures. 

 Kang et al.59 investigated the effects of several factors on the ionic diffusivity of 

layered oxide materials. Although diffusion is a kinetic phenomenon, diffusivity depends 

upon the activation barrier for diffusion which can be calculated using density functional 

theory. They calculated the energy of Li ion in octahedral and tetrahedral sites as a 

function of c- parameter of the lattice. The calculated energies show that lithium in the 

octahedral site has a lower energy than the tetrahedral site. As lithium hops from one 

tetrahedral site to the next during diffusion, it transits via a tetrahedral site, a site of 

higher energy, which accounts for the diffusion barrier.  They also investigated the effect 

of a and b lattice parameters on the activation barrier for lithium diffusion. It was found 

that the diffusion barrier was relatively insensitive to a or b spacing compared to c 

parameter. This was explained on the basis of the low sensitivity of the shortest Li-O 
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distance to change in a or b parameter. With the basic methodology established, they also 

investigated the effect of non-transition metal and transition metals dopants on diffusion 

and activation barrier. It was found that the activation barrier was considerably increased 

by doping with non-transition metals. Since the diffusion coefficient depends upon the 

activation energy through an Arrhenius type of relationship60, such studies suggest ways 

of changing the diffusion coefficients of lithium by several orders of magnitude through 

slight changes in composition of the electrode. Similar studies on Li diffusion in LCO61, 

62, olivine phosphates63, 64 and lithium manganese oxide (LMO)65, 66 have also been 

reported. 

 Reed et al.67 investigated the effect of cycling on the stability of Ni doped layered 

LiMnO2. Their DFT calculations showed that electrochemical cycling of Ni doped 

LiMnO2 resulted in changing the oxidation state of Ni from +2 to +4 while keeping the 

oxidation state of Mn to +4. This prevents the transformation from the layered to the 

spinel structure. The near constancy of Mn-O bond length, irrespective of the Li content 

in Ni doped LiMnO2, demonstrated that the oxidation state of Mn remains unchanged and 

the base Mn-O structure intact, accounting for cyclic stability. This study illustrates a 

design concept that involves transferring the changes in oxidation state during cycling to 

an externally introduced doping material without degrading the base structure of the 

lithium transition metal oxide responsible for intercalation. 

 Winget et al.68 have presented a computational methodology for calculating the 

equilibrium free energy of an oxidation/reduction process in terms of the ionization 

potential and electron affinity of the species in gas phase. The thermodynamic cycle 

applied in their approach 69 is based on Hess’s law of heat summation. The free energy 
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change associated with the solvation of the electron is neglected. Since the 

oxidation/reduction potential of a species can be computed, the electromotive force (emf) 

of an electrochemical cell consisting of two electrodes can be obtained theoretically. 

Since the gas phase energies can be computed at various levels of theory68, the redox 

potentials in solution can be computed with increasing accuracy depending upon the 

availability of computational resources. They demonstrated68 the application of their 

computation protocol to both reversible and irreversible redox processes. Their 

methodology can be automated and used as a guideline for rapidly screening materials for 

electrode applications. Their approach has been used to determine the solvation free 

energies of metal halides in organic solvents70, reduction potential of nitroxyl radicals71, 

oxidation potentials for substituted anilines69 and liquid phase reduction potentials of 

organic and biological molecules72.  

 Shang et al.49 used DFT to calculate phonon dispersion relations and phonon 

density of states for LiMPO4 (M=Mn, Fe, Co and Ni). Based on the phonon density of 

states, they obtained the finite temperature properties of LiMPO4 from 0 K to 1200 K i.e. 

the Gibbs free energy, entropy and enthalpy of LiMPO4. It was found that the vibrational 

contribution to Gibbs free energy increased due to decreasing vibrational entropy from 

M=Mn, Fe, Co to Ni. These thermodynamic properties can be used as inputs in 

CALPHAD approach73 to calculate phase behavior at different temperatures. This work 

demonstrated the possible application of DFT for calculating continuum level 

thermodynamic parameters for lithium ion batteries from first principle calculations. Goel 

et al.74 have carried out experiments to measure the volume expansion coefficient, 

thermal expansion coefficient and inelastic scattering spectra of LiMPO4 (M=Mn, Fe). 
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The inelastic scattering measurements were in good agreement with their DFT 

calculations. Lattice dynamics studies for Li2CO3 have also been reported75. 

 Ganesh et al.76 performed ab-initio MD simulations of LiPF6 dissolved in ethylene 

carbonate (EC) and propylene carbonate (PC) to determine lithium diffusivities, lithium 

solvation energies and the structure of first solvation shell of lithium in EC and PC. The 

diffusivities of phosphorus and lithium ions were obtained from the computed mean 

square displacement of these ions in EC and PC while the structure of the first solvation 

shell was obtained from RDF analysis. The distribution of (carbonyl) O-Li-O (carbonyl) 

bond angle showed a sharp peak around 110 degrees indicating that lithium ion is 

tetrahedrally coordinated with four solvent molecules. This work was one of the first ab-

initio MD studies reported for lithium ion batteries. Ab-initio MD simulations have also 

been carried out for negative electrode materials such as Si77 and carbon nanotubes78. 

 DFT has also been used to study anode materials 79-82.  The three main materials 

of interest83 for negative electrode applications are graphite, silicon based materials and 

titanium oxide based materials. Currently, graphite is the most extensively used negative 

electrode material10. Because of the limiting reversible capacity and diffusion rates in 

graphite10, which result in low power density, other materials are being explored. 

Tasaki84 has used DFT to study the structural and energetic properties of several graphite 

intercalation compounds (GIC) with different solvents for lithium. When graphite is used 

as a negative electrode material in lithium ion batteries, lithium ion along with the solvent 

for lithium ions such as dimethysulfoxide is intercalated in graphite forming a ternary 

GIC. DFT with Grimme’s dispersion correction 85-87 was used to describe Van der Waals 

interactions in graphite. Interlayer distances and intercalation energies were computed for 
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several GICs.  Based on DFT studies, it was hypothesized that the stability of GIC 

depends on the electron affinity and the size of the intercalating species. Si has also been 

explored as negative electrode material27. Lithiation of silicon leads to a reduction in the 

strength of Si-Si bond and the continuous Si-Si tetrahedral network breaks down as a 

result of formation of Si-Li bonds27. This is accompanied by reduction in strength 

properties of silicon and the appearance of brittle to ductile transition in silicon. DFT 

calculations have shown that lithium prefers to occupy tetrahedral sites in Si network. 

DFT studies on lithium intercalation in Si nanowires have also been carried out88. The 

fast lithium transport in Si nanowires has been attributed to high surface area to volume 

ratio in nanowires. Computational studies on anode materials for lithium ion batteries 

have been extensively reviewed by Wu et al.89 and Bhatt et al.27. 

 In a series of related works,  Koh et al.90-93 used DFT to study the mechanism of 

Li adsorption on carbon nanotube (CNT) –fullerene hybrid system90 and obtained lithium 

adsorption energies91 on CNT-C60 hybrid systems as well as on pristine CNTs91. They 

found that Li adsorption on hybrid system was more favorable than that on pristine CNTs 

90and attributed it to high electron affinity of C60. In addition, they have also obtained the 

HOMO and LUMO levels90 for the CNT-C60 hybrid system for adsorption of multiple 

number of Li atoms on the hybrid system. They have also studied Li adsorption on 

graphene-fullerene nanobud system92 as well as on graphene-fullerene nano-hybrid 

system93. They have calculated the binding energies for adsorption of multiple number of 

Li atoms on the graphene-fullerene nanobud92 and hybrid system93 and obtained their 

band structure and other electronic properties. While their work gives quantitative insight 

into the mechanism of Li adsorption on such systems and is quite useful in this regard, it 

 14 



does not address the electrochemical aspects of these systems. A study on the 

electrochemical properties of nanobud and hybrid systems will be a good complement to 

their lithium adsorption investigation. 

 Summarizing, DFT has been extensively used to model electronic and atomic 

structures as well as their various manifestations such as response to doping and phase 

stability in Li ion batteries. Such studies are able to provide quantitative information on 

driving forces and activation barriers for atomistic interactions. However, systematic 

DFT studies on the electrochemical properties of fullerene based materials are quite 

limited.  

 While the effects of atomistic interactions can be measured in experiments, it is 

only through computational chemistry techniques such as DFT that a coherent 

understanding scheme can be constructed for these atomistic phenomenon; the averaged 

effects of these phenomenon being manifest and recorded in experiments. Hence, such 

studies provide insight for designing better materials for battery applications. 

  2.2 Atomistic level studies on Li ion batteries 

 DFT is computationally expensive and is limited to a couple of hundred atoms at 

most. It cannot be used to simulate a system consisting of even a few thousand atoms or 

to obtain information about the large scale atomic arrangement such as that obtained from 

radial distribution function and structure factor. While DFT can give useful information 

at the electronic scale, a large class of experiments measure average behavior over 

several hundred atoms. Molecular dynamics is quite suitable to such spatial scales. 

Besides, MD can be used to easily obtain temporal evolution of the system over several 

nanosecond timescale. 
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 Molecular dynamics (MD) has been used to study the transport94, structural95 and 

interfacial properties96 of electrolytic phase in Li ion batteries. Since these properties are 

obtained from representative systems consisting of several thousand atoms, DFT is not 

suitable for such studies because of the high computational cost associated with 

simulating systems of this size. Xing et al.95 investigated the structure of several 

compositions of mixed solvent electrolyte, tetramethyleme sulfone/dimethyl carbonate, in 

close vicinity of the electrode surface, as a function of applied potential. They found95 

that charging the electrode has a profound effect on the adsorption and orientation of the 

electrolyte on the electrode surface. Based on changes in local coordination number of Li 

ion obtained from MD simulations, they were able to obtain profiles of distribution of 

electrolyte components95 in different solvation shells of Li+. They also obtained electrode 

double layer capacitance for electrolyte/electrode system which was found to be in the 

range of experimental values reported in literature 

 Marquez et al.94 used MD simulations to study lithium ion diffusion coefficient, 

electrolytic structure, staging phenomenon and double layer formation at graphite- 

electrolyte interface as a function of lithium content. The electrolyte phase consisted of 

LiPF6 dissolved in a mixture of ethylene carbonate and propylene carbonate. Inter-

particle interactions were modeled using universal force field. Radial distribution 

function (RDF) was used to characterize the local distribution of phosphorus and fluorine 

atoms around lithium. RDF analysis showed well defined peaks for phosphorus and 

fluorine distribution around lithium ion indicating that atoms are arranged in anion-cation 

pairs. The distances between lithium cations and phosphorus/fluorine anions were in 

agreement with the optimized structures of LiPF6 obtained using DFT. The computed 
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average interlayer spacing of graphite sheets, as a function of Li content, was found to be 

in agreement with the experimental results. 

 The accuracy and reliability of the information obtained from a molecular 

dynamics simulation is strongly dependent on the force field used to model the 

interactions between the species. One of the key inputs and challenges for molecular 

dynamics based atomistic simulations is the development of a reliable force field to 

accurately model interactions between the constituents of a model system. Electrolyte 

materials, owing to the presence of ionic species, present challenges in this respect since 

the underlying force field should be able to account for the polarizable nature of the ionic 

species when subject to an electric field. Borodin et al.97 have developed a many body 

polarizable force field to accurately model ionic species in electrolytic environments 

existing in batteries. Molecular dynamics simulations performed on 30 ionic liquids using 

their force field97 showed that the computed heat of vaporization, ion self- diffusion 

coefficient, conductivity and viscosity were in good agreement with the experimental 

data. This validated the force field parameters and functional forms. Borodin et al.98 used 

a variation of this force field to model lithium ion transport in dilithium ethylene 

dicarbonate (Li2EDC). The conductivity of Li2EDC obtained from MD simulations in this 

study98 was found to be in good agreement with the experiment. The force field allowed 

the effect of polarization on transport to be investigated98. It was found that the neglect of 

polarization in the force field led to slower diffusion rate98 and a higher activation energy 

for diffusion in the simulation compared to when the polarization was switched on. 

 In addition to transport and structural properties, molecular dynamics has also 

been used to model the mechanical behavior of batteries99.  An understanding of the 
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mechanical behavior of batteries is important since phase transitions, thermal effects and 

intercalation phenomenon lead to dimensional changes which would introduce stresses in 

the system and affect the structural integrity, performance and lifetime of a battery. Lee et 

al.99 performed MD simulations and obtained the elastic constants of LixMn2O4 as a 

function of lithium concentration, x. The analysis of elastic constants showed that 

elasticity resulted from the three main contributions to the stress tensor: kinetic energy, 

long range coulomb and pair interactions. While the kinetic and coulomb contributions 

were almost unaltered with changing lithium content x, the pair contribution was 

observed to be sensitive to the state of discharge. It was observed99 that the stress 

contribution resulting from Mn+4 and O-2 pair interaction was the dominant interaction at 

low doping levels. At high doping levels, Mn+3/O-2 and Li+/O-2 interactions were 

dominant99.  

 Based on our survey of literature, we found that the atomistic simulation studies 

on Li-ion batteries are quite limited and are focused mainly on the structure and diffusion 

in solid electrolyte interface100 (SEI), a transition layer in the immediate vicinity of 

electrode. Agubra 101 has reviewed literature on the formation and stability of SEI on 

graphite anode. From the kinetic perspective, a very limited number of studies on the Li-

C60 system have been reported. For example, Tachikawa102-104 has used ab-initio MD to 

study the kinetics of lithium diffusion on C60. Although important in their own right, 

owing to the limitations on the computational resources needed for DFT, ab-initio MD 

cannot substitute for atomistic MD simulations. 

 In conclusion, molecular dynamics, in its own right, can be seen as a technique to 

average over the electronic effects modeled by DFT. MD is also useful since it can act as 
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a bridge between the DFT simulations and continuum level modeling in the multi-scale 

modeling framework. 

 2.3 Continuum level studies on Li ion batteries 

 Although a majority of chemical processes involve redox reactions, a battery is a 

special type of chemical system because in contrast to normal molecular reactions, charge 

transfer in batteries occurs over macroscopic distances. Because macroscopic distances 

are involved, at least for charge transport, continuum level studies of batteries are quite 

natural. Secondly, electrochemical experiments which are carried out using instruments 

such as voltmeters and ammeters are closely tied to continuum level simulations of 

batteries. Potentials and currents, as measured in electrochemical experiments, are 

respectively measures of the driving forces and rates of the underlying electrochemical 

reactions which power the battery. Such electrochemical measurements, therefore, 

correlate the battery performance, an engineering viewpoint, to driving forces and 

reaction rates, a chemistry viewpoint. Thirdly, the actual usage of batteries, at systems 

level, is modeled by continuum level simulations24. These continuum level models24, 

formulated in terms of currents and voltages, simulate those aspects of batteries which are 

experienced directly by a commercial user on a day to day basis24. The modeling of such 

continuum level phenomena is, therefore, important to gain insight into performance of 

batteries from the application side.  

 Thermodynamics, mass transport in electrolyte, electron transfer kinetics at the 

electrode surface, heat transport, electrostatics and interfacial phenomenon105-107 are 

usually the major factors in macroscopic electrochemical systems. These phenomena are 

described using partial differential equations, which are coupled to one another, requiring 

a multi-physics approach108. The imposition of physical conditions such as 
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microelectrode environment in experiments, translate into boundary conditions for 

mathematical models109. In addition, measurements made in experiments also provide 

empirical relationships between the physical quantities of the mathematical models e.g. 

for modeling a cell sandwich, an expression for the over-potential and its parameters is 

required and is obtained from experimental measurements24.  

 The modeling of these coupled phenomena in batteries has been extensively 

carried out by Newman and coworkers24. Their work on porous electrode theory20, 

concentrated solution theory as applied to batteries24, 110 and the finite difference method 

approach which is based on implicit Crank-Nicolson method for solving the coupled 

ODEs in the context of batteries111, 112 forms the basis of large number of continuum level 

simulations in this area. A brief description of porous electrode theory20, concentration 

solution theory110 and the numerical technique111 for solving coupled ODEs will now be 

provided.  

 A nonporous electrode consists of a plane, well- defined, sharp interface between 

the metal electrode and the underlying electrolytic solution. However, the rate of the 

reaction at the electrode surface can be significantly increased by using a porous 

electrode. A porous electrode20 consists of a porous matrix of a mixture of active non-

conducting material and an inert conducting material in which the pores are fully 

infiltrated by the electrolyte. For example, the active material could be TiS2 or a lithium 

metal oxide that can intercalate lithium and the inert conducting material can be carbon 

particles which are introduced to increase electrical conductivity. The electrolyte can be a 

solution of a binary electrolyte in a polymer, which acts as a solvent for the binary salt, 

for example, lithium trifluoromethane sulphonate salt in polyethylene oxide polymer24. 
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The increase in reaction rate comes from the increased surface area per unit volume of 

the porous electrode relative to a simple metal electrode. In the porous electrode theory20, 

the geometric details of the porosity are neglected and the electrode is characterized by 

spatially averaged quantities such as the average fraction of pores in the electrode. The 

detailed structure of the heterogeneities is neglected and the electrode is treated as a 

continuum. Two separate potentials Φ1 and Φ2 are defined, one for the matrix and other 

for the electrolytic phase in the pores respectively. Similarly, two current densities, i1 and 

i2 are defined, corresponding to the matrix phase and the electrolytic phase respectively24. 

Charge conservation is enforced by requiring that the total current density entering into 

the electrode phase from the electrolytic phase, i, is equal to the sum of charge densities 

in the matrix phase and the electrolytic phase (infiltrated into the pores) of the porous 

electrode, i1+i2. The equations of the porous electrode theory for the charge transport in 

porous electrode are have been formulated by Newman for one dimensional transport and 

used extensively in battery modeling24. 

 The multicomponent mass transport of ions in the electrolyte phase can be 

modeled using either the dilute solution theory113 or the concentrated solution theory24. In 

the dilute solution theory, the fluxes are governed by Fick’s law. The dilute solution 

theory only considers the interactions between the solute and the solvent. In the 

concentrated solution theory, which is based on Stefan-Maxwell equations110, 114, the 

driving forces for diffusion are expressed in terms of the combination of fluxes of all the 

components in the solution. For electrolytic solutions, even in dilute regime, Fick’s law 

does not provide an adequate description because of the long range interactions between 

the diffusing species110. For ideal mixtures, the Fick’s law is replaced by the Stefan-
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Maxwell equation110 which expresses driving forces in terms of the fluxes of the 

component species. However, these equations are coupled. These coupled equations can 

be inverted and put in a form similar to Fick’s law. This is the form in which they are 

used in modeling transport phenomenon in analogy to Fick’s law. Stefan-Maxwell 

equations have been generalized to non-ideal case115, 116 and for modeling thermal 

diffusion117-119. Newman has presented solution to Stefan-Boltzmann equations for 

several model problems of engineering interest110.  

 The equations for electrode kinetics describing a porous electrode and for mass 

transport in electrolytes using concentrated solution theory are coupled differential 

equations that need to be solved simultaneously subject to specified initial and boundary 

conditions. The method, as implemented in BAND(J) subroutine120 developed by 

Newman and coworkers111, 120, for solving the coupled differential equations for 

modeling batteries has been extensively used in its original121, 122 and modified form120 in 

literature. The method was developed originally for coupled non-linear ordinary 

differential equations and uses finite difference approximation and the implicit Crank-

Nicolson scheme120, to convert a set of coupled differential equations to non-linear 

algebraic equations. The non-linear algebraic equations are solved using the Newton-

Raphson procedure. The method can also be used for solving coupled PDEs by first 

converting them to coupled ODEs.  

 All of the above described three constituents, the porous electrode theory, the 

concentrated solution theory and the BAND(J) subroutine were developed over a span of 

about 30 years and brought together in a coherent manner in the seminal work by 

Newman and coworkers24 on the modeling of the charge and discharge of the Li-ion 
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battery24. The ideas discussed in this  work24 form the basis of numerous other works on 

modeling Li-ion batteries in their original and modified form123-125.  Consequently, this 

work will be described in some detail. The model presented in this work24 simulates a full 

cell sandwich consisting of a lithium anode, a solid polymer electrolyte containing a 

binary salt and a composite porous electrode. Temperature is an input parameter in the 

model but temperature effects on the material properties of the cell components are 

neglected. Film formation at the electrode-polymer interface is also neglected. Porous 

electrode theory is used for composite cathode which is assumed to be a continuum. The 

electrolyte is modeled using concentrated solution theory and mass transport in the 

electrolyte is characterized by the transference number of lithium ions, the diffusion 

coefficient of the Lithium ion and the electrical conductivity of the electrolyte. Lithium 

insertion in intercalating cathode is modeled using superposition. Although it is a 

simplified model24 in the sense that it does not take into account the temperature effects 

and the interfacial phenomenon at the electrolyte-electrode interface, the model24 

captures the core electrochemical aspects of transport and discharge of active ionic 

species in a Li ion battery. The model is able to predict the evolution of cell potential as a 

function of average utilization of cathode for different charge and discharge rates. Based 

on the predictions of this model, several optimization strategies for maximizing cell 

performance can be inferred24. 

 LiFePO4 has also been demonstrated as promising intercalation materials for Li 

ion batteries5. These materials differ from conventional active materials such as TiS2 in 

that they undergo a phase change as lithium is intercalated in the material. Shrinking core 

model126-128 has been used to model the moving phase boundary and incorporate this 
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phenomenon in mathematical models of Li ion batteries. Figure 6 shows129 a schematic 

representation of the shrinking core model.  

 

 

Figure 6: Schematic representation of the shrinking core model showing the formation of 
lithiated phase on the boundary and the gradual progression of the phase boundary 
towards the center. (source of graphic: Srinivasan et al.129) 
 
Srinivasan et al.129 have incorporated the phase transition behavior observed in lithium 

iron phosphate cathodes in the porous electrode theory and were able to predict the cell 

potential as a function of charge capacity for different current densities. This model can 

be viewed as an extension of cell sandwich model in Doyle et al.24, extended to 

incorporate phase transition in active cathode material.   

 Ferguson et al.130 have presented a generalization of porous electrode theory to 

non-ideal active materials based on non-equilibrium thermodynamics. Unlike other 

models, which require open-circuit potential, exchange current and diffusion properties to 

be obtained from an empirical fit and then input into the model, in the model of Ferguson 

et al.130, these quantities relate to and emerge from the underlying physics incorporated 

into this model. A generalization of Butler-Volmer equation131 that is applicable to both 
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conventional active materials as well as to active materials undergoing phase transition is 

presented. Their formulation incorporates Cahn-Hilliard based phase field models132 for 

simulating phase change in lithium transition metal oxide cathodes.  

 Because of space and time constraints, it is not possible to give an exhaustive 

discussion of all the continuum level battery models and so a few excellent review 

articles will be cited. Gomadam et al.133 have presented a detailed review of the strengths 

and drawbacks of various mathematical models for lithium ion and nickel battery 

systems. They observe that a large number of battery models incorporate several 

simplifying assumptions such as the neglect of volume changes and side reactions 

occurring during battery operation, the constancy of transference number and diffusivity 

during the operation of battery and the assumption of spherical active intercalation 

particles. These assumptions are also inbuilt into the work of Newman and coworkers24.  

Botte et al.134 have reviewed several mathematical models used for secondary lithium ion 

batteries. Different mathematical models that capture the electrochemical as well as the 

thermal aspects of secondary lithium ion batteries have been discussed134. Multiple 

discretization schemes and numerical approaches to solving the governing equations have 

been discussed by Botte et al134. Inferring that most of the current battery models are one 

dimensional, the review stresses the need for a mathematical model of batteries that 

includes detailed material and energy balances in a three dimensional framework. The 

review also acknowledges the importance of ab-initio and molecular level simulations in 

understanding the mechanism of lithium intercalation in li ion battery cathode.  

 To summarize, while DFT and MD can provide atomic and molecular level 

insights into the workings of batteries, the actual usage of batteries is modeled by 
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continuum level simulations. DFT and MD studies can be used to provide input 

parameters for continuum models in a cost effective manner, without resorting to 

experiments at least in the preliminary stages of modeling. DFT, MD and continuum 

level simulations are needed in conjunction to provide a full spectrum view of a system 

as complex as a battery. 

  2.4 Electrochemical studies on Carbon-Based Materials 

 Chabre et al.135 have used cyclic voltammetry to study the electrochemical 

intercalation of Lithium on C60. The voltage vs. current curve showed well defined 

reduction peaks. On integrating the voltage vs. current curve, they were able to attribute 

the peak positions to the formation of LixC60 where X =0.5, 2, 3, 4 and 12 respectively 

corresponding to the reduction peaks (vs. Li) at 2.3 V, 1.9 V , 1.5 V, 1.0 V and 0.8 V. 

The relaxation rate of the current was found to be sluggish which meant slow diffusion in 

the system which is characteristic of a solid state intercalation process. Synthesis of other 

alkali metal fullerites such as KxC60
136 and  Rb3C60

137 through wet synthesis has also been 

reported. However, as Chabre et al. 135 have pointed out, in the case of K and Rb, only the 

peaks corresponding to X=3 and 4 have been observed. One possible reason can be the 

large size of K and Rb which causes steric hindrance for intercalation on fullerene. In 

addition, the intercalation of Li in C60, as reported by Chabre et al.135 , is a solid state 

process and utilizes a polymer electrolyte. Since polymer electrolytes are more stable and 

less corrosive than liquid electrolytes, their work demonstrated the experimental 

feasibility of using C60 and C60 based materials as possible electrode materials. 

 Yokoji et al.138 have studied electron-deficient benzoquinones using cyclic 

voltammetry for possible applications as cathode materials. Perfluoroalkyl groups, with a 
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strong tendency to attract electrons, were used to generate electron deficient 

benzoquinone. They demonstrated experimentally that electron-deficient benzoquinones 

showed higher cell voltage compared to electron-rich benzoquinone due to the presence 

of electron withdrawing functional group in the molecular structure. This is an important 

advancement as it illustrates an important design principle for synthesizing new 

promising organic cathode materials, namely, functionalize with an electron withdrawing 

functional group. We have investigated such materials in this work.  

 Kim et al.23 have used density functional theory to study the electrochemical and 

thermodynamic aspects of lithium adsorption on quinone derivatives. Their computation 

results showed that the presence of electron withdrawing functional groups can be used to 

selectively modify the properties of quinone derivatives, an effect also demonstrated by 

Yokoji et al.138 experimentally. They also investigated the most favorable binding sites 

for lithium adsorption on quinone derivatives and studied the effect of Lithium adsorption 

on the discharge potential of the battery.  

 Lee et al.139 have demonstrated the design and fabrication of high energy and 

power density battery device based on carbon nanotubes functionalized with oxygen 

containing functional groups140. They constructed a carbon based electrode with 

reversible gravimetric capacity (per gram of electrode) of ~200mAh and power density of 

~0.1kW with a lifetime of several thousand cycles139. The device had a power density 

which was one order of magnitude higher than commonly use Li-ion battery technology 

and within the range of electrochemical capacitors. The high energy density was 

attributed to the presence of faradaic reaction139 between the adsorbed Lithium ions and 

the functional group used to functionalize the CNT surface. Similar enhancement in 
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properties was reported for composite electrodes composed of Graphene Oxide and 

functionalized CNTs140. Their work139, 140 demonstrated that higher properties can be 

obtained for the Li-ion battery system by functionalizing carbon based materials and 

utilizing the Faradaic reaction. Coupled with the low cost and almost limitless supply of 

carbon based materials, this was a very important development in the search for novel 

electrode materials. Several other studies141 have demonstrated the beneficial effect of 

oxygen containing functional groups142-144 and nitrogen145-147 on CNTs and graphene. 

 Burkhardt et al.148 have studied the redox properties of small organic molecules 

functionalized with violene cations as redox active sites on conducting polymers. Based 

on this study148, they have formulated a set of empirical rules for quick screening of 

promising electrode materials. Their computational studies showed that molecular 

structure has a profound effect on the electrochemical properties of the molecule. They 

found that the electrode potential is quite sensitive to the type, number and specific 

position of the heteroatom on the molecule and the redox properties can be tailored by 

controlling these aspects. Their work demonstrates148 that significant changes in redox 

potentials can be obtained through the presence of specific heteroatoms in the structure. 

Pseudo-capacitance141, 149 in carbon based materials has also been studied in activated 

carbons149 and other nanostructures.  

 Liang et al.150 have presented an exhaustive review of organic electrode materials 

for Li ion batteries. Xie et al.151 have reviewed positive and bifunctional organic 

electrode materials in addition to organic anode materials in their work.   
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 Based on a review of literature, we observe that fullerene based materials, for 

which the basic raw material is carbon which is abundant in nature, have not been 

investigated systematically for their electrochemical aspects. In this work, we will 

investigate fullerene based materials for electrochemical applications. In the next chapter 

we outline the rationale and objectives of this study. 
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CHAPTER 3 

OBJECTIVES 

 

 Based on the survey of literature in the previous chapter, it is concluded that 

electrode materials have been the subject of extensive study, both at electronic and 

atomistic level. Such studies have focused either on developing new materials or on 

understanding the mechanism of working of existing materials and using this insight to 

design better electrode materials. The experimental design of new materials for electrode 

applications is an expensive process owing to the large search space that needs to be 

explored. The design process is also quite tedious and intrinsically random unless some 

promising direction for synthesis is indicated in advance by computation. For example, a 

computational study may indicate that an envisioned electrode material is 

thermodynamically improbable and save the experimentalists months of resources in 

trying to synthesize it. Besides, some advanced information on the redox properties of an 

envisioned electrode material can indicate a promising direction which the synthesis 

process can take, thereby saving time and expenses. Computations can also reveal useful 

trends in the structure-property relationship paradigm which may not be accessible from 

experiments alone. In this work, therefore, we will use computation to investigate novel 

electrode materials. 

 Because currently used anode materials have a higher storage capacity for 

Lithium than cathode materials152, one of the main factors limiting the performance of 

present day Li ion batteries is the upper limit on the amount of Lithium that can be 

intercalated at the cathode152. This upper limit is determined by the crystal structure of 
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the cathode material which is fixed once the cathode material is chosen. Therefore, new 

cathode materials are being explored actively152, 153. Besides, Nickel and Cobalt based 

materials, which are currently in use are costly, environmentally toxic and strategically 

scarce3, 6. Carbon, which is the main raw material for carbon based electrodes is  

relatively inexpensive, environmentally friendly, easily available and abundant in nature. 

Besides, in the light of recent advances in making high energy and power density 

electrodes using carbon based materials139, 144 , they appear promising and worthy of 

further exploration.  

 There are large numbers of carbon based materials. So, based on our 

understanding of electrochemistry and chemical intuition, the search space had to be 

narrowed down with battery applications in mind. The energy density of the battery is 

determined by cell potential and for a given anode material the cell potential is 

determined by the redox potential of the cathode152. For a high cell potential, it is 

desirable to have an anode with a highly negative redox potential and a cathode with a 

highly positive redox potential. It is the molecular structure that determines the redox 

potential of electrodes68 which in turn determines the working voltage of the cell and 

hence the energy density. Fullerene is known to have high electron affinity154 and it is 

anticipated to have a high positive redox potential, a very desirable attribute for a 

promising cathode material.  

 Fullerene materials are a relatively recent discovery155 and have novel electronic 

and structural properties155 along with high stability156. They are also amenable to 

tailoring to specific needs owing to the presence of carbon-carbon bonds, which are 

known to have a rich chemistry13, and the possibility of on-cage157 and endohedral 
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doping158. Fullerene materials are being actively explored for functionalization159-161 and 

doping162, 163 with various adducts and the synthesis of newly functionalized, fullerene 

based materials is being continuously reported in literature161. Batteries have traditionally 

been devices with high energy densities but low power densities139. Ideally, a device with 

a high energy and power density is desirable. Working devices fabricated from carbon 

based materials such as carbon nanotubes and graphene, with high energy and power 

density have already been demonstrated139. In these devices, the high energy density 

coupled with high power density has been attributed to electron transfer due to the 

presence of oxygen containing functional groups139, 140. The ability to functionalize 

fullerenes with various functional groups and dopants in multiple ways when coupled 

with the high positive redox potential of fullerene, is therefore a desirable attribute. It is 

anticipated, based on chemical intuition, that similar electron transfer processes may be 

accessible in fullerene. In this work, the stability, thermodynamic, electrochemical and 

electronic aspects of fullerene based materials, as they relate to their possible applications 

in batteries, will be studied.  

 From the thermodynamics and electrochemical point of view, we will study the 

redox and electronic properties of three classes of functionalized, fullerene based 

materials. The first class of materials that will be investigated are pristine fullerene 

functionalized with oxygen containing functional groups (OCFGs) namely, hydroxyl (-

OH), carboxylic (-COOH), epoxide(-O-) and aldehyde(-CHO). Yokoji et al.138 have 

experimentally demonstrated that functionalizing a material with a strongly electron 

withdrawing functional group (SEWFGs) creates electron deficiency in the parent 

chemical structure resulting in a higher redox potential138. Therefore, we have also 
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investigated the effect of functionalizing fullerenes with SEWFGs, namely, trifluoride (-

CF3), cyano (-CN), nitro(-NO2) and sulfonate (-SO3H). This group of materials i.e. 

fullerene functionalized with OCFGs and SEWFGs will be designated as Series 1.  

 We will also explore the electrochemical and electronic properties of fullerene 

doped with various elements, C59X (X=B, N, S, Si and P) to search for interesting 

electrochemical properties and trends in electronic properties across a period and down 

the group. This group of materials will be designated as Series 2. 

 In Series 3, the combined effect of functionalization and doping on the electronic 

and electrochemical properties of fullerene based materials will be investigated.  The first 

material system to be investigated in Series 3 would be nitrogen doped fullerene164, C59N, 

functionalized with abovementioned OCFGs and SEWFGs. The effect of functionalizing 

C59N with OCFGs and SEWFGs at the ortho, meta and para position relative to nitrogen 

atom, on the electrochemical and electronic properties of C59N will be explored. We will 

also explore the effect of doping C60 with multiple nitrogen atoms, i.e., C58N2 for ortho, 

meta, para and dispersed position of two nitrogen atoms on the hexagonal face of C60. 

C57N3 will be explored for dispersed configuration of nitrogen atoms on the fullerene 

cage. The second material system to be studied in Series 3 would be boron doped 

fullerene165, C59B, functionalized with OCFGs and SEWFGs. The effect of 

functionalizing C59B with OCFGs and SEWFGs at the ortho, meta and para position 

relative to boron atom will be explored. The effect of doping C60 with multiple boron 

atoms, i.e., C58B2 for ortho, meta, para and dispersed position of two boron atoms on the 

redox potential will be investigated.  
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Materials in Series 1 were chosen since fullerene is known to be a material with 

relatively high electron affinity93, 154 and the addition of OCFGs and SEWFGs is expected 

to enhance this tendency. Oxygen containing functional groups have also been 

experimentally demonstrated to participate in electron transfer processes responsible for 

high energy and power densities in CNT based devices139. The functional groups chosen 

for the functionalization of fullerene are the fundamental functional groups of organic 

chemistry and their effects on the redox properties in other carbon based electrode 

materials has already been investigated23. Material with one OCFG/SEWFG moiety 

attached to fullerene will also give insight into the effect of attaching multiple moieties to 

fullerenes, and several of these materials with multiple hydroxyl166and carbonyl groups167 

have already been synthesized.  

Materials in Series 2 were chosen to address a very interesting question: What 

will be the effect of on-cage doping of C60 with elements, which are close to carbon in the 

periodic table, on the redox potential of fullerene? The addition of one dopant atom, 

which is close to carbon in the periodic table, to C60 is not expected to drastically change 

the structure, and so based on chemical intuition, it is expected that the resulting 

molecules will give atleast the properties of C60 or may be better. This would also help us 

discern useful trends, if any, to intelligently design new materials. To the best of our 

knowledge, no systematic study on the redox properties of fullerenes with the 

abovementioned functional groups and dopants has been carried out. 

Materials in Series 3 were chosen to study the combined effect of 

functionalization and doping with high electronegativity species, such as nitrogen atom, 

on the redox properties of fullerenes. The interesting questions that we aspired to 
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investigate were: Do functionalization and doping have a synergistic effect or do they 

nullify one another? Quantitatively, how are the redox potentials for C60 affected when 

doping and functionalization are harnessed together? Based on our chemical intuition, the 

presence of nitrogen dopant on the fullerene cage is expected to further enhance the 

electron attracting tendency of fullerene. On-cage nitrogen doped fullerene materials164 

have already been synthesized and can act a base material for adding functional groups. 

The study of redox properties of nitrogen-doped-fullerenes with OCFGs and SEWFGs  is 

a novel design idea and we have not come across any systematic experimental or 

computational study on the redox properties of such materials. In Series 2, we had 

investigated C59X (X=B, N, S, Si and P) to look for interesting electrochemical properties 

and trends in them as we move across/down the periodic table. Based on our DFT 

calculations on materials in Series 2, it was observed that doping C60 with B i.e. C59B 

gave a redox potential that was about 50 percent higher than pristine fullerene. This is an 

example of computation helping in the search and design of novel materials with 

interesting properties. Besides, C59B has already been synthesized165. So, the material 

exists but it has not been studied for its electrochemical properties in a systematic 

manner. Since our computations showed that C59B is an intrinsically high positive redox 

potential material, we were interested in investigating the effect of functionalization of 

C59B with OCFGs and SEWFGs and inquire if they can act synergistically. Based on the 

interesting redox potentials obtained by doping fullerene with one boron atom, it was 

natural to investigate the effect of doping fullerene with two (C58B2) and three atoms 

(C57B3) respectively 
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The accumulation of lithium at an electrode results in a decrease in cell 

potential23, 135 with continued operation of the battery. This degrades performance of the 

battery. Based on previous studies of lithium adsorption on quinone derivatives23, it is 

expected that the electron affinity of pristine fullerene will decrease with increasing 

adsorption of Li on C60. Therefore, in addition to studying the redox properties of above 

three classes of materials in this work, the effect of lithium on the redox properties of 

pristine fullerene will also be investigated168-170.  

In this study, Fullerene is the base material from which other materials are derived 

by functionalization and/or doping.  In all of these materials, we are interested in the 

tendency of the material to accept electrons. Different charge states for pristine fullerene 

have been reported in literature171, 172and fullerene is known to act as a buffer for 

electrons173. This begs an important question: What is the maximum electron adsorption 

capacity of pristine fullerene both in vacuum and in the presence of electrolyte? Could 

the presence of electrolyte, in the battery environment, stabilize a highly charged 

fullerene anion which may otherwise be unstable in the vacuum? In order to answer these 

questions, we will also investigate the electrochemical and electronic properties of highly 

reduced states of fullerene anion. 

To summarize, the redox properties of three classes of materials Series 1, Series 2 

and Series 3 will be studied using DFT. This will give quantitative information about the 

electrochemical and thermodynamic aspects of fullerene based electrode materials. 

Specifically, the study of the redox properties of abovementioned materials will help 

discern as to which functional groups and dopants are effective in improving the 

electrochemical properties of fullerene based materials. In this study, the geometry 
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optimized structures, converged wavefunctions and orbital energies of various fullerene 

based materials will be computed from which other electronic, structural and bonding 

properties of these materials can be obtained. For example, activation energies for 

diffusion174, polarizabilities175 and dielectric constants are important inputs for continuum 

level modeling and design24 of Li-ion batteries and can be obtained from converged 

wavefunctions. Thermodynamic functions such as heat capacity, enthalpy and entropy 

which are required for thermodynamic modeling of C60 based Li-ion batteries will be 

obtained in this study. The converged structures and wave functions obtained in this 

study will also be the starting point for other computational studies such as the effect of 

electrolyte and operating conditions on the newly designed electrode materials. 

Interaction energies for C60-Li system, that is the energies of interaction between C60 and 

Li for different number and configurations of Li on C60, will be computed in this work . 

This would be an essential input for developing, training and testing a reliable force field 

for molecular dynamics (MD) based atomistic simulations of C60-Li system. To the best 

of our knowledge and information, an accurate and reliable force field to model C60-Li 

interactions has not been developed till date. It is also expected that this work would lay 

the ground work for future studies on the electrochemical aspects of fullerene based 

materials which are functionalized with more complex functional groups. 

In the next chapter, the simulation methodologies that are used in this work to 

study the electrochemical and electronic properties of fullerene based materials will be 

briefly described. 
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CHAPTER 4 

SIMULATION METHODOLOGY 

 

Li-ion batteries are complex systems with multiple aspects which manifest at 

different spatial and temporal scales. These aspects are coupled, e.g.  phenomena at the 

electronic and atomic level determine what is observed subsequently at the molecular 

scale and this determines the continuum level behavior. This bottom up multi-scale 

simulation paradigm, in which information is shared across scales,  is shown 

schematically176 in Figure 7 . 

 

Figure 7: Schematic representation of a bottom up simulation paradigm (source of 
graphic: Franco176) 
 

The behavior at any length scale is determined ultimately by quantum interactions at the 

atomic scale, and in principle can be predicted solely using quantum mechanics based 

modeling. In practice, owing to the limitations of computational resources and the way 

computational requirements scale with increasing number of atoms177, quantum 
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mechanics based modeling is limited to a few hundred atoms at best. Besides, from the 

experimental point of view, only the spatially and temporally averaged behavior of a 

collection of atoms is accessible. Consequently, the behavior of a single atom, in a 

collection of one mole of atoms or higher, is not of much interest even if it could be 

computed. This has necessitated the development of different methodologies which 

correspond to different time and length scales as shown schematically178 in Figure 8. 

 

Figure 8: Simulation methodologies at different temporal and spatial scales (source of 
graphic: Fermeglia et al.178) 
 

 The focus of this work is to use density functional theory17 (DFT) to study the 

electrochemical and electronic structure aspects of fullerene based electrode materials for 

Li-ion battery applications. A brief description of the simulation methodologies used in 

this work will be provided in the subsequent sections of this chapter. 

 

           4.1 Density Functional Theory (DFT) 

The motivation behind DFT179 is that the description of a system of N particles in 

three dimensions requires the specification of wave function which is a function of 3N 
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independent variables, neglecting the spin degrees of freedom. For a small molecule such 

as water, this will give rise to a wave function which will be a function of 39 variables 

(30 degrees of freedom for the electrons and 9 for the nuclei). Even if the Born-

Oppenheimer approximation180 is invoked and motion of the nuclei is neglected, the 

wave function is still a function of 30 variables which presents a challenging problem. 

Any increase in the number of atoms further increases the number of independent 

variables and increases the complexity of the problem. The basic idea underlying density 

functional theory (DFT), as formulated by Hohenberg and Kohn179, is that the ground 

state density ( )n r  uniquely determines the external potential ν , for any system of 

interacting particles in an external potential179. Conversely, two external potentials, 

( )aν r  and ( )bν r  , cannot result in the same ground state density ( )n r  if they differ by 

more than a constant179. Since the external potential determines the Hamiltonian and 

hence the wave function of a system of interacting particles, if follows that any property 

of a system of interacting particles, to the extent that it is determined by the wave 

function, is determined from the knowledge of ground state particle density179. Since 

ground state density is a function of 3 variables and continues to be so even with the 

increase in the number of particles, the consideration of ground state density as a basic 

variable which determines all the properties of the system, makes the problem 

significantly simpler. The validity of this postulate, based on proof by contradiction179, 

was first presented by Hohenberg and Kohn179.  

The Hamiltonian54, 181, H , for calculation of electronic structure can be written as  

                                               e n ee en nnH T T V V V= + + + +                                                  (1)  
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Here, eT  is the kinetic energy of interacting electrons, nT  is the kinetic energy of nuclei, 

eeV  is the electron-electron interaction for the interacting electrons and includes 

correlation effects, enV  is the interaction of electrons with nuclei and nnV  is the coulomb 

interaction between the nuclei. The term enV  is the energy term that accounts for the 

external potential. Owing to their large mass, compared to the electrons, the motion of 

nuclei is sluggish at the time scales of interest for electronic structure calculations. 

Hence, the Born-Oppenheimer54, 180, 181 approximation can be invoked and the term nT  

can be neglected. Equation (1) can be written as 

                                          HK e ee en nnH T V V V= + + +                                                          (2)   

where HKH  denotes Hohenberg-Kohn Hamiltonian. Hohenberg and Kohn179 also showed 

that the ground state energy of a system of interacting particles can be formulated as a 

universal functional of the ground state electron density, independent of the external 

potential. In the context of molecules and solids, the specific form of external potential 

results from the position and charges of the nuclei forming the molecule and/or solid. In 

general, the different functional forms of the particle density will yield different values of 

energies when substituted into the universal functional54, 181. Of all the energy values that 

can be obtained from this functional by using different expressions for ground state 

particle density, the true ground state energy would be the minimal value and the function 

( )n r  which minimizes the energy functional will be the correct ground state particle 

density. The form of the functional is universal in the sense that it is independent of the 

number of particles and the externally applied potential. Hohenberg and Kohn179 do not 
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specify the detailed form of this functional but postulates the existence of such a 

functional. From the point of view of actually computing numbers with this theory, the 

form of functional or an approximation to it is needed and that is the content of Kohn and 

Sham17 (KS).  

Kohn and Sham17 constructed an ansatz181 and mapped the problem of many-body 

interacting particles to a system of non-interacting particles so that the interacting particle 

problem can be solved using the independent particle techniques. This ansatz17 is the 

foundation for the development of a numerical method for solving the Schrodinger wave 

equation for multi-body interacting system. Consequently, the basic postulates of DFT as 

presented by Hohenberg and Kohn179 along with the numerical scheme that is spawned 

by Kohn and Sham17 has been collectively called DFT in literature.  

 In the Kohn and Sham17 formulation of approximation scheme for DFT, the 

system was composed of non-interacting particles having the same ground state density 

as the original system. By Hohenberg and Kohn179, since the densities are the same and 

the energy functional is universal, the solution of the independent particle system yields 

the properties of the interacting system. In KS17, the Hamiltonian for a system of non-

interacting particles is written as  

                                     KS e n ee n en nn xcH T V V V E− −= + + + +                                                  (3) 

Here, e nT −  and ee nV −  are respectively the kinetic energies and coulomb energies for non-

interacting particles whose form is well established. xcE  is the exchange and correlation 

energy which will be explained below. enV  and nnV  are the same in equations (2)and (3) 
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respectively and their form is known. Since equations (2) and (3) should give the same 

energy, it follows that  

                             ( ) ( )xc e e n ee e nE T T V V− −= − + −                                                     (4)                                            

and thus all the correlation effects that were present in the original interacting system 

have been accumulated into xcE  in equation (3), in the auxiliary non-interacting 

system182. Exchange and correlation contribution to energy of interacting many-body 

system stems from quantum many-body effects that do not have a classical analogue182. 

Quantum mechanics classifies particles as bosons or fermions based on whether their spin 

is integral of half integral. Exchange interactions arise from the indistinguishability of 

identical particles. The wave function of a system of identical particles is symmetric or 

anti-symmetric to exchange depending upon whether the particles are bosons or fermions 

respectively. If the particles are bosons, they tend to be in the same quantum state and the 

average distance between them is smaller compared to the situation where 

indistinguishability effects could be neglected. On the other hand, for a system of 

fermions such as electrons, the antisymmetric behavior of wave function to exchange 

requires that no two electrons can be in the same quantum state. This implies that when 

the wave functions of two electrons overlap, they tend to be, on an average, at a greater 

distance than if the indistinguishability effects were absent. Consequently, there is an 

energy associated with the exchange of identical particles and the exchange energy 

functional accounts for this effect. Exchange effects will be present even if the identical 

particles were un-charged since they are the consequence of the indistinguishability of 

identical particles. In actual computation, this only requires that the wave function of a 
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system of particles, constructed from non-interacting particles, to be of the form of slater 

determinant183. This effect is already present in Hartree–Fock theory184 which neglects 

coulomb correlation and therefore over estimates the energy. If the particles are 

indistinguishable and charged, their motions will be further correlated because the 

coulomb interaction185 will alter the energy of the configuration compared to the case 

where the particles are uncharged. For repulsive interactions between electrons, which 

exist in solids, the presence of an electron at any location reduces the probability of 

finding another electron in the vicinity185 thereby creating a hole, a region of low 

probability of finding an electron. The presence of hole has a net effect of increasing the 

distance between the electrons and reducing their interaction energy185. The correlation 

energy term accounts for such effect arising from coulomb correlation.  

 From equation(3), it is clear that the forms of all the terms other than xcE  are 

known and the functional for xcE  needs to be approximated. Two approximations are 

used to model exchange-correlation effects in DFT: the local density approximation17, 186 

(LDA) and the generalized gradient approximation187 (GGA). The GGA187 is an 

improvement over the LDA17 in that the functional depends upon the local density as in 

LDA181 as well as the gradient of the density, similar to the first and second term of the 

Taylor series expansion. LDA is based on the assumption17 that the exchange and 

correlation effects experienced by an electron in a solid, which constitutes a non-

homogeneous electron gas, are the same as experienced by an electron in a homogeneous 

gas with the same density as at the position of the electron in the solid. Homogeneous 

electron gas has been simulated using quantum Monte-Carlo methods186 and the results 

have been parametrized188-190.  
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 LDA181 neglects the local variations in density around an electron and 

assumes the energy at the local constant density as the true energy. In molecules, where 

density changes are rapid, LDA is not a good approximation. GGA187 overcomes this 

shortcoming of LDA by accounting for the local variations of density. GGA preserves the 

advantages of LDA for systems such as solids, where the approximation of slow varying 

density is valid and at the same time is applicable to molecules where density changes are 

rapid.  

 The computational efficiency of Kohn-Sham17 numerical scheme can be 

further enhanced by introducing the concept of pseudopotentials191 in DFT calculations. 

The numerical solution192 of the Schrodinger equation is obtained by expanding the wave 

function in terms of a basis set to convert the differential eigenvalue problem to a matrix 

eigenvalue problem that can be solved iteratively193 using a digital computer. The wave 

function of an electron in close proximity to the nucleus oscillates rapidly and can have 

multiple nodes. A large basis194 set is required to accurately model the rapidly fluctuating 

wave function in the core region. It is well known that the chemical properties of 

molecules are determined mostly by valence electrons, and the core electron wave 

functions remain unperturbed and quite similar to their isolated atom state195. The same 

applies when isolated molecules form condensed phases: their core electron states remain 

unaltered195. The computational resources and time needed to solve the Schrodinger 

equation can therefore, be substantially reduced by replacing the effect of nucleus and 

core electrons with a simpler effective potential, the pseudopotential196, that has a simpler 

form in the core region and matches the true potential beyond some cutoff radius rc. 

Other than the reduction in the size of basis set and the number of electrons to be 
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explicitly represented in the calculation, pseudopotentials also offer the advantage that 

they can be developed for isolated atoms197 and transferred to solids and molecules. This 

becomes feasible because the essential idea, that the core states remain unchanged, 

remains valid. In literature197, 198, the pseudopotential have been classified as soft or hard 

depending upon the size of cutoff radius. Higher cutoff implies a softer potential. 

However, there is a tradeoff involved in that increasing the cutoff radius generally also 

makes the pseudopotential less transferable. Plane wave codes such as VASP192, 199 make 

extensive use of pseudopotentials. 

 4.2 Methodology for computing redox potential 

 DFT-based simulations yield the geometrically optimized structure, 

converged wave function and the energies of the molecular orbitals. The thermodynamic 

quantities needed for computation of redox potentials as well as the electron affinities are 

obtained starting from the geometry optimized structures68. The frequencies of the 

converged molecular structures are obtained from the Hessian computed at the end of 

geometry optimization stage. The computed frequencies should all be real in order for the 

system to be in a local energy minimum. The frequency calculation, therefore, provides a 

check on the stability of the structure. The computational methodology of Winget et al.68, 

69 is employed for calculating the equilibrium free energy of an oxidation/reduction 

process in terms of the ionization potential and electron affinity of the species in gas 

phase. The thermodynamic cycle employed in this work is based on their approach68 and 

is shown in Figure 9 . 
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Figure 9: Thermodynamic cycle68 to calculate the redox potential of a species R in 
solution phase 
 
 

In this method68, the free energy changes associated with the electrochemical 

reduction reaction in solution phase (bottom horizontal line in Figure 9) can be expressed 

in terms of the free energy change for the reduction reaction in gas phase (top horizontal 

line in Figure 9) and the solvation free energies of each species (vertical lines in Figure 

9). The solvent was a 3:7 (mol:mol) mixture of ethylene carbonate and dimethyl 

carbonate, respectively, whose dielectric constant is 16.14. The solvation free energies 

were calculated using Poisson-Boltzmann solver200 as implemented in Jaguar201. The 

solvation free energy of an electron is neglected. 

Based on the thermodynamic cycle shown in Figure 9, the redox potential of the 

species is given as 

 

where  is the redox potential of species w.r.t. Li/Li+ electrode, 

is the reduction free energy of the species in the solution state.  and 
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are the absolute redox potential of hydrogen electrode and the electrode potential 

of lithium electrode w.r.t. the standard hydrogen electrode (SHE), respectively. and  

are the Faraday constant and the number of electrons transferred in the reaction, 

respectively. The absolute redox potential of the hydrogen electrode and the redox 

potential of Li electrode w.r.t. SHE are taken to be -4.44 V and -3.05 V, respectively. 

corresponds to the free energy change for the bottom horizontal line in the 

thermodynamic cycle in Figure 9 and is given as 

 

where is the reduction free energy in gas phase. The method used to 

calculate redox potentials in this study has been validated through comparison with 

experiments in several previously published works68, 69. 

In the next chapter, we will present the investigations for redox and electronic 

properties for pristine C60, materials in Series 1, Series 2 and for multiply charged C60 

anions and discuss them. 

 

 

 

 

 

 

 

 

 48 



CHAPTER 5 

DFT STUDY OF REDOX AND ELECTRONIC PROPERTIES OF 

FUNCTIONALIZED AND DOPED FULLERENE 

 

 In this chapter, the computed redox properties and electronic structures of 

functionalized and doped C60 will presented and discussed. We will also explore the 

relationship between the electronic structure and redox properties of these materials. 

Using DFT17, as implemented in Jaguar201, we have obtained the geometry optimized 

structures, converged wave functions and energies of occupied and virtual molecular 

orbitals of fullerene functionalized with OCFGs and SEWFGs. As described in chapter 3, 

the functionalized fullerenes constitute Series 1. The hetero-fullerenes, C59X (X=B, N, S, 

Si and P), constitute Series 2. The simulation parameters used for DFT based geometry 

optimization are given in table 1.  

 

                        Table 1 Simulation parameters for geometry optimization 
 

Parameter Value 
Theory DFT 

Functional PBE0 
Basis Set 6-31+G (d,p) 

Energy Convergence Criterion 5x10-5 Ha 
Energy convergence Criterion(Solvation) 15x10-5 Ha 

Dielectric Constant of solvent 16.14 
Probe radius of solvent 2.5124 Å 
Reference Temperature 298.15 K 

 

As described in detail in chapter 4, we have used the methodology of Truhlar and 

coworkers69, which is based on a thermodynamic cycle69, to compute free energy changes 
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in solvent environment.  The solvent is a 3:7 (v/v) mixture of ethylene carbonate (EC) 

and dimethyl carbonate (DMC). Solvation effects are modeled using a Poisson-

Boltzmann solver200 as implemented in Jaguar201 simulation package. The representative 

geometry optimized structures for molecules in Series 1 and Series 2 along with the 

description of their nomenclature are shown in Figure 10.  

 
Figure 10: Nomenclature and representative geometry optimized structure of (a) Pristine 
C60 (b) C60 functionalized with hydroxyl group (c) C59N and (d) C59B. In (b), the OCFG 
attached to C60 is explicitly designated for the sake of clarity and nomenclature. As 
described in the text, we have investigated functionalization of C60 with OCFGs and 
SEWFGs 
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The computed redox and electronic properties for each of the molecules in Series 1 and 

Series 2 as designated in chapter 3, will be presented now. 

5.1 Computed redox potentials and electronic properties for Series 1 

 As designated in detail in chapter 3, Series 1 consists of pristine fullerene 

functionalized with two classes of functional groups.  The first class consists of OCFGs, 

namely, hydroxyl(-OH), carboxyl(-COOH), epoxide(-O-) and aldehyde (-CHO). The 

second class consists of SEWFGs, namely, trifluoride (-CF3), cyano (-CN), nitro (-NO2) 

and sulfonates (-SO3H). The OCFGs were chosen for functionalization because the high 

energy and power densities in the carbon based cathode materials were attributed to the 

electron transfer reaction between OCFG and adsorbed lithium139, 140. The SEWFGs were 

chosen because Yokoji et al.138 have experimentally demonstrated that functionalization 

with electron withdrawing functional group can make the parent structure electron 

deficient and result in a high redox potential material. It is interesting to investigate, in a 

quantitative sense, the ability of SEWFGs to create electron deficiency on the C60 cage 

and compare it with pristine C60 and OCFGs. Figure 11 shows the molecular electrostatic 

potential, expressed in kcal/mole, on an iso-charge density surface corresponding to the 

charge density of 0.001 a.u. for SEWFG functionalized C60.  
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Figure 11: Electrostatic potential profiles, in kcal/mole, superimposed on a 0.001 a.u. 
charge density profile for SEWFG-functionalized C60 (a) Trifluoride (-CF3) (b) Cyano (-
CN) (b) Nitro (-NO2) (b) Sulfonate (-SO3H). Notice that functionalization with cyano and 
nitro makes almost the entire fullerene cage electron deficient. 
 

It is evident from Figure 11 that cyano and nitro group render the fullerene cage 

almost entirely electron deficient. The effect of sulfonate group in creating an electron 

deficient region is higher but is primarily localized on the functional group. For 

reference, the maximum value of electrostatic potential pristine C60 is 19.29 kcal/mole. 
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We observe that SEWFGs are quite effective in creating highly electron deficient region 

on the fullerene cage and this is reflected in the high redox potentials obtained by 

functionalizing C60 with SEWFGs 

In addition to the redox potentials, we have calculated the electron affinity, the 

HOMO and LUMO level and the HOMO-LUMO gap (calculated as LUMO-HOMO) for 

the molecules. We anticipate that the electronic structure would determine the redox 

properties of the material. Because the electronic properties are descriptors of the 

electronic structure of the material, we hope to extract correlation between the redox and 

electronic properties of the materials investigated in this work. Such correlations of 

electronic properties to redox potential will serve as guidelines for designing promising, 

high positive redox materials for electrochemical applications. It is anticipated that such 

correlations can be used as screening criteria for selecting promising materials from a 

group of electronic structures for further investigation. The values of HOMO, LUMO and 

HOMO-LUMO gap have other significance as well.  A high negative value of HOMO 

level indicates202, 203 that the neutral species will have a lower tendency to spontaneously 

lose electrons and will be more stable. A relatively large negative value of LUMO 

indicates that anion formed by the addition of electron to the neutral species would be 

correspondingly more stable. A high positive value of the HOMO-LUMO gap for neutral 

species indicates high stability and lower reactivity for the molecule204, 205. The calculated 

redox and electronic properties of materials in Series 1 are given in Table 2 below. The 

redox potential for pristine C60 is also computed as a reference value.  
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Table 2 Redox potentials and electronic properties of pristine C60, OCFG- 
functionalized C60 and SEWFG-functionalized C60.  

 
Redox 

Potential 
(V vs. Li/Li+) 

Electron 
affinity 

(eV) 

HOMO 
(eV) 

LUMO 
(eV) 

Gap 
(eV) 

Pristine C60 2.462 -2.666 -6.648 -3.614 3.034 
Hydroxyl 3.322 -3.516 -6.041 -3.613 2.428 
Carboxyl 3.145 -3.314 -5.877 -3.623 2.254 
Epoxide 2.589 -2.792 -6.595 -3.709 2.887 

Aldehyde 3.162 -3.417 -4.953 -3.630 1.323 
Trifluoride 3.214 -3.456 -6.058 -3.718 2.340 

Cyano 3.287 -3.562 -6.147 -3.820 2.327 
Nitro 3.433 -3.680 -6.257 -3.817 2.440 

Sulfonate 3.341 -3.644 -6.133 -3.801 2.332 
 

The electron affinity of C60 computed in this work is 2.666 which is in very good 

agreement with values reported in literature154, 206. Wang et al.207 have experimentally 

measured the electron affinity of C60  and reported a  value of 2.650 ± 0.050 eV. 

Zettergren et al.154 have used DFT and reported a value of 2.59 eV for the electron 

affinity of C60. The close agreement between our computed value of electron affinity of 

C60 and the experimental207 and theoretical154 values reported in literature validates the 

choice of simulation parameters and calculation procedure used in this work. 

 It is clear from table 2 that both the OCFGs and SEWFGs, which are investigated 

in this work, are effective in increasing the redox potential of fullerene. OCFGs on C60 

give a 5 percent to 40 percent increase in redox potential. Hydroxyl functional group on 

pristine C60 was found to be quite effective but its effect on doped C60 i.e. on C59N and 

C59B was quite limited and in some cases detrimental. All the SEWFGs investigated in 

this work were quite effective in increasing the redox potential of fullerene with 

increments from 30 percent to 40 percent.  The quantum of increment is dependent on the 

specific functional group attached to fullerene. Our chemical intuition that OCFGs and 
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SEWFGs can be used to give an increase in redox potential and tailor it in specific 

direction has been validated by computation.  

Figure 12 shows the relationship between redox potentials and electronic 

properties for molecules listed in table 2. 

 

Figure 12: Relationship between computed electronic properties and redox potential for 
OCFG and SEWFG functionalized C60: (a) Electron affinity; (b) HOMO level; (c) 
LUMO level; (d) HOMO-LUMO gap. Values for pristine C60 are included for 
comparison. 
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A strong correlation is observed between the computed redox potential and the 

electron affinity of the molecule in Figure 12. It is expected that the electron affinity, 

computed as a difference in the Gibbs free energy (anion minus neutral species) at 

reference temperature, would decrease with increasing redox potential and this trend is 

clearly evident in Figure 12. A negative electron affinity means that the anion is more 

stable than the neutral species and is a quantitative measure of the molecule to accept an 

electron. The HOMO level, the LUMO level and the HOMO-LUMO gap (computed as 

LUMO minus HOMO) as a function of redox potentials of the neutral species for 

functionalization with OCFGs and SEWFGs is also shown in Figure 12. While electron 

affinity is observed to correlate strongly with the redox potential, the correlation between 

other electronic properties and the redox potential is not so strong. This is because the 

overall redox potential is composed of an intrinsic electronic structure part and a 

solvation part. The solvation part is dependent on the nature of the solvation medium and 

hence the correlation of overall redox potential with any electronic property will be 

medium dependent. 

It is insightful to consider how the redox potential is calculated from the 

electronic structure of the molecule. The energy decomposition of the redox potential is 

shown schematically in Figure 13.   
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        Figure 13: Decomposition of redox potential into its component energies 
 

Figure 13 shows that the computed redox potential is mainly composed of an 

molecular structure contribution and a solvation contribution. The molecular structure 

contribution is intrinsically determined by the molecular electronic structure while the 

solvation contribution is determined by the interactions with implicit solvent phase. The 

molecular structure contribution is also composed of the internal energy and the 

vibrational entropic contribution. Since the vibrational entropic contribution is just one 

order of magnitude smaller than the internal energy the internal energy is the main 

contributor to the redox potential. To study the relative importance of electronic structure 

and solvation to the redox potential of the molecule and to develop molecular descriptors 

which can be used to rapidly screen promising materials for redox potentials, we have 

analyzed the overall redox potential into the electronic structure contribution and 

solvation contribution as shown in Figure 14, showing  that the solvation contributes 10 

to 20% of the redox potential.  
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Figure 14: Contributions of electronic structure (blue) and solvation (red) to redox 
potential for OCFG and SEWFG functionalized C60 (a) absolute values (b) percentage 
contributions 
  

It is observed from Figure 14(b) that solvation contributes up to a maximum of 20 

percent to redox potential and mostly less than 20 percent. Intrinsic electronic structure 

contributes atleast 80 percent to redox potential. It is more meaningful to look for 

correlations between the electronic properties and the electronic structure part of the 

redox potential. Figure 15 shows the correlation between the intrinsic electronic structure 
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part of redox potential and HOMO level for open shell OCFG and SEWFG 

functionalized C60. Surprisingly, it is observed in Figure 15 that the correlation is very 

strong. From this result, it is inferred that the HOMO is responsible for the redox 

potential 1) if the open shell is commonly applied for the electronic structure; 2) if the 

solvation free energy is not significantly changed as a function of functional groups. It 

would be interesting to investigate whether correlations of this nature are incidental or 

repeatedly reproducible by investigating other materials. 

 

 

               
Figure 15: Correlation of HOMO with the redox potential contributed from the electron 
affinity for open shell OCFG and SEWFG functionalized C60. 
 

5.2 Computed redox potentials and electronic properties for Series 2 

 As described in chapter 3, materials in Series 2 are obtained by substituting one of 

the carbon atoms on the C60 cage with another atom to yield doped fullerene, C59X (X=B, 

N, S, Si, P). The calculated redox and electronic properties of materials in Series 2 are 

given in table 3 below.  The redox potential for pristine C60 serves as a reference.   
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Table 3 Redox potentials and electronic properties of doped C60, C59X (X=B, N, S, 
Si, P) 
 

 
Redox 

Potential 
(V vs. Li/Li+) 

Electron 
affinity 

(eV) 

HOMO 
(eV) 

LUMO 
(eV) 

Gap 
(eV) 

C60 2.462 -2.666 -6.648 -3.614 3.034 
C59B 3.709 -3.835 -6.327 -3.603 2.724 
C59N 2.760 -2.947 -5.148 -3.685 1.463 
C59S 2.367 -2.621 -5.748 -3.639 2.109 
C59Si 2.878 -3.113 -6.379 -3.941 2.438 
C59P 3.040 -3.254 -5.775 -3.628 2.148 

 

From table 3, it is observed that doping fullerene with boron results in more that 50 

percent increase in redox potential. Since boron is poor in electrons and fullerene by itself 

is an electron withdrawing group, an increase in redox potential was expected based on 

chemical intuition. But the magnitude of the effect was unexpected. This is an example of 

computation reveling promising directions for experimental synthesis and helping to 

reduce the randomness and tedium which is intrinsic to experimental design of novel 

materials. Based on our computation results, another material that seems promising, so 

far as the redox potential is concerned, is C59P.  It shows approximately 25 percent 

increase in redox potential over the baseline potential of C60. Nitrogen gives 

approximately 10 percent increase in redox potential. Nitrogen has a high 

electronegativity. Therefore, it is anticipated that it would withdraw electrons from the 

fullerene cage and C59N will be a high redox potential material. However, calculated 

redox potentials show that the effect of nitrogen substitution is quite mild.  This 

somewhat unexpected result is due to the electronic structure of C59N which will be 

discussed in more detail in next chapter.  
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 Figure 16 shows the relationship between redox potentials and electronic 

properties for doped fullerene molecules, C59X, listed in table 3.  

 

Figure 16: Relationship between computed electronic properties and redox potential for 
doped C60, C59X (X=B, N, S, Si, P): (a) Electron affinity; (b) HOMO level; (c) LUMO 
level; (d) HOMO-LUMO gap.  
 
A strong correlation is observed between the computed redox potential and the electron 

affinity of the molecule. The HOMO level, the LUMO level and the HOMO-LUMO gap 

(computed as LUMO minus HOMO) as a function of redox potentials of the neutral 
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species for OCFGs and SEWFGs is also shown in Figure 16. The correlation between the 

redox potential and HOMO level, LUMO level and HOMO-LUMO gap is not so strong. 

5.3 Lithium adsorption capacity of C60 for redox applications 

 This work investigates C60 and materials obtained by doping and functionalizing 

C60 because high electron affinity154 of C60 makes it a promising candidate for high 

positive redox material. The energy density that can be obtained by using C60 based 

materials depends on the electron affinity of C60, the evolution of electron affinity with 

increasing negative charge on C60 and the amount of lithium that can be adsorbed on C60. 

It has been reported that the redox potential of carbon based cathode materials decreases 

with increasing lithium adsorption23. Therefore, we investigate the evolution of redox 

potential of C60 with increasing lithium content and determine the threshold at which the 

redox potentials become negative, indicating saturation of redox capability of C60 with 

increasing lithium adsorption. Figure 17 presents the evolution of redox potential of C60 

with increasing lithium adsorption on the pentagonal faces of C60.   
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Figure 17: Evolution of redox potential of C60 with increasing lithium adsorption 
  
It is observed from Figure 17 that redox potential decreases monotonically with 

increasing lithium adsorption upto 6 lithium atoms and is positive. A peak in redox 

potential is observed when the number of adsorbed lithium is 10. We believe that this is 

because in going from 9 lithium atoms to 10 lithium atoms, the additional lithium was 

placed on the pentagonal face rather than on the position of minimum energy. 

The number of lithium atoms that can be adsorbed on C60 depends on the stability 

of higher anionic charge states of C60. The higher anionic states of C60 are also of interest 

because the continued high performance of C60 cathode with increasing lithium 

adsorption would depend upon the evolution of the electron affinity and redox potential 

with increasing anionic charge on C60. To investigate the evolution of electron affinity 

and stability of C60 with increasing anionic charge, we have calculated the electronic 

properties of multiple charged stated of C60, C60
-n. The evolution of electron affinity, 
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HOMO level, LUMO level and HOMO-LUMO gap with increasing anionic charge on 

C60 is presented in Figure 18.  

 

Figure 18: Computed electronic properties for multiply charged C60 anions, C60
-n (n=0 to 

9) (a) Electron affinity; (b) HOMO level; (c) LUMO level; (d) HOMO-LUMO gap  
 
 
It is observed from Figure 18  that despite the high electron affinity and large size of C60, 

all electron affinities for C60 beyond the first one are positive. This means that any higher 

charged state of C60 beyond C60
-1 is energetically unfavorable. The HOMO and LUMO 
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levels of C60 and C60
-1 are negative but for higher anionic charge they are positive 

indicating a spontaneous tendency to lose an electron. It is also observed that electron 

affinities, HOMO and LUMO vary almost linearly with anionic charge of C60-n from n=1 

to n=6. These results indicate that despite its high electron affinity, isolated C60 is not 

stable in anionic states with more than one electron. This result seems to limit the utility 

of C60 as a cathode material. The question arises that if C60 anion is unstable for anionic 

charge states -2 and higher, how is it that upto 6 lithium atoms can be adsorbed on C60.   

It would be interesting to investigate if the result obtained for isolated C60 anions also 

holds in the battery environment. In the battery environment, C60 will be in a solvated 

state and hence we have calculated the redox potential of C60 anions and the results are 

displayed in Figure 19.  

 

Figure 19: Computed redox potentials for multiply charged C60 anions, C60
-n (n=0 to 9) 

 

It is observed from Figure 19 that the reduction potential of C60
-n is positive from 

n=0 to n=4 indicating that solvated C60 has the capacity absorb upto 5 electrons before its 
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redox potential becomes negative. Our computation results are supported by the 

experimental observations of Dubois et al.172. Dubois et al.172 have reported detection of 

highly reduced fulleride anions C60
-n with the highest reduction state of n=5 for C60 in 

benzene solvent.  Solvation was found to stabilize C60
-n anions upto n=5 and account for 

the adsorption of six lithium on C60. 

5.4 Conclusions 

We have investigated the redox and electronic properties of pristine fullerene, 

functionalized fullerene and doped fullerene materials in this work. Our investigations 

show that the redox potential of fullerene can be increased up to 30 to 40 percent by 

functionalization with OCFGs and SEWFGs. Functionalization of pristine C60 with 

SEWFGs investigated in this work show that SEWFGs especially cyano and nitro have a 

strong effect in making the fullerene cage electron deficient and resulting in a high redox 

material. It was observed that electronic affinity correlated strongly with redox potential 

while the correlation of other electronic properties namely HOMO, LUMO and HOMO-

LUMO gap with redox is not so strong. It was found that the intrinsic electronic structure 

is the major contributor to the redox potential contributing atleast 80 percent of the redox 

value while the solvation contributes only upto 20 percent. Our investigations show that 

the intrinsic electronic structure part of redox correlates quite strongly with the HOMO of 

the open shell functionalized fullerenes investigated in this work. Hence, for open shell 

functionalized C60, HOMO level can be used as a criterion for rapidly screening materials 

for high redox potentials. It was observed that on cage doping of C60 with boron was 

quite effective in giving a high redox material with upto 50 percent increase in redox 

potential. Phosphorus doping was also found to be beneficial for obtaining a high redox 
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material. This work gives quantitative information on the structure –property relationship, 

relating the descriptors of electronic structure to redox properties and can be used to 

discern trends for designing novel fullerene based materials for electrochemical 

applications. Studies on the evolution of the redox potential of C60 with increasing 

lithium adsorption showed that C60 can adsorb upto seven lithium before its redox 

potential becomes negative. It was found that despite the high electron affinity and large 

size of C60 molecule, the higher reduced states of isolated C60, beyond C60
-1 are 

energetically unstable. However, in a solvation medium, the higher reduced states of C60 

are stable and the redox potential of C60
-n anions was found to be positive for n=4. This 

accounts for the possibility of adsorption of multiple lithium on C60, despite C60
-2 and 

subsequent higher reduced states of isolated C60 molecule being energetically unstable. 

Our computation results on higher reduced states of C60 are supported by the 

experimental observations of Dubois et al.172  
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CHAPTER 6 

REDOX AND ELECTRONIC PROPERTIES OF FUNCTIONALIZED 

AZAFULLERENE 

In this chapter, we will present our investigations on nitrogen doped fullerene, 

C59N, functionalized with OCFGs and SEWFGs. It was observed in chapter 5 that 

nitrogen doping gives an increase in the redox potential of fullerene but the increment is 

small. We are interested in the effect of functionalization on the redox potentials of C59N. 

As described in chapter 3, the OCFGs considered in this work are hydroxyl (-OH), 

carboxyl (-COOH), epoxide (-O-) and aldehyde (-CHO). The SEWFGs explored in this 

work are triflouride (-CF3), cyano (-CN), nitro (-NO2) and sulfonates (-SO3H). We have 

also used DFT to study the effect of doping C60 with multiple numbers of nitrogen atoms 

i.e. C58N2 and C57N3, to investigate if the effect of doping with one nitrogen atom can be 

synergistically enhanced by doping with multiple number of nitrogen atoms. 

6.1 Electronic structure of Pristine C60 and C59N 

Substitution of carbon with nitrogen on the C60 cage results in the creation of an 

electron deficient region in the vicinity of nitrogen. In order to quantitatively visualize the 

changes in electron distribution caused by the introduction of nitrogen on the fullerene 

cage, we have computed the molecular electrostatic potential on an iso-charge density 

surface corresponding to the charge density of 0.001 a.u. for C60 and C59N.  This is shown 

in Figure 20.  
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Figure 20: Electrostatic potential profiles, in kcal/mole, superimposed on a 0.001 a.u. 
charge density profile for (a) Pristine C60 and (b) C59N. There is an electron deficient 
region in the vicinity of nitrogen in (b). 
 
 

 From Figure 20, it is clear that in contrast to C60, an electron deficient region develops in 

close vicinity to nitrogen in C59N as indicated by high positive value of electrostatic 

potential close to nitrogen. This shows that nitrogen substitution results in a redistribution 

of electronic charge creating a region of positive potential which can attract electrons. 

   Chemical activity is governed by the distribution, occupancies and energies of 

HOMO and LUMO orbitals. The calculated energy levels of C60 and C59N in the vicinity 

of HOMO and LUMO energy levels are shown below in Figure 21 .  
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Figure 21: Energy levels and degeneracies in the vicinity of frontier orbitals for pristine 
C60 (left) and C59N (right). 
 

On substituting carbon with nitrogen on the fullerene cage, the degeneracy of the penta-

degenerate HOMO level of C60 is lifted. In C59N, there is an additional electron in the 

system, compared to C60, which is unpaired. This creates a singly occupied HOMO which 

is 1.5 eV above the HOMO level of pristine C60. The HOMO orbital of C59N at -5.148 eV 

is below the LUMO of pristine C60 at -3.614 eV but at a higher energy than the HOMO 

level of C60. This partially occupied HOMO of C59N can accept another electron to form 

a closed shell system but because of the high energy of partially occupied HOMO, the 

system also has the tendency to lose this electron to form a closed shell system. These 

two competing tendencies make C59N have a slightly higher redox potential than C60 and 

that accounts for the rather small effect of nitrogen substitution on redox potential of C60.   

The iso-contour of HOMO orbitals at the iso-value of 0.05 for C60 and C59N is 

shown in Figure 22(a) and Figure 22(b) respectively. 
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Figure 22: Iso-profile of highest occupied molecular orbital at iso-value of 0.05 (a) 
Pristine C60 and (b) C59N. Notice the larger lobe of HOMO on nitrogen atom in (b) 
indicating that nitrogen makes a substantial contribution to HOMO. 
 
It is observed that in C60, the HOMO is delocalized over the entire molecule. In contrast, 

in C59N, the HOMO is prominently localized on the nitrogen atom. This indicates that 

nitrogen contributes substantially to the HOMO in C59N and hence determines the 

properties of the molecule. The HOMO in C59N is singly occupied; therefore, the region 

around nitrogen is reactive. Therefore, in this work functionalization and doping of C59N 

on positions in close vicinity to nitrogen has been investigated. 

6.2 Redox and electronic properties of pristine C60, C59N and functionalized     
      C59N 
 
The representative geometry optimized structures for molecules obtained by 

functionalizing and doping C59N, along with the description of their nomenclature is 

shown in Figure 23. 
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Figure 23:  Nomenclature of functionalized and doped C59N based materials investigated 
in this study (a) Pristine C60, for reference (b) Nitrogen doped C60, C59N (c) C59N 
functionalized with OCFGs and SEWFGs at different positions relative to nitrogen atom 
as described in the text: Ortho, meta and para positions are indicated for clarity (d) C58N2 
with possible ortho, meta and para configurations of two nitrogen atoms. (e) C58N2-
dispersed configuration (f) C57N3. 
 

All chemical structures considered in this work were optimized for multiple 

multiplicities to find the multiplicity with the lowest energy. The computed redox 

potentials and electronic properties of C59N, functionalized with OCFGs at ortho, meta 

and para position relative to the nitrogen atom, as shown schematically in Figure 23, are 

presented in Table 4.  
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Table 4 Redox potentials and electronic properties of C60, C59N, and OCFG- 
functionalized C59Ns. Ortho, meta, and para are the position of OCFG with respect 
to nitrogen atom as described in the text. 
 

 
Redox 

Potential 
(V vs. Li/Li+) 

Electron 
affinity 

(eV) 

HOMO 
(eV) 

LUMO 
(eV) 

Gap 
(eV) 

C60 2.462 -2.666 -6.648 -3.614 3.034 
C59N 2.760 -2.947 -5.148 -3.685 1.463 

Ortho 
Hydroxyl 2.464 -2.679 -6.296 -3.652 2.644 
Carboxyl 2.502 -2.888 -6.366 -3.809 2.556 
Epoxide 3.135 -3.283 -5.672 -3.703 1.969 

Aldehyde 2.499 -2.792 -6.266 -3.736 2.530 
Meta 

Hydroxyl 2.619 -2.854 -5.789 -3.869 1.920 
Carboxyl 2.724 -3.114 -5.820 -4.080 1.740 
Epoxide 2.777 -2.977 -5.304 -3.706 1.598 

Aldehyde 2.742 -3.023 -5.692 -3.934 1.758 
Para 

Hydroxyl 2.486 -2.722 -6.260 -3.703 2.558 
Carboxyl 2.535 -2.921 -6.374 -3.890 2.485 
Epoxide 3.072 -3.228 -5.477 -3.745 1.733 

Aldehyde 2.527 -2.810 -6.197 -3.778 2.419 
 

 

The HOMO and LUMO levels are negative as expected for a stable chemical 

structure. The HOMO-LUMO gap for the neutral species is positive which shows that the 

geometry optimized structure of the neutral species corresponds to a ground state. It is 

observed that other than epoxide group at ortho and para positions, which give 

approximately 25 to 30 percent increase in redox potential, the redox potentials are 

relatively insensitive to the presence OCFGs attached to C59N. It is observed that OCFGs 

which were effective in pristine fullerene are relatively ineffective in C59N. The slight 
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increase in redox potential, relative to pristine C60, can be attributed to the presence of 

nitrogen on pristine fullerene since OCFGs other than epoxide have minor effect on the 

computed potentials.  

The relationship between the redox potentials and electronic properties of C59N-

OCFG materials investigated in this work is displayed in Figure 24. 

 

Figure 24: Relationship between computed electronic properties and  redox potential for 
OCFG functionalized C59N  in ortho, meta and para position with respect to nitrogen: (a) 
Electron affinity; (b) HOMO level; (c) LUMO level; (d) HOMO-LUMO gap. The ortho, 
meta and para positions are designated with red, green and blue color respectively. 
Values for pristine C60 and C59N are also included for comparison. 

 74 



 

 

It is observed from Figure 24 that the electron affinity shows a good correlation with 

redox potential. However, neither of the HOMO, LUMO and  HOMO-LUMO energy gap 

seems to correlate clearly to redox potential as shown in Figure 24(b), Figure 24(c) and 

Figure 24(d) respectively.  

The computed redox potentials and electronic properties of C59N, functionalized 

with SEWFGs at ortho, meta and para position relative to the nitrogen atom, as shown 

schematically in Figure 23, are presented in Table 5.  

Table 5 Redox potentials and electronic properties of C60, C59N, and SEWFG- 
functionalized C59N. Ortho, meta, and para are the position of SEWFGs with 
respect to nitrogen atom as described in the text. 
 

 
Redox 

Potential 
(V vs. Li/Li+) 

Electron 
affinity 

(eV) 

HOMO 
(eV) 

LUMO 
(eV) 

Gap 
(eV) 

C60 2.462 -2.666 -6.647 -3.614 3.034 
C59N 2.760 -2.947 -5.148 -3.685 1.463 

Ortho 
Trifluoride 2.447 -2.717 -6.350 -3.748 2.602 

Cyano 2.531 -2.857 -6.453 -3.855 2.598 
Nitro 2.534 -2.858 -6.511 -3.863 2.648 

Sulfonate 2.569 -2.937 -6.428 -3.826 2.603 
Meta 

Trifluoride 2.814 -3.105 -5.787 -4.005 1.782 
Cyano 2.830 -3.165 -5.875 -4.116 1.759 
Nitro 2.777 -3.106 -6.000 -4.068 1.931 

Sulfonate 2.830 -3.201 -5.882 -4.120 1.762 
Para 

Trifluoride 2.544 -2.822 -6.283 -3.810 2.473 
Cyano 2.598 -2.930 -6.391 -3.915 2.475 
Nitro 2.650 -2.971 -6.439 -3.902 2.537 

Sulfonate 2.580 -2.939 -6.348 -3.891 2.458 
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The HOMO and LUMO levels are negative202, 203 and the HOMO-LUMO gap is 

positive204 205as expected. It is observed from Table 5 that amongst the SEWFGs, the 

cyano group is most effective in increasing the redox potential when it is present at the 

meta position. In contrast to OCFGs, functionalization of C59N with SEWFGs at the meta 

position is consistently more effective in giving an increased redox potential relative to 

the ortho and para positions. Functionalizing C59N with SEWFGs is not quite effective in 

increasing the redox potentials. Functionalization of C59N with SEWFGs at the ortho and 

para position is detrimental to redox potential and depresses the redox potential relative 

to C59N. The relationship between the electronic properties of C59N-SEWFG materials 

investigated in this work is shown in Figure 25  
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Figure 25: Relationship between computed electronic properties and  redox potential for 
SEWFG functionalized C59N  in ortho, meta and para position with respect to nitrogen: 
(a) Electron affinity; (b) HOMO level; (c) LUMO level; (d) HOMO-LUMO gap. The 
ortho, meta and para positions are designated with red, green and blue color respectively. 
Values for pristine C60 and C59N are also included for comparison. 

 

It is observed from Figure 25 that the electron affinity shows a good correlation 

with redox potential. However, HOMO, LUMO and HOMO-LUMO gap do not correlate 

so well with the redox potential. A similar feature was observed for C59N functionalized 

with OCFGs in Figure 24. 
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 In order to study the correlation between the redox potential and electronic 

properties, we have decomposed the overall redox potential into an intrinsic electronic 

structure part and a solvation part. The intrinsic electronic structure part depends only on 

the molecular structure while the solvation part depends also on the interaction of the 

molecule with the solvation medium. The decomposition of redox potential into 

electronic structure part and solvation part for C59N based materials functionalized with 

OCFGs is shown in Figure 26. 

 

Figure 26: Contributions of electronic structure (blue) and solvation (red)      
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to redox potential for OCFG-functionalized C59N (a) absolute values (b)  
percentage contributions 
 
 
 For C59N functionalized with SEWFGs, the decomposition of redox potential is 

presented in Figure 27 .  

 

Figure 27: Contributions of electronic structure (blue) and solvation (red) to redox 
potential for SEWFG-functionalized C59N (a) absolute values (b) percentage 
contributions 
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Both absolute and percentage contributions are shown in Figure 26 and Figure 27. It is 

observed from Figure 26 (b) and Figure 27 (b) that solvation contributes at most 20 

percent of the redox potential and usually lower. The contribution of intrinsic electronic 

structure to redox potential for both the OCFGs and the SEWFGs  is atleast 80 percent. 

Therefore, the intrinsic electronic structure is the major determinant of the redox potential 

of the material. Since the details of intrinsic electronic structure can be predicted and 

investigated using DFT, this emphasizes the utility of computational approaches in 

research, development and design of new materials for redox applications. From Figure 

26 (b) and Figure 27 (b), it is observed that the percentage of solvation contribution 

depends on the functional group but is relatively independent of the position of the 

functional group relative to the nitrogen atom. Since solvation medium can be changed, 

the solvation contribution can be altered. This suggests that it would be more meaningful 

to look for correlations between the intrinsic electronic structure contribution to redox 

potentials and the electronic properties of the molecules. We have, therefore, investigated 

the correlation between the intrinsic electronic structure contribution to redox and the 

LUMO of the closed shell systems. The results are presented in Figure 28 (a) and Figure 

28 (b) for OCFGs and SEWFGs respectively.  

 80 



 

Figure 28: Correlation of LUMO with the redox potential contributed from the electron 
affinity for (a) closed shell OCFG- functionalized C59N (a) closed shell SEWFG- 
functionalized C59N 
 

Clearly, a very strong correlation is observed between the intrinsic electronic 

structure part and LUMO for both closed shell OCFGs and SEWFGs. Hence, we infer 

that LUMO level, which is one of the descriptors of the electronic structure, can be used 

to rapidly screen closed shell, high redox potential C59N materials provided solvation 

contributions are small. This strong correlation can be explained because the LUMO 

level is the lowest energy level available for the closed shell system to gain an electron to 

form an anion. 

The relative stabilities of ortho, meta and para positions of OCFG and SEWFG 

functionalized C59N are presented in Table 6. 
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Table 6 Relative stabilities (kcal/mole), of ortho, meta and para positions of OCFGs 
and SEWFGs in functionalized C59N at 298.15K   

 Ortho Meta Para 
Hydroxyl 0.000 23.708 11.881 
Carboxyl 0.000 23.286 5.360 
Epoxide 0.000 0.240 11.462 

Aldehyde 0.000 20.835 7.250 
Trifluoride 0.000 22.917 7.518 

Cyano 0.000 21.384 6.231 
Nitro 0.000 21.021 8.621 

Sulfonate 0.000 21.230 6.806 
 

The relative stabilities can give useful information about the relative amounts of 

ortho, meta and para functionalized molecules that will be obtained during the synthesis 

process. It is observed that ortho position relative to the nitrogen is the most stable for all 

the functional groups. Assuming Boltzmann distribution and using weights obtained from 

Boltzmann distribution, the position averaged redox potentials for all of the functional 

groups investigated in this work can be estimated. 

6.3 Electronic structure and redox properties of C58N2 and C57N3  

The computed redox potentials and electronic properties for multi-nitrogen doped 

fullerenes are presented in Table 7 

Table 7 Redox potentials and electronic properties of multi-nitrogen doped C60 

 
Redox 

Potential 
(V vs. Li/Li+) 

Electron 
affinity 

(eV) 

HOMO 
(eV) 

LUMO 
(eV) 

Gap 
(eV) 

C60 2.462 -2.666 -6.648 -3.614 3.034 
C59N 2.760 -2.947 -5.148 -3.685 1.463 

C58N2-Ortho 2.735 -2.932 -5.381 -3.864 1.517 
C58N2-Meta 2.762 -2.970 -5.316 -3.921 1.394 
C58N2-Para 2.559 -2.751 -5.655 -3.728 1.927 

C58N2-Dispersed 2.593 -2.803 -5.101 -3.765 1.336 
C58N2-Dispersed 2.652 -2.844 -4.985 -3.763 1.222 
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It is observed that the redox potentials are relatively insensitive to the number of dopant 

nitrogen atoms. The variation of computed electronic properties with redox potentials for 

multi-nitrogen doped fullerenes is presented in Figure 29. The insensitivity of redox 

potentials to the number of dopant nitrogen atoms can be attributed to the shift in LUMO 

level as is evident from the strong correlation in Figure 29 (c). It is also observed from 

Figure 29 (a) that the electron affinity shows a good correlation with redox potential. 
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Figure 29: Variations of computed electronic properties with respect to redox potentials 
for C60-xNx (x=2,3): (a) electron affinity; (b) HOMO; (c) LUMO;(d) HOMO-LUMO gap. 
Values for pristine C60 and C59N are also indicated on the figure for comparison. 
 

6.4 Conclusions for C59N based materials 

For materials obtained by functionalizing C59N, it is concluded that 

functionalization has a limited effect on increasing the redox potential relative to 

C59N.The redox potentials were observed to be relatively insensitive to the position of the 

OCFGs and SEWFGs, relative to nitrogen, on the hexagonal face of C60. For both 

OCFGs and SEWFGs, it was found that solvation contributes a minor portion to redox 
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potential at most 20 percent. Molecular structure is the main determinant of the redox 

potential contributing atleast 80 percent. For closed shell systems, the intrinsic molecular 

structure contribution to redox potential correlates quite strongly with the LUMO of these 

molecules. The minimum redox potential of 2.447 V is obtained for functionalization 

with trifluoride at the ortho position while the maximum redox potential of 3.135V is 

obtained by functionalizing with epoxide at the ortho position. This work shows that 

within this range of redox potentials, multiple choices are available from the 

functionalized C59N materials. We have also found that some of these molecules are quite 

close to one another on the redox potential scale and in this sense equivalent. However, 

these molecules will be non-equivalent in a specific chemical environment with respect to 

stability and ease of operation. They will also be non-equivalent in terms of ease of 

synthesis even though their redox potentials are in close proximity to one another. This 

provides alternatives for designing materials for a specific application within a specific 

range of redox potentials. Our studies also showed that multiple nitrogen dopants do not 

have synergistic effect on redox potentials. The small effects of functional groups can be 

used to fine tune the redox potentials.  
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CHAPTER 7 

REDOX AND ELECTRONIC PROPERTIES OF FUNCTIONALIZED 

BORON DOPED FULLERENE 

 

 In this chapter, we will present the results of our investigations on boron doped 

fullerene, C59B, functionalized with OCFGs and SEWFGs. Our calculations showed that 

boron doped C60, C59B, has about 50 percent higher redox potential compared to C60. 

From the view point of obtaining high energy density, this is a promising material. Based 

on chemical intuition, the B-doped fullerene would provide a high positive redox 

potential that could be possibly be augmented further by introducing functional groups on 

C59B. Besides, the functional groups can also serve as sites for Faradaic reaction with 

lithium ions thereby giving a high energy and power density material. As described in 

chapter 3, the OCFGs considered in this work are hydroxyl (-OH), carboxyl (-COOH), 

epoxide (-O-) and aldehyde (-CHO). The SEWFGs explored in this work are triflouride (-

CF3), cyano (-CN), nitro (-NO2) and sulfonates (-SO3H). We have also investigated C60 

doped with multiple numbers of boron atoms, C58B2 and C57B3, to probe if boron doping 

has a synergistic effect. This allows us to inquire if a material with higher positive redox 

potential than C59B can be obtained by simply increasing the number of boron dopants on 

C60. 

7.1 Electronic structure of Pristine C60 and C59B 

When boron is substituted for carbon on the fullerene cage, a relatively electron 

deficient region is created in the vicinity of boron. Figure 30 shows the comparison of the 

molecular electrostatic potential profile for pristine C60 and C59B, expressed in kcal/mole, 
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superimposed on an iso-charge density surface corresponding to the charge density of 

0.001 a.u.  Although the wave function extends up to infinity, an iso-value of charge 

density corresponding to 0.001 a.u. delineates the outer boundary of the molecule. We 

observe that a region of high positive ESP exists just above the boron atom in C59B 

indicating that the presence of boron creates a relative electron deficiency in C60. 

 

Figure 30: Electrostatic potential profiles, in kcal/mole, superimposed on a 0.001 a.u. 
charge density profile for (a) Pristine C60 and (b) C59B. There is an electron deficient 
region just above boron in (b) 
 

C60 doped with one boron atom has one less electron compared to pristine C60, 

forming an open shell structure. Since frontier orbitals determine the chemical activity of 

the molecule, the electronic energy levels in the vicinity of HOMO and LUMO are of 

interest. The electronic energy levels in the vicinity of HOMO and LUMO for pristine 

C60 and C59B are shown in Figure 31.  
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Figure 31: Energy levels and degeneracies in the vicinity of frontier orbitals for pristine 
C60 (left) and C59B (right) 
 
Due to the reduction in symmetry caused by boron doping C60 with boron, the 

degeneracy of the HOMO levels found in pristine C60 is broken and a partially occupied 

HOMO orbital is created with energy of -6.327 eV which is 0.320 eV above the HOMO 

of pristine C60. This is lower than the LUMO of pristine C60, and so C59B has a strong 

tendency for accepting an electron in comparison with pristine C60, which accounts for its 

high electron affinity, an attribute desirable for positive electrode material with high 

redox potential.  

In Figure 32, the HOMO of C59B is compared to that of pristine C60 showing that 

the HOMO of C59B is prominently localized on the boron atom.  
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Figure 32: Iso-profile of highest occupied molecular orbital at iso-value of 0.05 (a) 
Pristine C60 and (b) C59B. Notice the localization of HOMO on boron atom in (b) 
 
This indicates that boron makes a dominant contribution to create a partially occupied 

molecular orbital which can accept one more electron to form a closed shell system. 

Because boron contributes strongly to singly occupied HOMO and is the site of 

asymmetry in an otherwise symmetric C60, the region around boron is reactive. That is 

why we have considered functionalization and doping of C59B on positions in close 

proximity to boron. 

 
7.2 Redox and electronic properties of pristine C60, C59B and functionalized       
      C59B 
 
 The representative geometry optimized structures for molecules obtained 

by functionalizing C59B, along with the description of their nomenclature is shown in 

Figure 33. 
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Figure 33: Nomenclature of functionalized and doped C59B based materials investigated 
in this study (a) Pristine C60, for reference (b) Boron doped C60, C59B (c) C59B 
functionalized with OCFGs and SEWFGs at different positions relative to boron atom as 
described in the text: Ortho, meta and para positions are indicated for clarity (d) C58B2 
with possible ortho, meta and para configurations of two boron atoms. (e) C58B2-
dispersed configuration (f) C57B3. 
 

All chemical structures considered in this work were optimized for multiple 

multiplicities to find the multiplicity with the lowest energy. The computed redox 

potentials and electronic properties of C59B, functionalized with OCFGs at ortho, meta 

and para position relative to the boron atom, as shown schematically in Figure 33, are 

presented in Table 8.   
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Table 8 Redox potentials and electronic properties of C60, C59B, and OCFG- 
functionalized C59Bs. Ortho, meta, and para are the position of OCFG with respect 
to boron 

 Redox 
Potential 

(V vs. Li/Li+) 

Electron 
affinity 

(eV) 

HOMO 
(eV) 

LUMO 
(eV) 

Gap 
(eV) 

C60 2.462 -2.666 -6.648 -3.614 3.034 
C59B 3.709 -3.835 -6.327 -3.603 2.724 

Ortho 
Hydroxyl 2.571 -2.777 -6.520 -3.751 2.770 
Carboxyl 2.518 -2.889 -6.643 -3.859 2.783 
Epoxide 3.790 -3.939 -6.179 -3.712 2.466 

Aldehyde 2.476 -2.779 -6.538 -3.783 2.755 
Meta 

Hydroxyl 3.477 -3.667 -5.976 -4.555 1.421 
Carboxyl 3.449 -3.772 -6.240 -4.595 1.646 
Epoxide 3.668 -3.801 -6.450 -3.675 2.774 

Aldehyde 2.521 -2.813 -6.559 -3.790 2.769 
Para 

Hydroxyl 2.920 -3.126 -6.550 -3.952 2.598 
Carboxyl 2.800 -3.157 -6.683 -4.038 2.645 
Epoxide 3.572 -3.690 -6.240 -3.647 2.593 

Aldehyde 2.757 -3.040 -6.599 -3.975 2.623 
 

The HOMO and LUMO levels are negative and the HOMO-LUMO gap for the 

neutral species is positive204, 205 as expected for the ground state geometry optimized 

structure of the neutral species. It is observed that amongst the OCFGs, epoxide gives the 

highest redox potential at ortho, meta and para positions. The hydroxyl and carboxyl 

groups in the meta positions are strongly reducing than in ortho and para positions. 

Redox potentials were quite sensitive to the position of the functional group relative to 

boron atom. 

The relationship between the redox and electronic properties of C59B-OCFG 

materials investigated in this work is displayed in Figure 34.  
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Figure 34: Relationship between computed electronic properties and  redox potential for 
OCFG functionalized C59B  in ortho, meta and para position with respect to boron: (a) 
Electron affinity; (b) HOMO level; (c) LUMO level; (d) HOMO-LUMO gap. The ortho, 
meta and para positions are designated with red, green and blue color respectively. 
Values for pristine C60 and C59B are also included for comparison. 
 

It is observed from Figure 34(a) that the electron affinity shows a good correlation with 

redox potential. However, the correlation of other electronic properties computed in this 

work i.e. HOMO, LUMO and HOMO-LUMO gap for C59B functionalized with OCFGs 

is not so strong as seen in Figure 34 (b)-(d) respectively. 
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The computed redox potentials and electronic properties of C59B, functionalized 

with SEWFGs at ortho, meta and para position relative to the boron atom, as depicted 

schematically in Figure 33, are shown in Table 9.  

Table 9 Redox potentials and electronic properties of C60, C59B, and SEWFG- 
functionalized C59Bs. Ortho, meta, and para are the position of SEWFG with 
respect to boron 

 Redox 
Potential 

(V vs. Li/Li+) 

Electron 
affinity 

(eV) 

HOMO 
(eV) 

LUMO 
(eV) 

Gap 
(eV) 

C60 2.462 -2.666 -6.648 -3.614 3.034 
C59B 3.709 -3.835 -6.327 -3.603 2.724 

Ortho 
Trifluoride 2.588 -2.867 -6.599 -3.823 2.776 

Cyano 2.634 -2.960 -6.725 -3.918 2.806 
Nitro 2.597 -2.771 -6.488 -3.884 2.604 

Sulfonate 2.612 -2.988 -6.666 -3.904 2.762 
Meta 

Trifluoride 3.373 -3.631 -6.114 -4.571 1.543 
Cyano 3.469 -3.755 -6.231 -4.659 1.572 
Nitro 3.595 -3.852 -6.216 -4.761 1.455 

Sulfonate 3.478 -3.831 -6.198 -4.675 1.524 
Para 

Trifluoride 2.839 -3.102 -6.635 -4.017 2.618 
Cyano 2.903 -3.209 -6.745 -4.114 2.631 
Nitro 3.016 -3.292 -6.734 -4.184 2.550 

Sulfonate 2.961 -3.366 -6.650 -4.059 2.591 
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It is observed that amongst the SEWFGs, the cyano group is most effective in 

increasing the redox potential when it is present at the meta position. The cyano and nitro 

groups in meta positions are strongly electron withdrawing than in ortho and para 

positions. The redox potentials have a strong dependence on the position of functional 

group relative to the boron atom. The correlation of redox potential with electron affinity, 

HOMO, LUMO and HOMO-LUMO gap of C59B-SEWFG materials investigated in this 

work is displayed in Figure 35  
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Figure 35: Relationship between computed electronic properties and  redox potential for 
SEWFG functionalized C59B  in ortho, meta and para position with respect to boron: (a) 
Electron affinity; (b) HOMO level; (c) LUMO level; (d) HOMO-LUMO gap. The ortho, 
meta and para positions are designated with red, green and blue color respectively. 
Values for pristine C60 and C59B are also included for comparison 
 

It is observed from Figure 35 (a) that the electron affinity shows a good 

correlation with redox potential. LUMO also shows relatively good correlation with 

redox potential as is evident in Figure 35 (c). However, HOMO, and HOMO-LUMO gap 

do not correlate so well with the redox potential. Similarly weak correlation was observed 

for C59B functionalized with OCFGs. 
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This is because the overall redox potential is composed of an intrinsic electronic 

structure part and a solvation part. The intrinsic electronic structure part depends only on 

the molecular structure while the solvation part depends also on the interaction of the 

molecule with the solvation medium. The solvation part can be altered by changing the 

solvation medium and hence the correlation of overall redox potential with any electronic 

property will be medium dependent. In order to develop molecular descriptors which 

refer only to the molecular structure and can be used to rapidly screen promising 

materials for redox potentials, we have decomposed the overall redox potential in an 

intrinsic electronic structure part and a solvation part. The decomposition of redox 

potential for C59B based materials functionalized with OCFGs is shown in Figure 36. 
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             Figure 36: Contributions of electronic structure (blue) and solvation (red)      
             to redox potential for OCFG-functionalized C59B (a) absolute values (b)  
             percentage contributions 
 

The decomposition of redox potential into intrinsic electronic structure part and solvation 

for C59B functionalized with SEWFGs is shown in Figure 37. 
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                 Figure 37: Contributions of electronic structure (blue) and solvation (red)      
                  to redox potential for SEWFG-functionalized C59B (a) absolute values (b)  
                  percentage contributions 
 

For comparison between the ortho, meta and para positions of OCFGs and SEWFGs, 

both absolute and percentage contributions are prsented in Figure 36 and Figure 37. It is 

observed from Figure 36 and Figure 37 that solvation contributes at the most 20 percent 

of the redox potential and mostly lower. The contribution of intrinsic electronic structure 

to redox potential is atleast 80 percent. Therefore, the intrinsic electronic structure is the 

major determinant of the redox potential of the material. Since the details of intrinsic 

electronic structure can be predicted and investigated using DFT, this emphasizes the 
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utility of computational approaches in research, development and design of new materials 

for redox applications. From Figure 36 and Figure 37, it is observed that the percentage 

of solvation contribution depends on the functional group but is relatively independent of 

the position of the functional group relative to the boron atom. The electronic affinity part 

of redox potential refers only to the molecular structure. Therefore, the correlation 

between the intrinsic electronic structure contribution to redox and the LUMO of the 

closed shell system has been investigated. The results are presented in Figure 38.  

 

Figure 38: Correlation of LUMO with the redox potential contributed from the electron 
affinity for (a) closed shell OCFG- functionalized C59Bs (a) closed shell SEWFG- 
functionalized C59Bs 
 

Clearly, a strong correlation is observed between the intrinsic electronic structure part 

and LUMO for both OCFGs and SEWFGs for closed shell systems. Hence, we infer that 

LUMO level, which is one of the descriptors of the electronic structure, can be used to 

rapidly screen high redox potential materials with closed shell structure for which the 

solvation contribution to redox is small compared to intrinsic electronic structure 
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contribution. This strong correlation can be explained because the LUMO level is the 

lowest energy level available for the closed shell system to gain an electron to form an 

anion. 

 It is observed from Table 8 and Table 9 that the presence of functional groups on 

C59B actually reduces the redox potential with respect to C59B although OCFGs and 

SEWFGs have been considered to increase power densities of carbon based electrode 

materials. We think that such reduction of redox potential is mainly due to the electronic 

structures of functionalized C59Bs. When a functional group is added to C59B, the SOMO 

of C59B is filled with the electrons from the functional group to form a covalent bond. 

Thus, the tendency of the electrochemical reduction happens to decrease.  The preference 

of the attached position for OCFG and SEWFG is summarized in Table 10. 

Table 10 Relative stabilities (kcal/mole), of ortho, meta and para positions of 
OCFGs and SEWFGs in functionalized C59B at 298.15K   

 Ortho Meta Para 
Hydroxyl 0.000 25.391 3.943 
Carboxyl 0.000 24.999 9.430 
Epoxide 0.000 -6.645 -19.082 

Aldehyde 0.000 -2.973 6.448 
Trifluoride 0.000 28.499 8.997 

Cyano 0.000 29.647 10.549 
Nitro 0.000 37.141 17.263 

Sulfonate 0.000 28.589 12.181 
 

Hydroxyl and carboxyl groups prefer ortho position from boron while epoxide and 

aldehyde groups prefer para and meta positons, respectively. The ortho position is the 

most stable position for all the SEWFGs investigated in this work. 

7.3  Electronic structure and redox properties of C58B2 and C57B3 
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The computed redox potentials and electronic properties for multi-boron doped 

fullerenes are given in Table 11. 

Table 11 Redox potentials and electronic properties of multi-boron doped C60 

 
Redox 

Potential 
(V vs. Li/Li+) 

Electron 
affinity 

(eV) 

HOMO 
(eV) 

LUMO 
(eV) 

Gap 
(eV) 

C60 2.462 -2.666 6.648 3.614 3.034 
C59B 3.709 -3.835 6.327 3.603 2.724 

C58B2-Ortho 3.503 -3.690 6.320 4.580 1.740 
C58B2-Meta 3.652 -3.770 6.264 3.567 2.698 
C58B2-Para 3.233 -3.407 6.541 4.293 2.248 

C58B2-Dispersed 3.298 -3.436 6.510 4.991 1.519 
C57B3-Dispersed 3.893 -4.058 6.446 4.844 1.602 

 

It is observed that the redox potentials are quite sensitive to the number of boron 

substituents on the C60 cage with C57B3 showing the highest redox potential of 3.893 V. 

Although the redox potentials of C58B2 are lower than C59B, they are quite high relative to 

pristine C60 showing upto 40 percent increase. The variation of computed electronic 

properties with redox potentials for multi-boron doped fullerenes is presented in Figure 

39.  
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Figure 39: Variations of Computed electronic properties with respect to redox potentials 
for C60-xBx (x=2,3): (a) electron affinity; (b) HOMO; (c) LUMO;(d) HOMO-LUMO gap. 
Values for pristine C60 and C59B are also indicated on the figure for comparison. 

 

It is observed from Figure 39 that the electron affinity shows a good correlation 

with redox potential and LUMO level shows good correlation with redox potential for 

C58B2 molecules. The relative stabilities of C58B2 molecules is presented in Table 12  

Table 12: Relative stabilities (kcal/mole), of ortho, meta, para and dispersed 
positions of C58B2 at 298.15K   

C58B2 - Ortho C58B2 - Meta C58B2 -Para C58B2 -Dispersed 
0.000 -11.608 -30.066 -9.694 
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It is observed from Table 12 that para position is the most stable position for the 

second boron atom on the fullerene cage. 

7.4 Conclusions for C59B based materials 

For C59B based materials, it is concluded, the redox potentials are quite sensitive 

to the position of the OCFGs and SEWFGs, relative to boron, on C60 cage. The intrinsic 

electronic structure is the major contributor to redox potential with solvation contribution 

being substantially smaller, at the most 20 percent. LUMO level can be used as a reliable 

predictor of intrinsic contribution to redox potential for C59B based materials 

functionalized with OCFGs and SEWFGs. The minimum and maximum values of redox 

potentials (vs. Li/Li+) for C59B based materials are respectively 2.476 V for C59B-CHO 

and 3.893 for C57B3. This study shows that C59B based materials present multiple choices 

for material selection within this range of redox potentials. Some of the molecules 

investigated in this study have similar redox potentials. However, these molecules will be 

non-equivalent in a specific chemical environment with respect to stability and ease of 

operation. They will also be non-equivalent in terms of ease of synthesis even though 

their redox potentials are in close proximity to one another. This provides alternatives for 

designing materials for a specific application within a specific range of redox potentials. 
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CHAPTER 8 

SUMMARY AND FUTURE WORK 

 

          A review of literature on the computational and electrochemical aspects of 

fullerene based materials shows that doped and functionalized fullerene based materials 

have not been systematically investigated for their electrochemical and related electronic 

aspects. This is a first study of its kind to systematically investigate the redox properties 

of pristine and doped fullerenes functionalized with OCFGs and SEWFGs. Using DFT 

we have obtained converged wave functions, electronic structure and minimal energy 

ground state chemical structures which are the starting point for obtaining all other 

structural, chemical and electronic properties of the molecule. These properties also 

constitute the input for higher temporal and spatial scale methods such as MD, mesoscale 

modeling and continuum level FEM models in a multiscale modeling framework. Using 

DFT, we have obtained thermochemical information for the materials which is essential 

input for thermodynamic modeling in the CALPHAD paradigm73. This work 

quantitatively explores the redox properties of fullerene based materials and investigates 

the relationship between the electrochemical properties and the electronic structure.  

The research and development of novel materials for lithium ion batteries is a 

continuing work both computationally and experimentally. The rich chemistry of carbon 

means that even a compendium of structures of carbon based materials will fill several 

volumes. Thus, in this sense, this work is scratching the surface of the possibilities and 

potential for investigation of fullerene based materials for lithium ion battery 

applications. In order to get a deeper and more comprehensive insight into the calculated 
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electronic and electrochemical properties of fullerene based materials for lithium ion 

batteries, we intend to build on the foundation laid down in this work and  carry it 

forward in future in the following direction: 

1. Based on the DFT study of lithium interaction with C60 carried out in this work, a 

force field for modeling interaction of Li with C60 for MD simulations will be 

developed. The development of an accurate and reliable force field is an essential 

requirement for carrying out MD simulations 

2. Perform MD simulations to simulate a bulk C60-Li system. MD simulations will 

give insight into Li diffusion and distribution in the vicinity of C60 in bulk 

systems. This aspect is important since a realistic cell system can only be modeled 

using several thousand atoms for which DFT method is computationally 

unfeasible.  

3. The interactions in MD are modeled as two body terms. It is anticipated that a 

high quality, accurate Li-C60 force field will also be useful for future simulations 

as more components such as electrolytes are added to the model Li-C60 system. 

4. Multiply charged anionic states of C59N and C59B will be explored for stability, 

electronic structure and properties. Compared to C60, C59N and C59B are 

asymmetric. It would be interesting to see how and where additional electrons are 

accommodated on the fullerene cage as the anionic charge on the molecule is 

increased. We are also interested in investigating the variation of electron affinity 

of C59N and C59B with increasing anionic charge and how it compares to pristine 

C60. The simulations for this study are currently in progress and have been 

partially completed. 
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5. A systematic study of lithium insertion and binding energies on nitrogen doped 

fullerene (C59N) and boron doped fullerene (C59B) will be carried out. It would be 

interesting to observe how the Lithium insertion behavior of these two materials 

compares with pristine C60. The simulations for this study are currently in 

progress. 

6. We would like to study the redox and electronic properties of C60 cage 

functionalized with multiple numbers of OCFGs and SEWFGs. It is anticipated 

that redox properties can be modified and tailored in a specific direction by 

changing the relative position and number of functional groups on the fullerene 

cage. The quantitative extent of this change, its relationship to the electronic 

structure, the possibility of observing patterns in the evolution of redox and 

electronic  properties from which additional general guidelines for designing 

fullerene based materials for lithium ion battery applications is of interest to us. 

7. Lastly, we would like to explore functionalization of C60 with other more complex 

functional groups161, 208. Fullerene has a rich chemistry and fullerene based 

materials are being reported continuously209-211. Because of the anticipation of 

base high electron affinity due to the presence of fullerene cage, these materials 

are of interest.  
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